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ABSTRACT 

 
 

By combining carbon nanostructures (e.g., graphene, CNTs) with noble metal nanoparticles and 

further integration them with semiconducting nanowires or quantum dots, it is possible to achieve 

unique multifunctional hybrid nanoscale heterostructures. The heterostructures are anticipated to 

exhibit novel thermal, chemical, mechanical, electrical and optical performances. This dissertation 

mainly focused on fundamentally understanding of the processing, structure-property relationships 

and novel physical phenomenon related noble metal-carbon nano-systems and their 

heterostructuring with semiconducting nanowires or quantum dots. This leads to the generation of 

fundamental knowledge and effective control of their structure, morphology, surface and interface 

properties with novel processing methods, and thus further allows for modulating their electric, 

optical, chemical, thermal and mechanical performances. 

The main content of this dissertation was summarized as follows. (1) Carbon-base surface 

chemistry: fabrication (Chemical Vapor Deposition or CVD) and controlled patterning of graphene 

encapsulated gold nanoparticles (referred as graphene nanoparticles or GNPs) on silicon substrate 

and their surface functionalization with DNA, external nanoparticles, or semiconducting quantum 

dots; (2) metal oxide heterostructures for photocatalysis and electrocatalysis: cobalt oxide (Co3O4) 

nanowires were grown on the cobalt foil using a water vapor-assisted thermal oxidation method. 

These Co3O4 nanowires were further decorated with tungsten oxide nanostructure for the 

fabrication of p-n junction heterostructures with improved light-driven organic degradation 

efficiency; (3) Surface-enhanced Raman Spectroscopy (SERS): Vapor-Liquid-Solid (VLS) growth 

of silicon (Si) nanowires and their surface decoration with noble metal nanoparticles or graphene 

nanoparticles (GNPs) for precise and controlled Raman sensing of trace-amount organics; (4) 
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thermal management on carbon nanomaterials: Design of thermal conductivity measurement set-

up based on the Raman spectroscopy. The thermal conductivity of carbon nanotube films (pristine 

and/or after plasma/acid treatment) was measured using the self-designed Raman set-up. A 

multilayer CNT/polymer nanocomposite film with gradient thermal transport property was 

designed and fabricated. Their isotropic thermal conduction was further studied and simulated. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

 

a  Absorbance coefficient 

A  A constant related to the Tauc equation 

hv  The energy of light  

n  Constant depending on the nature of the electron transition 

Qext  The extinction efficiency factor 

Qsca  The scattering efficiency factor  

Qabs  The absorbance factor 

λ  The wavelength of light 

k Equals to 2π/λ 

R  The radius of the particles 

F(m)  Function of the refractive index (m). 

E(m)  The function of the refractive index relying on a non-zero imaginary part 

t  The degradation time 

C0  The initial phenol concentration in water  

C  The phenol concentration at specific t.  

Rs Solution resistance 

Rf Film resistance  

Rt  Electron transfer resistances 

s  A constant related to the Warburg impedance 

ω  The angular frequency 
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Q  The capacity parameter with unit of S cm-2 sn (0<n<1),  

j  Equals to (-1)1/2  

n  The deviation from the ideal behavior 

R  The reflectance 

v  The scan rate of the potential perturbation (v, mV/s),  

D  The diffusion coefficient of ions in the solution (cm2/s) 

 C*  The concentration of the probe molecule in the bulk solution (mol/cm3) 

IP  The peak current of the Fe(CN)6
3-/4- redox couple. 

�� The Tafel intercept obtained from OriginLab 

φ  The equilibrium electrode potential corresponding to the oxygen evolution reaction 

R  The outside radius of the core/shell structure 

H  The photoelectron emission depth and was assumed to be 8 nm 

r  The radius of the metallic gold core 

x  The thickness of gold silicide shell, ( rRx −= ) 

erf  The Gauss error function 

T  The temperature 

D0  Pre-exponential factor 

ISERS  Raman intensity obtained on the nanostructures decorated substrate  

Ibulk  Raman intensity obtained on the bulk MB solution 

NSERS  The number of molecules used for the generation of Raman signal 

Ibulk  The number of molecules in the bulk MB solution 

q'''  The incident heat flux per unit volume generated by Raman laser  

r0  The radius of laser spot 
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 q’’  The maximum absorbed laser power per unit area at the center of the spot 

K  Thermal conductivity 

Ei(x)  The exponential integral 

T0  The edge temperature 

Tm  Equals to T(r) - T(R) 

TT Temperatures at the top surface of the nanocomposites 

TB Temperatures at the bottom surface of the nanocomposites 

Ke  Effective thermal conductivity of the nanocomposite 

KC Thermal conductivity of MWCNTs  

Km Thermal conductivity of polystyrene  

f  The volume fraction of MWCNTs in polymer  

c, b, and T0΄  The constants depending on the Joule heating and the effective thermal conductivity 
of the nanocomposite 

c΄ and T0΄΄      The constants depending on the Joule heating and the effective thermal conductivity 
of a specific MWCNT film within the nanocomposite 
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CHAPTER 1 

INTRODUCTION 

 

Materials in nanoscale have been intensively studied in the past 20 years due to its superior intrinsic 

properties such as surface effect, small-size effect, quantum effect and macro quantum tunnel 

effect.  The possible application of nanomaterials were considered to extend to energy conversion/ 

storage, catalysis, chemical sensor, bio-science and so on. 1 , 2  According to the difference in 

structure and morphology, nanomaterials can be basically divided into zero dimension 

(nanoparticles, quantum dots, etc.), one dimension (nanowires, nanotubes, etc.), two dimensions 

(nano-film/sheet, etc.), and three dimensions (nano-trees/flowers, .etc). So far the studies were 

mainly focused on the exploration of synthesis approaches and properties characterization. The 

further refinements on their stability, low production cost, large-scale yield and industrial 

feasibility are still the major challenge. Heterostructures by combining two or more materials 

exhibit complementary and collaborative features as compared with individual material, and thus 

provide a large opportunity to improve the stability, lower the production cost and increase the 

application feasibility. Here we present a comprehensive introduction on the studies and progress 

on the nanoscale heterostructures composed of gold nanoparticles (Au nanoparticles), silicon 

nanowires (Si nanowires), and graphene/carbon nanotubes (CNTs) in chemical sensing, energy 

conversion, and thermal management. 
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1.1. Complex carbon nanoscale architecture 

1.1.1. Basic carbon nanostructures 

Carbon nanostructures such as graphene, CNTs, fullerene and so on have drawn intensive 

attentions recent years.3 An ideal graphene is a monatomic layer/sheet of carbon atoms arranged 

on a honeycomb lattice through sp2 bonding. Therefore, graphene is a perfect two-dimensional 

(2D) material. However, such ideal two-dimensional crystals at free-state are unstable at finite 

temperature. As a result, a perfect graphene is tending to evolve into other types of structures with 

enhanced stability, such as fullerene, CNTs, and graphite (Figure 1.1). Graphite is formed through 

layering of a large number of graphene layers via van der Waals force, and therefore, from physics 

point of view, it falls into the category of three-dimensional (3D) systems. Under appropriate 

conditions, a single-layer graphene (SLG) or multiple layer graphene (MLG) can also roll up along 

certain directions to form tabular structure – CNTs. The CNTs, which can be in the form of single-

walled, double-walled, and multiple-walled structures, are considered as one-dimensional (1D) 

objects. With the introduction of pentagons, the graphene can also be wrapped up to form zero-

dimensional (0D) fullerenes. Although ideal graphene is unstable, it may become stable through 

the introduction of local curvatures or support formed by foreign materials. Macroscopic SLG was 

successfully isolated from graphite through mechanical exfoliation in 2004, which was found to 

be stable on a foreign substrate, highly crystalline, and chemically inert under ambient conditions, 

albeit with local roughness and ripples.4 

Several potential applications for these carbon nanostructures are under development, and many 

more have been proposed. These include lightweight, thin, flexible, yet durable display screens, 

electric circuits, and solar cells, as well as various medical, chemical and industrial processes 

enhanced or enabled by the use of new graphene materials, of which the most interesting approach 
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is to hybridize these nanostructures with nanoparticles, nanowires for the fabrication of high-

performance nanoscale heterostructures. 

 

Figure 1.1. Graphene is a 2-D building material for carbon materials of all other dimensionalities. 
It can be wrapped up into 0-D buckyballs, rolled into 1-D nanotubes or stacked into 3-D graphite. 
Reproduced with permission from Ref 4, copyright 2010 Nature Publishing Group. 

 

1.1.2. Hybridization of carbon nanostructures 

The major challenge in making these hybrid architectures is to control the fraction, formalization, 

and precise spatial positioning of the foreign hybridizing nanostructures on the supporting 

materials since the strong distance dependence of charge separation and energy transfer between 

the electron donors and acceptors. As summarized in Figure 2, strategies for combination include 

either covalent 5 (formation of discrete chemical bonds) or non-covalent6 (physical absorption) 

methods. Moreover, in suit synthesis such as chemical reduction, electrostatic-force-directed 

assembly, and electrodeposition have been proposed to prepare the carbon-based nanoscale 
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conjugates. Two approaches for the in-suit synthesis strategy can be summarized. On one hand, 

the carbon nanostructures were fist dispersed in synthesis solution, nanocrystals such as 

nanoparticles, quantum dots will attached on carbon surface through a heterogeneous nucleation 

process during. The key disadvantage of the in suit synthesis of QDs on the surface of these 

nanostructures is the difficulty in defining and controlling the spatial coverage and distribution of 

nanocrystals. On the other hand, complex architectures were synthesized by directly growth of 

carbon structures on foreign nanostructures. A representative example in CVD growth of graphene 

shells on the surface of Au, Ni, Cu nanoparticles. There metal-carbon composite present novel 

advantages such as improved chemical stability, largely expanded surface functionalization ability 

with the maintenance of the electric and optical properties of these nanostructures. The 

heterostructures based on the non-covalent reaction (e.g. π-π stacking) is attractive in that it can 

preserve the intrinsic properties of carbon materials. However, the associated presence of polymer 

shell will largely shield even distort the inherent properties of carbon materials or diminish the 

effective charge transfer between carbon and hybridizing materials. As a result, covalent strategies 

have become the most preferable and promising approach in synthesizing such complex 

heterostructures. The basic advantages of this approach are as follows: (I) the shape and size of 

hybridizing can be tailored by the sophisticated synthesis before connect to the nanostructures, (II) 

reliable and robust chemical bonds formed between the carbon and hybridizing nanostructures, 

which can even stand for sonication or extensive washing, (III) the spatial coverage and exact 

positions of  extraneous materials can be precisely controlled by the specific functionalities on the 

surface of nanostructures.  



 

5 

1.2. Potential applications of hybridized carbon nanostructures 

As mentioned above, based on the nature of nanocrystals, there are basically three type of carbon 

nanostructure hybrid systems, including carbon-metal nanoparticles, carbon-QDs, and carbon-

metal oxide nanoparticles. In the best possible case, therefore, conjugation of these nanocrystals 

with carbon template will uniquely combine properties of both components in one systems and 

thus gift the heterostructures with significantly enhanced optoelectronic, mechanical, optical, 

thermal and chemical properties. The potential here is that one can create a tailorable, nanoscale 

heterostructure with novel and potentially unforeseen properties. So far these complex carbon 

architectures have been involved in the application of chemical sensors, solar energy 

conversion/storage, bio-electronics, photocatalysis and so on Potential applications of these carbon 

hybrids was summarized in Figure 1.3. 

 

1.2.1. Chemical sensing 

Chemical sensing typically relies on strong interactions between a sensor material and its target 

molecules. Adsorption interactions generally result in a degree of charge transfer between 

molecules and the interacting carbon materials, causing a dramatic change in conductivity that can 

be subsequently detected. 7  Hence, electron donating and withdrawing molecules will either 

transfer electrons to or attract electrons from SWNTs, thereby providing for either additional 

charge carriers or holes that are reflected in their measured conductance. However, not all 

molecules (such as methane with its poor electron accepting/donating properties), that are 

nevertheless of high interest to environmental monitoring, industrial chemical processes, as well 

as agricultural and biomedical applications, can be probed in such a manner. In this regard, 

chemical decoration of SWNTs with metal nanoparticle has often been an important route forward 
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towards resolving this issue and enhancing detection. In fact, theory predicts that CNTs-Al system, 

for instance, facilitate the adsorption of both ammonia and CO, and that Ru-decorated SWNTs 

enhance the detection of CO.8   

 

Figure 1.2. (A-D) In-suit growth of graphene shells on the surface of Co (A), Co-Fe (B), Cu (C), 
and Au nanoparticles (D). Reproduced with permission from ref. 17. Copyright 2010, Royal 
Society of Chemistry. (E-G) In suit synthesis of SnO2 nanoparticles (E), non-covalent attachment 
of inorganic nanoparticles (F), and covalent bonding of Au nanoparticles on the surface of CNTs. 
(H) In-suit synthesis of Ag nanoparticle on graphene sheet. Reproduced from ref. 5 with copyright 
permission (Wiley).  
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Figure 1.3. (A) FET bio-sensor made from the CNTs heterostructures. (B) Graphene encapsulated 
Au nanoparticles sensor for the detection of cancer makers. (C-D) electron transfer principle and 
of energy level for the graphene/CdS quantum dots sensitized solar cell (QDSSC). (E) Graphene-
metal oxide composites in the application of photocatalysis. Reprinted with permission from ref. 
8. Copyright 2010, American Chemical Society. 

 

1.2.2. Solar energy harvesting 

Quantum dots with size-dependent tunable absorption properties enable in principle to design a 

carbon nanostructures-QDs system to match the absorption spectrum to the solar spectrum. 

Moreover, an intriguing recent discovery is that of multiple exciton generation in QDs which 

effectively converts a photon into more than one electron-hole pair allowing for more efficient use 

of solar energy and a potential for quantum efficiencies greater than 100%. At the same time, 

carbon nanostructures can act as an efficient electron acceptor over relatively large distances, That 

is, in these complex systems, the charge collection efficiency might be enhanced due to enhanced 

charge transport. In general though, one individual nanoscale component will have some but not 

all of the desired properties needed for enhanced overall solar energy utilization. For example, 

while QDs can lead to higher quantum efficiency, an isolated dot must have the excitations 
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removed and charges separated to be useful. Hence, there has been a strong interest in developing 

hybrids of CNTs and semiconducting QDs in recent years. 

 

1.2.3. Bio-chemical applications 

Approaches to the functionalization of carbon nanostructures with biomolecules on their external 

surface have been reported for potential bio-applications such as drug delivery. For instance, 

CNTs, graphene that non-covalently bound to proteins or genes mediated by phospholipids were 

internalized into cells through endocytosis. These carbon materials can also be covalently 

functionalized with small molecules linked to the carboxylic sites localized at their ends, defect 

sites, or sidewalls. Thus, amine-terminated molecules can be effectively transported into different 

types of living cells via appropriately functionalized carbon nanostructures. Nonetheless, in order 

to track such conjugates in a living system, a fluorescent is commonly used as a tagging label. 

However, the disadvantage of this approach is the low quantum yield and short lifetime 

of dye molecules upon interaction with these species. For this reason, quantum dots have often 

been used to replace organic dyes and to visualize various molecules in bio-systems both under in 

vitro and in vivo conditions. Not surprisingly, QDs9 and iron oxide nanoparticles10 have recently 

been attached to CNT/graphene to form bio-imaging agents that can then be readily visualized 

using fluorescence microscopy or magnetic resonance/near IR fluorescence techniques. 
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1.3. Nanoscale heterostructures for SERS 

1.3.1. Surface-enhanced Raman Spectroscopy (SERS) 

Surface-enhanced Raman Spectroscopy (SERS) is a Raman Spectroscopic technique that provides 

greatly enhanced Raman signal from Raman-active analyte molecules that have been adsorbed 

onto certain specially prepared metal surfaces. Increases in the intensity of Raman signal have 

been regularly observed on the order of 104-106, and can be as high as 108 and 1014 for some 

systems.  The major feature of SERS lies in its surface selectivity and high sensitivity as compared 

with normal Raman spectroscopy. Raman spectroscopic is ineffective for surface studies because 

the photons of the incident laser light simply propagate through the bulk and the signal from the 

bulk overwhelms any Raman signal from the analytes at the surface. SERS selectivity of surface 

signal results from the presence of surface enhancement mechanisms only at the surface.  

There are two primary mechanisms of enhancement described in the literature: an electromagnetic 

and a chemical enhancement. The electromagnetic effect is dominant, the chemical effect 

contributing enhancement only on the order of an order or two of magnitude. The electromagnetic 

enhancement is dependent on the presence of the metal surface’s roughness features, while the 

chemical enhancement involves changes to the adsorbate electronic states due to chemisorption of 

the analytes. The importance of SERS is that the surface selectivity and sensitivity extends normal 

Raman spectroscopy utility to a wide variety of interfacial systems previously inaccessible because 

it was not surface sensitive. The structural and molecular identification power of SERS can be 

used for numerous interfacial systems, including electrochemical, modeled and actual biological 

systems, catalytic, in-situ and ambient analyses and other adsorbate-surface interactions.  
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Coinage metals such as gold, silver, and copper were usually used as the preferred SERS substrate 

in the form of rough surface and nanoscale structures.11, 12 The enhancement of Raman signal is 

believed to be originated from the interaction between metallic substrate and absorbed target 

molecules under the electromagnetic field generated by Raman laser, which is normally called 

Localized Surface Plasmon Resonance (LSPR).13 LSPR can be simply tuned by controlling the 

size, shape, and distribution of nanoparticles,14 as well as using effective supporting substrate. 

Directly dispersing these nanostructures on flat medium such as silicon wafer has been initially 

studied15. However, the further developed is thought to be confined by the limited maximum 

particle density, uncontrollable aggregation, and non-uniform distribution of Raman signal.16 

Consequently, heterostructures by combining these Raman sensitive nanoparticles with one-

dimensional nanowire as supporting medium17 were further explored. Silicon nanowire supported 

nanoparticles, for instance, were reported as the preferred SERS heterostructures. The application 

of these nanomaterials as sensitive SERS substrate was summarized in Figure 1.4. 

1.3.2. Silicon nanowire based SERS substrate 

Silicon nanowire has been studied for several decades due to their excellent electronic/ mechanical 

properties, convenient surface tailoribility and industrial compatibility, which make it a promising 

material in field-effect transistors, solar cells, and sensors.18, 19 Among these applications, using 

silicon nanowires as chemical sensors are of particularly important due to their biocompatibility, 

vast surface-to-bulk ratio, fast response, good reversibility and oxide-coated or H-terminated 

surface.20 However, it is now widely accepted that as-produced pristine silicon nanowires only 

exhibit moderate sensitivity in chemical detection. As a result, appropriate surface modification is 

definitely needed and well developed. We can find papers that showing the 
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decoration/functionalization of silicon nanowires with platinum nanoparticles 21 , boron and 

magnesium22, alkyl and nanotrees23, diamond-like carbon (DLC)24 and polymers25.  

 
 
Figure 1.4. (A-B) Surface plasmonic resonance of Au nanoparticles. (C-D) Silicon nanowires and 
their surface decoration with nanoparticles for SERS sensing. (E-H) Surface plasmonic resonance 
and morphology of GNPs for SERS sensing. Reprinted with permission from ref. 20. Copyright 
2013 American Chemical Society. 

 
However, in the approaches for Raman-based chemical sensors, silicon nanowires were 

exclusively surface-decorated with silver nanoparticles26 or gold nanoparticles. The significant 

enhancement on silicon nanowire based heterostructures was attributed to (1) the enlargement of 

specific substrate area, which is capable to absorb more target molecule per unit area, and (2) the 

appropriate distribution of nanoparticles on the nanowire, which is able to generate more hot-spots 

for Raman detection. For instance, silver nanostructures decorated silicon nanowires have been 

intensively studied as ultrasensitive SERS substrate in the detection of R6G27, CV28, DNA29, as 

well as amoxicilin30. It is found that the detection limit can reach as low as 10-14 M. 31 Compared 

with silver-based substrate, gold nanoparticles are considered to be increasingly important due to 

its chemical stability, low-temperature processibility (low melting point, especially for 

nanoparticle), and excellent bio-compatibility. Based on these super properties, gold nanoparticle 
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based heterostructures are of particularly promising in the up-coming bio-chemical and life 

science. The concept of SERS based on gold nanostructure supported on silicon nanowires has 

been previously confirm by the well-defined Tip Enhanced Raman Scattering (TERS) technique32, 

33. It is found that the Raman scattering signal, compared that generated on single nano-tip, will be 

significantly enlarged when two or more gold tips combined together. As a result, the capability 

for the detection of infinite low-concentration molecules will be largely increased. However, the 

decoration of silicon nanowire with extraneous gold nanoparticles severing as SERS substrate is 

really coming new. For instance, Sun et al.34 studied the charge-selective ability of silver/gold 

nanoparticles supported on silicon-carbon core-shell nanowires. Chen et al.35 reported the Raman 

scattering enhancement of gold nanoparticle decorated silicon nanowire and demonstrated its 

Raman photodetection ability.  

 

1.4. Carbon nanostructures for thermal management 

Carbon nanotubes (CNTs) have been considered to be one of the ideal materials for various 

engineering applications due to their remarkable electrical, mechanical, and thermal properties.36,37 

Especially, thermal management based on CNT materials has been considered as one of the hottest 

topic.
38  Experimental and theoretical studies show that individual CNT present thermal 

conductivity as high as 2000 W/m-K to 6000 W/m-K,39 which is nearly 10 times higher than 

normally used thermal conducting materials such as copper and silver. Among the multiple 

applications of CNTs, of particular interest is the random network of CNTs for integrated circuits 

and display drivers on flexible or transparent substrate.40 In practice, CNT film, mats, buckypaper, 

and vertically aligned arrays, attract more and more attentions due to their outstanding 
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performance in the field of gas and bio-sensing, optoelectronics, and thermal interface layers for 

heat dissipation.41 However, when it comes to such kind of bulk films, the thermal conductivity 

was estimated to be significantly decreased due to the presence of amorphous carbon, defects, 

impurities and thermal intertube junction resistance. It is reported that the thermal conductivity 

value is around 10-220 W/m-K.42 Thus, the studies on the thermal transport properties of CNT 

film/network become of great importance (Figure 1.5A).  

Chemical and structure modifications of CNTs mainly include elemental doping and surface 

modifications are frequently applied to the pristine CNTs in the practical application.43 CNTs 

doped with nitrogen were reported to exhibit significantly enhanced electric conductivity, capacity 

and electrocatalytic properties (Figure 1.5B-C), which endow them with promising applications in 

micro/nano electric device, energy storage and catalysis.44 Surface modifications such as acid 

treatment45 and gas plasma treatment46 have been reported to take a significant role in enhancing 

the applicability of CNTs. Strong acid treatment can effectively purify CNTs by removing metal 

catalyst and amorphous carbon from the CVD process and also create plenty of functionalized 

carboxylic group on the surface, which significantly increase its compatibility in biosensing 

application. Gas-phase plasma oxidation, as another strategy for CNT surface modification, has 

been considered to be solvent-free, time-efficient, flexible and able to provide a wide range of 

functional groups depending on the plasma parameters. However, the practical thermal 

management based on such chemically modified CNTs is still limited by the lack of understanding 

the influence of these modifications on the thermal transport properties of CNTs. 
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Figure 1.5. (A) Application of CNTs as heat dissipater in CPU. (B-C) Atomic structure and 
morphology of N-doped CNTs. (D-F) Thermal conductivity measurement of graphene using the 
Raman based technique. Reprinted with permission from ref. 25. Copyright 2010 American 
Chemical Society. 

 

Another promising application of such novel CNTs is as filler in polymer matrix to produce 

nanocomposites with enhanced electric, mechanical, and thermal properties.47 For the respect of 

thermal properties, due to their intrinsic anisotropic physical properties along the nanotube and in 

the radial direction, such composites normally present anisotropic thermal conductivity, which is 

preferred to be used in producing anisotropic thermal conductor/spreader. Anisotropic heat 

conductor is commonly defined as a material with significantly different thermal conductivity in 

the in-plane direction and through-thickness direction. Compared with conventional isotropic heat 

conductors such as Cu, Al, W-Cu, etc., anisotropic thermal conductors have been paid increasing 

attention since they can be used to, for instance, significantly enhance the performance and 

reliability of microelectronics and solid-state light-emitting diodes by eliminating the overheat, or 
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design one-direction heat transfer pipes with negligible radial heat dissipation, or act as the 

effective heat exchange interface. The advantage is mainly reflected that a very low through-

thickness thermal conductivity enables the heat spreader to serve as a thermal insulator in the 

through-thickness direction, thus avoiding heat flow to nearby components in the electronic 

package or other heat transfer system. Normally, flexible graphite and continuous carbon fiber 

polymer matrix composite have been used as such kinds of heat spreaders. However, these 

anisotropic thermal conduction materials are in essence based on the difference of intrinsic thermal 

conductivity of CNTs, and thus the effective management of heat transfer flux at specific direction 

still represents a big challenge.  

 

1.5. Challenges and major goals  

The major hypothesis of this dissertation is that by combining carbon/graphene coating with noble 

metal system and further integration them with semiconducting nanowires, it is possible to achieve 

unique multifunctional nanoscale hybrid heterostructures. The heterostructures are anticipated to 

exhibit novel thermal, chemical, mechanical, electrical and optical performance. The proposed 

goals include fundamentally understanding of the processing, structure-property relationships and 

novel physical phenomenon related to graphene shell encapsulated gold nanoparticles and their 

heterostructures with nanowires. The specific purpose was focused on theoretical understanding 

of the surface and interface interactions and effective control of the nanostructure performance 

with novel processing methods. This will further allow for the modulation of the electric, optical, 

chemical, thermal and mechanical properties of GNPs as well as their heterostructures with 

external nanoparticles, bio-molecules, and semiconducting quantum dots and nanowires. 
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Therefore, as schematically shown in Figure 1.6, the major contents of this dissertation include 

materials fabrication, characterization, simulation and applications, of which the specific aims 

were demonstrated as follows.  

(1) Fabrication and patterning of noble metal nanoparticles, GNPs Si nanowires and their complex 

heterostructures 

(a) Highly ordered assembly of noble metal nanoparticles on the Si substrate via a galvanic 

deposition – annealing approach 

(b) Xylene-based Chemical vapor deposition (CVD) to grow graphene shells on the patterned 

Au nanoparticles. 

(c) Silane-based CVD process for the growth of Si nanowires via the VLS mechanism. 

(d) Fabrication of nanowire heterostructures through the surface decoration of Si nanowires. 

(2) Surface and interface process for the hybridization of heterostructures 

(a) Anchoring of amine-terminated Au nanoparticles, quantum dots, and DNA on the surface-

oxidized GNPs via the well-defined carbodiimide (EDC/NHS) chemistry. 

(b) Generation of fluorescent properties on GNPs through the biotin-streptavidin chemistry. 

(c) Chemical nucleation/galvanic deposition of Au nanostructure on Si nanowires. 

(d) Surface migration behaviors of Au nanoparticles on Si nanowires during the high-

temperature annealing. 

(3) Photocatalysis on GNP hybrids and ceramic complex heterostructures 

(a) Fabricated GNP-QD heterostructures for plasmon-enhanced photocatalytic organic 

degradation. 

(b) Designed and optimized the water-vapor assisted thermal oxidation furnace for the direct 

growth of free-standing Co3O4 nanowires on the Co substrate. 
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(c) Fabricated CuO/Co3O4 nanowire heterostructures for Oxygen Evolution Reaction (OER) 

in photocatalytic water splitting process. 

(d) Studied the growth of Co3O4 nanowires and further exploration of Co3O4/WO3/CoWO4 

nanowire heterostructures for photocatalytic organic degradation. 

(4) Thermal conductivity and thermal transport control of CNT/polymer nanocomposites 

(a) Developed the Raman-based technique for thermal conductivity measurement of CNT 

network, CNT-based composite film. 

(b) Studied the influence of surface modifications on the thermal conductivity of (N-doped) 

carbon nanotubes (CNTs)   

(c) Designed and fabricated CNT/polymer nanocomposites for gradient thermal conductors, 

studied and modulated their thermal transport behaviros. 

(5) Materials characterizations 

(a) Morphology and structure analysis of Au nanoparticles, GNPs, Si nanowires and the 

heterostructures (SEM, TEM, XRD). 

(b) XPS technique to evaluate the activation efficiency of surface function groups on graphene, 

CNTs through plasma, acid treatment and to study the surface migration kinetics of Au 

nanoparticles on Si nanowires during the high-temperature annealing. 

(c) Raman, FTIR were used to characterize the variation of functional groups on GNPs during 

the plasma/acid treatment and the formation of covalent bonds in the combining chemistry. 

(d) Surface-enhanced Raman Spectroscopy (SERS) was used for molecule detection on Au 

nanoparticles, GNPs, Si nanowires and their heterostructures. 

(e) Raman technique was used to thermal conductivity of various CNT films. 
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(f) UV-VIS-NIR spectroscopy was used to study the optical properties and further evaluate the 

band gap of semiconducting nanostructures. 

(4) Simulation and modeling 

(a) Simulation of heat transfer CNT films and CNT/polymer composites (MATLAB solution 

of Second Order Partial Differential Equation). 

(b) Discrete Dipole Scattering (DDSCAT) modeling of the surface plasmonic properties (light 

scattering and absorption) of Au nanoparticles, GNPs, Si nanowires and combined 

heterostructures. 

(5) Application approaches 

(a) Surface-functionalized GNPs, Si nanowire-GNP heterostructures for the anchoring and 

detection of DNA, biotin-streptavidin. 

(b) Fabrication of GNP-QD architectures with modulated energy gap for efficiency electron 

transfer application in solar energy harvesting and plasmon-enhanced photocatalysis. 

(c) Highly-ordered Au nanoparticles, GNPs, Si nanowires and their heterostructures for highly 

sensitive and selective SERS chemical sensing. 

(d) Variable thermal conductivity of chemically modified CNTs and their application in 

Gradient Thermal Conductor (GTC).   
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Figure 1.6. Schematic showing the overview structure of proposed dissertation. The basic contents 
of this dissertation include materials fabrication, characterization, simulation and applications.
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Abstract 

Graphene-based hybrids heterostructures has been considered as a promising substitute material 

in electronic devices, bio-compatible sensors and other biopolymer molecular analysis. In this 

paper, we reported the facile production of graphene shells-encapsulated gold nanoparticles 

(GNPs) and their further plasma treatment and bio-functionalization for highly sensitive SERS 

sensing and DNA immobilization. GNPs were grown via a xylene-based chemical vapor 

deposition process, and their subsequent structure modification was achieved by oxygen plasma 

treatment. The optimized nanostructure presents bio-chemical properties and were further used for 

heterostructuring with extraneous gold nanoparticles or λ-DNA segments. The resulting gold 

nanoparticles-attached GNPs heterostructures exhibit excellent SERS ability on molecule 

detection. Highly-ordered assembly of GNP-DNA architectures were also obtained with this 

manner. Such combination will be of importance in future DNA detection/recognition and bio-

device applications. 

 

Keywords: multilayer graphene shell encapsulated gold nanoparticles, Surface-enhanced Raman 

Spectroscopy (SERS), DNA immobilization 
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2.1. Introduction 

Sensitive, selective, rapid, and cost-effective analysis of biomolecules has become of importance 

due to an increasing demand for lab-on-chip-type analytical devices.48 Deoxyribonucleic acid 

(DNA) can be potentially used as a building block for the assembly of nanoscale electronic devices, 

clinical testing, environmental monitoring, and food safety.49 However, DNA purification and 

yield remains a major limitation for such applications. In addition, high cost, low efficiency, and 

poor repeatability of DNA binding substrates or detection devices is a challenge. These 

necessitates detailed study of immobilization of DNA on sensitive and selective substrates. 

Chemical absorption, covalent binding, electrostatic attraction, copolymerization, and 

streptavidin-biotin affinity systems are frequently reported methods for DNA immobilization and 

detection.50  

The applications of gold nanoparticles in DNA-based architectures and other chemical sensors are 

also interesting and promising, allowing the programmability, molecular recognition, and catalytic 

property of biopolymers to couple to the unique optical, thermal, electric and catalytic property of 

gold nanoparticles.51  Numerous practices have since been made including the preparation of 

ordered nanostructures,52 gene and drug delivery53 and biosensing54. For instance, DNA has been 

used as a rigid spacer between gold nanoparticles to prepare ordered architectures with distance-

dependent optical55 and physical properties56 in terms of heat, electron, and energy transfer. In ref. 

55, the authors reported the preparation of highly uniform DNA-tailorable gold nanoparticle 

architectures with 1 nm inter-particle gap. Such controllable interior nanogaps highly strengthened 

the near-field electromagnetic field induced by the Localized Surface Plasmon Resonance (LSPR) 

of gold nanoparticles, and resulted in significant amplification of Raman signals (enhancement 

factor up to ~5 × 109). These studies open new insights and reliable approaches to the development 
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of bio-nano sensing devices and other bio-technologies due the well-established thiol-chemistry, 

bio-compatibility and chemical stability of gold naonparticles.57 

Optical and sensing performances of gold nanoparticles can be significantly improved through 

their surface-functionalization or heterostructuring.58 Thiol-chemistry was the most used approach 

to combine gold nanoparticles to other nanostructures or thiolated bio-components. However, this 

also limited or complicated the widening hybridization of gold nanoparticles with other thiol-

absent materials since additional thiolating step has to be involved in the hybridization process. 

For instance, a thiolated tip was normally attached at the end of DNA stretch so that they can be 

covalently combined with gold nanoparticles.59 This not only brought extra demand of raw DNA 

materials and complicated the process, but also increased the toxicity of final composite product 

due to the low-compatibility of the thiol items in a lot of bio-systems. Thus, development of thoil-

free approaches for heterostructuring or functionalization of gold nanoparticles are feasibly 

demand and promising.  

Carbon nanotubes (CNTs) and graphene, the representative fundamental carbon-based low-

dimensional nanostructures, have been also widely used as the backbone for DNA 

immobilization60 due to their interesting properties and surface chemistries. Recently, the authors 

reported a facile and scalable chemical vapor deposition (CVD) approach to produce and pattern 

graphene-encapsulated gold nanoparticle (graphene nanoparticles, GNPs) on silicon substrate, 

resulting in uniform coverage of gold nanoparticles with sub-2 nm thin and non-turbostratic multi-

layered graphene shells.61 Such GNPs preserved/improved the unique optical properties of gold 

nanoparticle,62 and at the same time they also presented the excellent surface chemical properties 

of carbon nanostructures, 63  thus is of promise for future chemical sensor and bio-medicine 

applications. Nevertheless, for the as-produced GNPs, the graphene surface is highly hydrophobic 
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due to the presence of amorphous carbon (a normal by-product from CVD) and lack of surface 

functionalities such as carboxyl (-COOH) and hydroxyl (-COH) groups.64 Meanwhile, the as-

produced graphene shells are thick (~10-15 layers), which may have a slight shadow effect on the 

optical gold nanoparticles core.62 Thus, further structure modification to the graphene shells are 

necessary to remove the extra amorphous carbon, introduce surface chemical functionalities (-

COOH and -COH) and finally obtain GNPs with controlled shell thickness.  

With respect to these purposes, in this paper, we conducted an oxygen plasma treatment to the as-

produced GNPs. Various experimental conditions were used to evaluate their influence on the 

graphene shell structure, thickness and content of surface functionalities. The plasma-treated GNPs 

under the optimum conditions were further used to anchor extraneous gold nanoparticles (referred 

as GNP-Au nanoparticle heterostructures in the following) as a SERS substrate or used as a 

uniform substrate for the immobilization of λ-DNA. The optical properties of the GNP-Au 

nanoparticle heterostructures were simulated by the Discrete Dipole Approximation method and 

their SERS sensitivity was characterized by detection the trace amount of rhodamine 6G (R6G) 

and methylene blue (MB) molecules containing in water. The GNP-DNA architectures 

immobilized on the silicon substrate were characterized by SEM, TEM, AFM and FTIR. Such 

orderly patterned GNP-DNA architectures will be important and useful in the development of 

hybrid bio-nano electronic devices and biosensors. 
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2.2. Experimental details 

Materials and methods: Silicon wafers (100), n-type, were purchased from IWS (Colfax, CA). 

Gold colloid was purchased from Sigma-Aldrich (St. Louis, MO). 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), and 2-(N-

morpholino)ethanesulfonic acid (MES) were purchased from THERMO scientific (Rockford, IL). 

TrackltTM λ-DNA/Hind III Fragments were purchased from Invitrogen (Grand Island, NY). DI 

water (18.1 MΩ-cm) was obtained using a Barnstead International DI water system (E-pure 

D4641). All chemicals were used without further purification. Graphene growth were carried out 

in GSL-1100X Tube Furnace (MTI Corporation) with a quartz tube from ChemGlass (Vineland, 

NJ). H2 (UHP grade, 40% balanced with Ar) and Ar (UHP grade) gas cylinders were purchased 

from Airgas South (Tuscaloosa, AL). Oxygen plasma treatment was performed in a Nordson 

March Jupiter III Reactive Ion Etcher (Concord, CA).  

Growth and plasma treatment of GNPs: N-type (100) silicon substrate was first treated in Piranha 

solution (H2SO4:H2O2 = 4:1) at 100 ºC for 30 min to create surface -OH groups. Then the siloxane 

functionalization was carried out in 2 mM MPTMS/ethanol by shaking for 12 h. The samples were 

rinsed with ethanol and dry in N2. This was followed by putting the samples were placed in vacuum 

oven at 80 ˚C for 1 h to complete Si-O bond formation. Commercial gold colloid was diluted by 

10 times with ethanol, then the S-ended Si substrate was put into the diluted gold colloid solution 

and slightly stirred overnight for gold nanoparticles patterning. As a next step, the gold 

nanoparticles were oxidized under oxygen plasma for 15 min to produce a surface gold oxide layer 

(plasma power 160 W and oxygen pressure 600 mTorr). Finally the graphene growth was carried 

out via the xylene CVD process we reported before.61,63 Briefly, Xylene was used as the carbon 

source with a feeding rate of 10 mL/h. A mixture of 10% H2/Ar with a total flow rate of 1.15 SLM 
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was used as the carrier gas. The growth process was continued for 1 h at 675 ˚C. The as-produced 

GNPs were further treated with oxygen plasma at various conditions for structure modification 

and surface functionalization. Detailed experimental parameters for the plasma treatment were 

listed in Table 2.1. 

Table 2.1. Various experimental parameters designed for the plasma treatment of GNPs. 

Sample # 
Duration 
(s) 

Plasma 
power 
(W) 

Oxygen 
Pressure 
(mTorr) 

1 5 150 300 

2 15 150 300 

3 30 150 300 

4 60 150 300 

5 90 150 300 

6 120 150 300 

7 15 30 300 

8 15 60 300 

9 15 90 300 

10 15 120 300 

2 15 150 300 

11 15 120 200 

12 15 120 250 

10 15 120 300 

13 15 120 400 

14 15 120 500 

15 15 120 600 

16 15 120 700 
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Anchoring extraneous gold nanoparticles on GNPs: The plasma-treated GNPs on silicon substrate 

were put into 50 mM MES buffer (pH = 4.7) containing 2 mM EDC and stirred for 10 min to form 

o-acylisourea ester, then 4 mM of NHS was added into the solution and continuously stirred for 1 

h to form stable amine-reactive NHS ester. After slightly washed with MES buffer and ethanol, 

the sample was immersed in diluted gold colloid/ethanol solution for 36 h to finally form amide-

bonded GNPs-extraneous gold nanoparticles heterostructures. Surface-enhanced Raman 

Scattering (SERS) effect on these substrate was characterized by detection of trance amount dyes 

in the aqueous solution. 

DNA immobilization with GNPs: Covalent binding of GNPs and λ-DNA fragments was achieved 

via the well-defined carbodiimide chemistry.65 Briefly, plasma-treated GNPs on silicon substrate 

were first put into 50 mM MES buffer (pH = 4.7) with 2 mM EDC and stirred for 10 min, then 4 

mM NHS was added into the solution and further stirred for 1 h. The sample was then rinsed with 

MES buffer and PBS buffer (pH=7.4). 5 mL PBS buffer with 4 mM λ-DNA, 1 mM EDC, and 2 

mM NHS was used for DNA immobilization. The sample was immersed in this solution and 

slightly stirred overnight. The obtained GNP-DNA architectures were washed with DI-water and 

dried in N2. 

Characterizations: Transmission Electron Microscopy (TEM, Tecnai F-20) was used to observe 

the morphology and structure of GNPs before and after plasma treatment. Scanning Electron 

Microscopy (SEM, JOEL-7000) and Atomic Force Microscopy (AFM) were used to characterize 

the morphology of GNP-DNA architectures. A Bruker Senterra Raman system was used to identify 

the quality of graphene shells and collect signal of dyes on SERS substrates. The chemical 

composition of GNPs before and after plasma treatment was analyzed via X-ray Photoelectron 
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Spectra (XPS, Kratos Axis 165). Fourier Transform Infrared spectroscopy (FTIR, JASCO 4100) 

was used to characterize the surface functionalities and covalent bonds.  

 

2.3. Results and disucssion 

2.3.1. Growth of graphene shells on gold nanoparticles 

The growth of graphene shells on gold nanoparticles was achieved via a xylene-based chemical 

vapor deposition process. Commercial gold nanoparticles was patterned on the surface-oxidized 

silicon substrate through the MPTMS-functionalization as described before.66 Gold oxide was 

further created on the surface of gold nanoparticles via the oxygen plasma treatment. This oxide 

layer has been found to be of importance for the catalytic growth of initial graphene layers on the 

gold nanoparticles (Figure 2.1a) and the detailed mechanism was reported in our previous 

studies.61 The following growth was completed by continuous decomposition of CH4 in a H2/Ar 

environment and further deposition of carbon atoms on the initial graphene shells. TEM image in 

Figure 2.1b shows the as-production graphene-encapsulated gold nanoparticles (GNPs) dispersed 

on the lacy carbon grid. The average diameter of GNPs was increased to 25.4 ± 3.9 nm as compared 

with the pristine commercial gold nanoparticles (~10 nm) due to their inevitable aggregation at 

high temperature. Representative high-resolution TEM images in Figure 2.1c and d illustrate that 

the as-produced graphene shells are ~3.2 ± 0.6 nm thick, with an inter-lattice spacing of ~0.40 ± 

0.03 nm. This value is slightly larger than the natural c-axis spacing of graphite (~0.34 nm) due to 

the arching strain induced by the curved graphene layers. The TEM image in Figure 2.1d was 

converted by Fast Fourier transform (FFT) and the resulting image in Figure 2.1e shows the typical 
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sixfold symmetry expected for graphene/graphite 67 , 68  and further confirms (0002) plane of 

multilayer graphene shells and the (111) plane of gold nanoparticles.  

 

 

Figure 2.1. (a) Schematic showing the growth of graphene shell on gold nanoparticles. (b-d) TEM 
images and (e) FFT corresponding to (d) showing the as-produced graphene-encapsulated gold 
nanoparticles (GNPs).  
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2.3.2. Oxygen plasma treatment to GNPs 

With the purpose of creating surface oxygen-containing functionalities (-COH and -COOH), 

removing amorphous carbon and further adjusting the graphene shell thickness, oxygen plasma 

treatment was conducted to the as-produced GNPs. Three sets of experimental conditions 

including oxidation duration, power and pressure (Table 2.1) were studied to fully understand the 

oxidation mechanism and further obtain the optimum condition for above purpose. Representative 

TEM images of the GNPs treated at various conditions were shown in Figure 2.2a-l. Significant 

structure changes were observed at each condition, as schematically summarized in Figure 2.2m. 

The variation of graphene shell thickness according to different condition was also shown in Figure 

2.2n. We observed that oxygen plasma, even as short as 5 s (Figure 2.2b), has a significant etching 

effect on the graphene shells (Figure 2.2n). When the plasma treatment was continued for 60 s, 

graphene shells in some region of gold surface were completely removed, resulting in partially 

coved graphene shells on the gold nanoparticles (Figure 2.2d). Meanwhile, at constant duration 

(15 s, for the power set), plasma treatment with low power (30 W or 60 W, for instance), rather 

than etch away the graphene shells, convert them into an amorphous structure (diamond-like 

carbon69,70) and resulted in an increase of shell thickness (Figure 2.2o). This is probably due to the 

gentle incorporation of oxygen atoms in the graphene shells without formation of carbon oxides 

(CO2 or CO), which led to strong distortion to the crystallized graphene shells.69 However, when 

the plasma power exceeds 90 W, significant etching effect was observed. The graphene shells were 

partially etched away but retained their graphite crystalline structure. In addition, varying plasma 

pressure presented a relatively weak effect on the graphene shell structure. The shell thickness was 

slightly increased at high pressure. This is probably because of the shortening of the mean free 
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path of oxygen atoms due to the increased possibility of self-collision at high pressure,71 which 

further resulted in the decrease of collision speed of oxygen atoms to the graphene shells.   

Since the oxygen plasma showed high power in etching away graphene shells, it may has a 

significant effect on the quality of graphene shells. This was characterized in detail via the Raman 

spectroscopy and the results were shown in Figure 2.3. All of these samples before and after plasma 

treatment show the well-defined D-band at ~1310 cm-1 and G-band at ~1584 cm-1.72 In addition, 

the G-band was split and an additional D′-band was observed at ~1595 cm-1 for all un-

treated/treated samples. G-band for carbon materials is due to the E2g mode at the Γ-point, arising 

from the stretching of C-C bond in graphite materials, and is common for all sp2 carbon systems. 

G-band is highly sensitive to strain effects in sp2 hybridized atoms. Meanwhile, the D-band is 

caused by the disordered sp2 hybrid structure of graphene and sp3 carbon system such as 

amorphous carbon.73 Thus, D-band is a direct reflection of the content of defects and impurities in 

graphene. In addition, the emergence of D′-band was attributed to the randomly distributed 

impurities and the surface charges in graphene.74 For GNPs, the observed D′-band is due to the 

interaction between the localized vibration mode of surface plasma from gold nanoparticles and 

the extended phonon mode of graphene shells.73  

The intensity ratio of D-band and G-band (ID/IG) is critical for identifying the crystallizing quality 

of graphene materials. As shown in Figure 2.3a, as-produced GNPs show large D-band due to the 

curvature-induced disorder of multilayer graphene shells and amorphous carbon.26 The plasma 

treatment resulted in significant intensity decrease for both D-band and G-band due to the etching 

of graphene shells. Plasma treatment for 5 s and 15 s lead to a decrease of ID/IG from ~1.52 for  
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Figure 2.2. (a-l) TEM images showing the influence of plasma treatment on the structure of GNPs: 
(a-d) duration of 5 s, 15 s, 60 s, and 90 s; (e-h) power of 30 W, 60 W, 90 W, and 120 W; (i-l) 
pressure of 200 mTorr, 250 mTorr, 400 mTorr, and 600 mTorr. (m) Schematic illustration of the 
GNP structure at various conditions. (n-p) Variation of graphene shell thickness according to 
treatment time (n), power (o), and pressure (p).

a b c d 

f e g h 

i j k l 

m n 



 

34 

the as-produced GNPs to ~1.34 and ~0.97, respectively, due to the remove of amorphous carbon. 

However, when the treatment duration exceeds 40 s, ID/IG was increased compared with the as-

produced GNPs, probably due to the damage of crystalline structure of graphene shells at long 

treatment. When the treatment lasted for 90 s and 120 s, both D-band and G-band are very low due 

to the lack of graphene shells, gives small values of ID/IG.  

 

Figure 2.3. Raman spectra (a, c and e) and corresponding ID/IG (b, d and f) of GNPs before and 
after plasma treatment at (a,b) different time, (c,d) different power, and (e,f) different pressure. 
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Figure 2.3c and d show the Raman spectra and corresponding ID/IG of GNPs after plasma treatment 

at various power. For this set of study, new-prepared fresh GNPs were used and it needs to notice 

that the ID/IG is slightly different for the as-produced GNPs grown for different set. As described 

above, plasma treatment at lower powers induced the formation of amorphous carbon shell on the 

gold nanoparticles. Thus, obvious decrease of ID/IG was not observed at 30 W and 60 W. Further 

increasing the plasma power resulted in decrease of ID/IG. However, when the power was at 150 

W, ID/IG slightly increased due to the severe damage of graphene shells. The influence of plasma 

pressure on the Raman spectra and ID/IG was shown in Figure 2.3e and f. Lower pressure gave high 

mean free path of oxygen plasma and thus they reacted with graphene shells with a higher speed. 

This led to more damage to the graphene shells and thus ID/IG obtained at 200 mTorr and 250 

mTorr were largely increased (Figure 2.3f). However, at high pressure, the weak interaction 

between oxygen plasma and graphene shells led no significant change to ID/IG.  

Quantitative analysis of the surface functionalities on GNPs was conducted using XPS, which 

gives signals for various elements including Au, C, O and Si on the as-produced GNPs in the wide-

range (0 ~ 1000 eV) survey scan. The Si peaks arise due to the substrate. Pure element Au peaks 

for intact gold nanoparticle cores were observed at ~84.59 eV and ~88.27 eV, which are consistent 

with Au 4f7/2 and Au 4f5/2 respectively.61 For O 1s peaks, there could be several origins, such as 

absorbed molecules and native oxide (SiO2) from the substrate. Thus, O 1s peaks should not be 

utilized for analyzing plasma oxidized Au nanoparticles and surface-modified GNPs. High-

resolution scan was conducted for C 1s peaks, and these were further deconvoluted into several 

carbon groups (C-C, -COOH and –COH). The molar fraction of carboxyl and hydroxyl radicals in 

the graphene shells was obtained from their area percentages in the whole C 1s spectrum area.  
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Figure 2.4. (a) Variation of -COOH and -COH fraction in the graphene shells before and after 
plasma treatment at different duration (top), different power (middle), different oxygen pressure 
(bottom). (b-g) Deconvoluted XPS spectra of C 1s for various samples marked in Figure 2.4a. 

 

Such XPS survey scan and C 1s spectra analysis were also conducted for GNPs after plasma 

treatment at various conditions. The variation of hydroxyl and carboxyl content in the graphene 

shells according to the plasma duration, power and pressure were shown in Figure 2.4a-c. Several 

representative deconvoluted XPS spectra of C 1s were further shown in Figure 2.4d-i. The as-

produced GNPs show a carboxyl content of 4.82% and hydroxyl content of 6.53%. Plasma 

treatment for 5 s and 15 s resulted an increase of carboxyl to 10.00% and 16.79%, and an increase 

of hydroxyl to 16.51% and 21.62%, respectively (Figure 2.4a, top). However, when the plasma 

treatment exceeds 30 s, the carboxyl and hydroxyl contents significantly decreased. This is 

consistent with the change of ID/IG observed in Figure 2.3b and due to the over-etching of graphene 
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shells. With respect of plasma power, strong powers (e.g. 120 W, 150 W) led to high content of 

carboxyl and hydroxyl groups in the graphene shells because of the intensive interaction between 

oxygen plasma and graphene (Figure 2.4a, middle). In the pressure study, GNPs treated with low 

plasma pressure (e.g. 200 mTorr, 250 mTorr) show relatively low content of carboxyl groups due 

to the lack of oxygen atoms. However, when the pressure increased to 600 mTorr or 700 mTorr, 

the generated plasma becomes weak, resulting decreased content of carboxyl and hydroxyl (Figure 

2.4a, bottom). Thus, only proper plasma pressure resulted in high content of carboxyl and hydroxyl 

functionalities. 

To sum up the oxygen plasma study of GNPs, we found that controlling plasma conditions as 

duration – 15 s, power – 120 W, and pressure – 300 mTorr (referred as the optimum conditions in 

the following) led to highest creation of surface functionalities, appropriate graphene shell 

thickness and effective remove of amorphous carbon. This was further characterized by the 

hydrophilicity test showing in Figure 2.5. A 10 μl DI-water droplet shows a contact angle of 

~55.71˚ on clean silicon wafer (Figure 2.5a). The contact angle of the same droplet on the as-

produced GNP substrate is ~71.40˚ (Figure 2.5b) while this value decreased to ~31.86˚ on the 

plasma-treated GNP substrate (Figure 2.5c). Such hydrophilicity variation was further illustrated 

in Figure 2.5d. The as-produced GNPs were highly hydrophobic due to the presence of amorphous 

carbon and lack of surface functionalities.75 However, after the plasma treatment, the surface of 

GNPs become hydrophilic due to the generation of carboxyl and hydroxyl groups, which are 

favorable for the formation of hydrogen bonds with water molecules. This hydrophicility test 

indicates that the optimum conditions are feasible for above purpose and can be further used for 

the subsequent bio-functionalization.  
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Figure 2.5. Hydrophilicity test of GNP substrate before and after plasma treatment. (a) Blank 
silicon wafer, (b) as-produced GNP substrate, (c) plasma treated GNP substrate under the optimum 
conditions (time 15 s, power 120 W, and pressure 300 mTorr). (d) Schematic showing the principle 
of the interactions between water and the GNP substrates. 

 

2.3.3. Heterostructuring of GNPs for SERS 

Bio-functionalization of plasma-treated GNPs includes heterostructuring attachment of extraneous 

gold nanoparticles and immobilization of λ-DNA segments. The well-defined carbodiimide 

chemistry was used for the bio-conjunction in both processes.76 As schematically illustrated in 

Figure 2.6, the carboxyl radicals (-COOH) on the plasma-treated GNPs was first reacted with EDC 

to form an amine-reactive o-acylisourea intermediate. This intermediate was further reacted with 

NHS to form a semi-stable ester, which may then be reacted with primary amines (-NH2)-

terminated NDA or cysteamine to form the amide crosslinks. Then extraneous gold nanoparticles 

a b 

c 
d 



 

39 

were able to attach on the GNPs via the thiol chemistry. The presence of NHS in the reaction 

system greatly enhances coupling efficiency (although it is not essential). TEM images of the 

GNPs functionalized with extraneous gold nanoparticles (~10 nm) were shown in Figure 2.7. The 

heterostructures with the same configuration as illustrated in the inset of Figure 2.7a were observed 

exclusively. According to these TEM images, a surface coverage of 32 ± 15% was estimated for 

the gold nanoparticles distributed on GNPs. 

 

Figure 2.6. Schematic showing the carbodiimide chemistry used for functionalizing extraneous 
gold nanoparticle and λ-DNA onto the plasma-treated GNPs. 

 

 Raman spectra of the extraneous gold nanoparticle attached GNPs (referred as GNP-Au 

nanoparticle heterostructures in the following) were shown in Figure 2.8a. Significantly enhanced 

Raman signals for D-band and G-band were observed on the GNP-Au nanoparticle 

heterostructures as compared with the as-produced and plasma-treated GNPs (see the inset in 

Figure 2.8a). These GNP-Au nanoparticle heterostructures were further used as the SERS substrate 

for the detection of trace amount of dye containing in water. Figure 2.8c and d show the Raman 

signal obtained in 10-6 M R6G- and MB-aqueous solution. In both system, the Raman signals of 

R6G/MB were increased significantly enlarged as compared with that obtained on plasma-treated 
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GNP substrate and blank substrate. Such Raman enhancement can be mainly attributed to (1) the 

interaction of localized surface plasma among different gold nanoparticles, resulting in 

significantly increased or overlapped electric field at the interface area of the nanoparticles (Figure 

2.8b), this is so-called electromagnetic enhancement mechanism;77 (2) graphene naturally present 

a hexagonal structure, which is quite similar with the molecule structure of R6G and MB and thus 

these GNP substrates are more favorable than naked gold nanoparticles for absorbing the target 

molecules and this was defined as the chemical enhancement mechanism.78  

The optical properties of GNP-Au nanoparticle heterostructures were simulated using the Discrete 

Dipole Approximation (DDA) method. This method has been well-demonstrated by our group for 

estimating the extinction properties and simulating the near-field electric field distribution of gold-

based nanomaterials. The simulation target was shown in Figure 2.9a. The central GNP was 

considered to be 20 nm in diameter including 1 nm thick graphene shell corresponding to the 

plasma-treated GNPs. Gold nanoparticles with a diameter of 10 nm were closely-packed around 

GNPs. A simulation for the plasma-treated GNPs with no surrounding gold nanoparticles was also 

conducted as comparison.  
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Figure 2.7. (a-c) TEM images extraneous gold nanoparticles functionalized GNPs (GNP-Au 
nanoparticle heterostructures). Note: Inset in Figure 2.7a illustrates the structure of the 
heterostructures, and the arrows show the graphene shells after plasma oxidation. (d) HRTEM 
image showing the lattice and interface between GNPs and the extraneous gold nanoparticles.  

 

The obtained extinction efficiency spectra were shown in Figure 2.9b.The extinction efficiency of 

the GNP-Au nanoparticle heterostructures was significantly increased as compared with the 

plasma-treated GNPs due to the enchantment of surface plasmon resonance. The extinction spectra 

were further deconvoluted into absorbance and scattering, indicating that the extinction for both 

targets is dominantly contributed by the absorbance. The plasma-treated GNPs show the two 

extinction maximum peaks at ~210 nm and ~518 nm, corresponding to the π→π* transition of 
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aromatic C-C bonds79 and surface plasmon resonance of gold nanoparticle,80 respectively. After 

heterostructuring with extraneous gold nanoparticles, an obvious red-shift of ~27 nm and ~22 nm 

was observed respectively for these two peaks. To further evaluate the influence of extraneous 

gold nanoparticles on the electromagnetic field strength and distribution, the normalized electric 

field map was generated for both targets under incidents equivalent to the extinction maximum 

wavelength (~518 nm for plasma-treated GNPs and ~540 nm for the GNP-Au nanoparticle 

heterostructures). The normalized electric field intensity is defined as the ratio between electric 

filed generated on the nanostructures and the incident electric field (|E|/|E0|). As shown in Figure 

2.9d and e, the GNP-Au nanoparticle heterostructures exhibited significantly enhanced electric 

field overall the target and the strongest electric field places (hot spots) are mainly at the interface 

of different nanoparticles. This was further confirmed by the |E|/|E0| spectra across the center of 

the targets in the incident direction (Figure 2.9c). These hot spots have been considered to play a 

critical role in SERS sensing and have a dominant contribution to the Raman enhancement.  
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Figure 2.8. (a) Raman spectra of the as-produced GNPs (1), plasma-treated GNPs (2), and the 
GNP-DNA hybrids (3). (b) Schematic showing the SERS-based organic sensing on the GNP-
AuNP hybrids. (c,d) Raman spectra R6G (c) and MB (d) that absorbed on (0) blank silicon 
substrate, (2) plasma-treated GNPs and (3) GNP-DNA hybrids.  
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Figure 2.9. (a) Schematic for the GNP-Au nanoparticle heterostructures used for the plasmonic 
modeling. (b) Extinction spectra of (1) plasma-treated GNPs and (2) GNP-Au nanoparticle 
heterostructures. (c) Normalized electric filed across the heterostructures in the incident direction. 
(d) Distribution of electromagnetic field near the surface of the plasma-treated GNPs (left, incident 
518 nm) and the GNP-Au nanoparticle heterostructures (right, incident 540 nm).

a 

b c 

d 



 

45 

2.3.4. Immobilization of DNA on GNPs 

The carbidiimide chemistry used for the covalent attachment of DNA to the plasma-treated GNPs 

was described above (Figure 2.6). The Hind III cleaving technique resulted λ-DNA segments with 

amine terminations at the both ends (Figure 2.10a), which opens the possibility for attaching λ-

DNA to the carboxyl-terminated GNPs via the formation of amide bonds. FTIR spectra for the as-

produced GNPs, plasma-treated GNPs, the pristine λ-DNA and the GNP-DNA architectures were 

shown in Figure 2.10b. For the pristine λ-DNA, the band at ~1023 cm-1 indicates Thymine (CH3), 

~1080 cm-1 indicates the PO2
- stretch, ~1176 cm-1 indicates thymidine (C5-CH3 bond and in-plane 

ring stretching), ~1376 cm-1 indicates thymidine (C5-CH3 str,C6-H in-plane bending), and ~1480 

cm-1 indicates deoxyguanosine/deoxyadenosine (N7-C8 stretching). 81 - 84  For the as-produced 

GNPs and the plasma-treated GNPs, appearance of C=C and C=O stretches were observed at 

~1530 cm-1 and ~1650 cm-1. The weak signal of C=O is due to the natural oxidation of graphene 

shells in air, which was observed in above XPS study. After plasma treatment, the C=O signal was 

enhanced, allowing for further covalent immobilization of DNA as shown in Figure 2.6.  

FTIR spectrum of GNPs after DNA immobilization shows several main peaks same as that 

obtained on the pristine λ-DNA (Figure 2.10b), indicating the presence of DNA structures on the 

plasma-treated GNP substrate. Moreover, the appearance of amide I (1650~1670 cm-1, C=O 

stretch), amide II and amide III stretches (1550 cm-1 and 1240 cm-1, respectively, stretching of C-

N and/or blending of N-H) further indicate the formation of covalent bond between -COOH on the 

graphene shell and -NH2 at the end of the λ-DNA fragment.85-87 Representative SEM/TEM images 

of the DNA-functionalized GNPs heterostructures were shown in Figure 2.11a-d. One side or both 

sides of the λ-DNA segments were immobilized on GNPs. AFM was further used for 

characterizing large-area of GNP-DNA substrate. As shown in Figure 2.11e, most of the DNA 
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segments were wrapped on GNPs due to the natural van der Waals attraction force.88 To further 

stretch the DNA structure and align the heterostructures in a highly-ordered pattern, the substrate 

was spin-stretched with the assistant of 1 mM MgCl2 aqueous solution.89 The resulting patterned 

substrate was shown in Figure 2.11f, indicating highly-ordered alignment of GNP-DNA 

architectures. Such ordered assembly of GNP-DNA architectures will be of great use and interest 

in future bio-nano electronic devices, sensors and biopolymer molecule analysis. 

 

 

Figure 2.10. (a) Schematic showing the Hind III technique for cleaving λ-DNA into fragments. 
(b) FTIR spectra of (1) as-produced GNPs, (2) plasma-treated GNPs, (3) covalently-linked GNP-
DNA architectures, and (4) Pristine λ-DNA segments. 
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Figure 2.11. SEM images (a,b) and HRTEM images (c,d) of the covalently-linked GNP-DNA 
architectures. (e,f) AFM images of the GNP-DNA architectures before (e) and after (f) spin 
stretching with 1 mM MgCl2.  
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2.4. Conclusions 

In summary, we reported facile approaches for the production of graphene shells-encapsulated 

gold nanoparticles (GNPs) and their further plasma treatment and bio-functionalization. First, 

GNPs were obtained via a xylene-based CVD process, resulting multilayer graphene shells with a 

thickness of ~3.8 nm encapsulated on gold nanoparticle of ~20 nm. Their subsequent structure 

modification was carried out using oxygen plasma treatment, which was found effective to remove 

the natural amorphous carbon, reduce the graphene thickness and create the surface functionalities 

(-COOH, -COH). This opens the possibility of further bio-functionalization via the well-defined 

carbodiimide chemistry. The resulting gold nanoparticles-attached GNPs heterostructures exhibit 

excellent SERS sensitivity in the detection of trace amount of R6G and MB in water with an 

enhancement factor of ~106. Highly-ordered assembly of GNP-DNA architectures were also 

obtained with this manner. Such combination may be of importance in future DNA 

detection/recognition and other bio-compatible device applications. 
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Abstract 

We report a facile technique for patterned growth of multilayer graphene shell encapsulated gold 

nanoparticles (referred as graphene nanoparticles or GNPs) and their surface chemical 

functionalization for integration with CdSxSe1-x/ZnS quantum dots. The compositions, 

morphologies, crystallinity, and surface functionalization of GNPs and their heterostructures with 

quantum dots were evaluated using microscopic, spectroscopic, and analytical methods. Further, 

GNPs and their heterostructures were experimentally studied and simulated for the optical 

properties. Such nanoscale heterostructures demonstrate unique multi-functionality in optics and 

electronics that makes them of interest for plasmon-enhanced photocatalysis. The heterostructures 

were used for the photodegradation of phenol and their photocatalytic behavior/mechanism was 

studied in detail. 

 

Keywords: plasmon-enhanced photocatalysis, multilayer graphene shell encapsulated gold 

nanoparticles, quantum dots, heterostructures 
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3.1. Introduction 

Efficient photocatalytic degradation of organic pollutants using high-performance nanostructured 

photocatalysts has been considered as one of the most promising and sustainable strategies for 

future water cleaning and environment protection [90-92]. Metal oxide semiconductors such as 

TiO2, Fe2O3 and Co3O4 exhibit good photocatalytic behavior and are mostly used as the preferred 

photocatalytic materials [93]. Meanwhile, semiconducting quantum dots (QDs) such as CdSe, 

CdS, ZnS, etc. are another set of interesting photocatalytic materials due to their unique properties 

such as broad excitation regions, narrow emission areas, size-dependent band gaps, and high 

extinction coefficients [94]. However, in long-term practical process, these photocatalysts are 

limited due to their wide band gap, rapid recombination of excited electrons, high over-potential 

for H2 production, and/or low chemical stability [95].  

The combination of these semiconductor photocatalysts with plasmonic noble metal 

nanostructures such as gold (Au) and silver (Ag) was recently found to be of interest for band gap 

modification and catalytic efficiency improvement [96]. The advantages are mainly attributed to 

the unique optical properties of Au nanostructures such as strong visible absorption and localized 

surface plasma resonance (LSPR) [97]. Such photocatalytic materials and process have been 

widely studied and regarded as plasmonic-enhanced photocatalysis [98]. The interactions between 

Au/Ag nanostructures and quantum dots lead to interesting light-matter interactions and energy 

transfer processes. Two main mechanisms have been discussed regarding the plasmonic-enhanced 

photocatalysis: charger transfer and local electric field enhancement. In the former charger transfer 

mechanism, the plasmon resonance excites electrons in Au or Ag, which are then transferred to 

the conduction band of the adjacent semiconductors and thus prompt the photocatalytic efficiency. 

Meanwhile, the local electric field enhancement mechanism is due to the intense local plasmonic 
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“hot spots”, which significantly increase the amount of photo-induced charger for photocatalytic 

reaction. Since such plasmonic enhancement involves direct interface charger transfer and 

meanwhile the generation of local electric field has significant distance dependence, the effective 

combination of quantum dots and noble metal nanostructures becomes of importance and still is 

the main challenge for plasmonic-enhanced photocatalysis [99].  

Carbon nanostructures such as carbon nanotubes (CNTs), graphene, etc. exhibit a diverse range of 

surface chemistry necessary for developing hierarchical heterostructures [100]. The combination 

of these carbon nanostructures with nanoparticles/quantum dots has been performed for defect 

labeling, sensors, and surface chemical analysis [ 101 ]. For instance, chemically-exfoliated 

graphene wrapped around Au nanoparticles has been reported for biosensors and bioelectronics 

[102]. However, the corrosive nature of the exfoliation process and the inability of wrapped 

graphene to form an impervious shell around Au nanoparticles limited their electrical transport 

and did not completely prevent exposure of the encapsulated Au nanoparticle. Thus, spherical 

carbon nanostructures such as fullerene, onion-like carbon (OLC), and carbon nanocapsules hold 

great potential [103]. The morphology, dimension, and surface functionality of spherical carbon 

nanostructures can result in tunable properties, which can be further modulated by loaded Quantum 

dots. For instance, hierarchical heterostructures comprised of spherical carbon nanostructures 

loaded with quantum dots have been reported to be a promising electron donor-acceptor system 

for energy harvesting [104].  

With this regard, a novel configuration is multilayer graphene shell or carbon encapsulated noble 

metal nanoparticles coordinated with quantum dots. Here, the shell provide a robust surface 

passivation to the encapsulated Au nanoparticle and also serve as a multifunctional interface 

between the Au nanoparticle and the bound quantum dots. Past research in the growth of carbon 
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encapsulated Au nanoparticles has been majorly focused on in-situ TEM based synthesis 

converting lacey carbon on TEM grids to a graphitic shell around the Au nanoparticles or pyrolysis 

of polymer coatings around the Au nanoparticles [105]. However, the former method resulted in 

difficulty in the extraction of hybrid nanoparticles from the TEM grid while the latter approach 

involved tedious cleaning steps to remove amorphous carbon from around the encapsulated Au 

nanoparticles. Recently, the authors demonstrated a facile and scalable xylene-based CVD 

approach for the growth of multilayer graphene shell around Au nanoparticles (referred as 

graphene nanoparticles or GNPs) [106]. The presence of multilayer graphene shell modulated or 

improved the optical properties (LSPR) and chemical stability of the Au nanoparticles [107]. Most 

importantly, this process gives Au nanoparticles enriched carbon-based surface chemistry, 

allowing their further surface functionalization and heterostructuring.  

Herein, we report a facile and controlled approach for the assembly of fluorescent CdSxSe1-x/ZnS 

quantum dots onto GNPs (hereafter referred as GNP-QD heterostructures) as efficient 

photocatalyst for plasmonic-enhanced photodegradation of organics. Uniformly-dispersed Au 

nanoparticles were formed on a silicon (Si) substrate, followed by the CVD growth multilayer 

graphene shell as we reported before. Further plasma or acid treatment of the patterned GNPs 

resulted in carboxylic (-COOH) group derivatization on the multilayer graphene shell. The (-

COOH)-derivatized GNPs were covalently and selectively linked with amine (-NH2)-terminated 

quantum dots using the well-defined carbodiimide chemistry. The GNP-QD heterostructures were 

evaluated for their binding chemistry, phases, structure, and morphology using spectroscopic, 

diffraction, and microscopic methods. Their band gap energies, and their optical, electrical, and 

photocatalytic properties were also demonstrated in detail.  
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3.2. Experimental section 

Materials and Methods: Si substrate (111) was purchased from IWS (Colfax, CA). Potassium gold 

(III) chloride was purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen fluoride (~50 wt.%) 

was purchased from VWR (Atlanta, GA). Ammonium fluoride was purchased from Alfa Aesar 

(Ward Hill, MA). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-

hydroxysuccinimide (NHS), and 2-(N-morpholino) ethanesulfonic acid (MES) were purchased 

from Thermo scientific (Rockford, IL). (-NH2)-terminated CdSexS1-x/ZnS fluorescent quantum 

dots were purchased from Cytodiagnostics Inc. (Burlington, Canada). All chemicals were used as 

such. Buffered oxide etch (BOE) solution was prepared by mixing NH4F and HF in DI-water. DI-

water (18.1 MΩ-cm) was obtained from a Barnstead International DI-water system (E-pure 

D4641). The GNP growth was carried out in a Lindberg blue three-zone tube furnace (Watertown, 

WI) with the quartz tube purchased from ChemGlass (Vineland, NJ). Oxygen plasma was 

performed in Nordson March Jupiter III Reactive Ion Etcher (Concord, CA).  

Patterning of GNPs on Si substrate and their carboxylic derivatization: Au film was deposited on 

the Si substrate using an acid-based wet-chemical method [113]. In this method, cleaned Si 

substrate was treated with BOE solution to remove the surface oxide layer. This was followed by 

immersing the substrate in an acidic solution comprised of ~1 mM KAuCl4 and 1% HF. This 

reaction resulted in Au film (~20 nm thick) on the Si substrate. The substrate was washed with DI-

water, dried, and annealed in air for 15 min at 850 ˚C to dewet Au film that resulted in Au 

nanoparticles patterned on the Si substrate. 

CVD process was employed for the growth of multilayer graphene shell. First, Au nanoparticles 

patterned on Si substrate were treated with oxygen plasma for 15 min to result in surface gold 
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oxide. This was followed by CVD growth of multilayer graphene shell between 600 and 700 ˚C 

for 1 h. Xylene was utilized as the carbon source. The carrier gas was H2/Ar with a flow rate of 

1.15 SLM. This process resulted in patterned growth of GNPs on the Si substrate. The -COOH 

derivatization on the GNPs was carried out by treating the as-grown GNPs with oxygen plasma 

for 15 s. In order to compare the plasma oxidation-based derivatization process, nitric acid 

treatment was also carried out for the as-produced GNPs. This involved treatment of the Si 

substrate with patterned GNPs in a 3 M HNO3 solution at 60 ̊C for 5 h. 

Covalent binding of quantum dots on the patterned GNPs: The binding approach employed the 

well-established carbodiimide chemistry [ 108 ]. The Si substrate patterned with (-COOH)-

terminated GNPs was immersed in a ~50 mM MES buffer solution with ~2 mM EDC and 

incubated for 10 min. This was followed by the addition of ~4 mM NHS. This process allowed the 

formation of a stable amine-reactive NHS ester. The substrate was washed with PBS buffer (pH = 

7.4) and then immersed in the same solution containing 2 mM quantum dots. This reaction 

continued for 12 h to form amide bonds (-CONH-) between the GNPs and quantum dots, resulting 

in covalently linked GNP-QD heterostructures. Finally, the substrate with patterned assembly of 

GNP-QD heterostructures was washed with DI-water and dried in N2. This washing step removed 

physically adsorbed quantum dots from the surface of Si substrate and patterned GNPs.  

Optical properties, plasmonic modeling and photocatalytic degradation of phenol: The optical 

transition energy for the pristine quantum dots and the GNP-QD heterostructures was further 

determined using equation (3.1) [109],  

n

gEhvAahv )( −= ,                                                                  (3.1) 
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where a is absorbance coefficient, A is a constant, hv is the energy of light and n is a constant 

depending on the nature of the electron transition (n is 1/2, 2, 3/2 and 3 for allowed direct, allowed 

indirect, forbidden direct and forbidden indirect transitions, respectively). CdSxSe1-x/ZnS quantum 

dots have been reported as an allowed direct band gap semiconductor [110]. Thus, the optical band 

gap energies were calculated by extrapolating the linear portion of the Tauc plots [(ahv)2 vs. hv] to 

the hv-axis where (ahv)2 = 0. 

 Discrete dipole approximation (DDA) method was used to simulate the plasmonic properties 

(scattering and absorbance) of the as-produced Au nanoparticles, GNPs (before and after plasma 

treatment), and GNP-QD heterostructures. This method is based on the solution of the 3D Maxwell 

equation via the DDSCAT code developed by Draine and Flatau [111]. Detailed simulation 

procedures have been demonstrated earlier by the authors [107]. Briefly, DDSCAT 7.2 was 

utilized to estimate the normalized electric field or surface plasmon generation for all these 

mentioned samples or targets. The normalized electric field intensity is defined as the ratio between 

the electric field generated near the target surface and the incident electric field (|E|/|Eo|). The 

geometrical targets were generated using 3D max software for various simulated nanostructures. 

The effective radius of the dipoles was calculated using: reff = (3V/4π)1/3, where V is the total 

volume of the target and is calculated with V= Nd3 (N is the number of dipoles and d is the lattice 

spacing in cubic array). 

To demonstrate the plasmonic-enhanced photocatalysis, Si substrates (2 cm × 2 cm) patterned with 

the as-produced GNPs, or GNP-QD heterostructures were sonicated to disperse the nanostructures 

in DI-water. In the following, ~0.2 mL of phenol (3 mM) was added into these nanostructure 

suspensions and sonicated for another 1 min. This was followed by further addition of ~0.1 mL 

H2O2 (37%) as the sacrificial agent [112]. A UV illumination lamp (~254 nm, 8W) was utilized as 
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the light source and the solution was gently stirred during the photodegradation experiment. At 30 

min intervals, the solution was centrifuged and UV-vis spectra for the supernatant were recorded 

to estimate the concentration of phenol. The samples were re-dispersed in the supernatant and the 

degradation experiment and analysis was conducted for 6 h. The same photodegradation process 

was also conducted using the pristine quantum dots as comparison. 

Characterizations: FE-SEM (JEOL-7000) and Tecnai F-20 TEM were used to characterize the 

morphology, crystal structure, and/or interfaces present in Au nanoparticles, as-produced GNPs, 

and GNP-QD heterostructures. X-ray photoelectron spectra (XPS) were gathered by a Kratos Axis 

165 with a mono-aluminum gun at 160 eV pass energy for full range scan and 40 eV pass energy 

for detailed scan. Raman spectra were collected using the Bruker Senterra system (Bruker Optics 

Inc.). A neon laser with wavelength of 785 nm and power of 10 mW was used. The integral time 

and co-additions were 15 s and 2, respectively. FTIR spectra were obtained on a Nicolet 4700 

FTIR instrument. The UV-vis absorbance spectra were obtained using a DH-2000 UV-VIS-NIR 

light source. Fluorescence images were captured using the Zeiss Axiovert 200 

Inverted Fluorescence Microscopy with an excitation wavelength of ~490 nm. The electrical 

characterization (I-V test) of the Si substrates patterned with various nanostructures was carried 

out using a two-point probe micromanipulator set-up equipped with Kiethley source meters.  

 

3.3. Results and discussion 

Scheme 3.1 (steps a-e) outlines the approach for the patterned growth of GNPs, their surface 

functionalization, and attachment with quantum dots. This involves the following steps: (a) 

Deposition of Au film on a Si substrate, (b) high-temperature annealing and dewetting of Au film 
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to result in Au nanoparticles patterned on the Si substrate, (c) CVD growth of multilayer graphene 

shell on plasma-oxidized Au nanoparticles (patterned GNPs formation), (d) plasma oxidation or 

acid treatment of patterned GNPs to create carboxylic (-COOH) functionalities on the multilayer 

graphene shell, and (e) covalent binding of quantum dots on GNPs to result in the GNP-QD 

heterostructures. Carbodiimide chemistry (Scheme 3.1, step e) was used to link -COOH (on GNPs) 

with -NH2 (on quantum dots) via the formation of amide bonds.  

 

Scheme 3.1. Schematic representation of GNP-QD heterostructure fabrication on Si substrate. 
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3.3.1. Synthesis and chemical modification of GNPs 

Wet-chemical approach and thermal annealing process were utilized for patterning Au 

nanoparticles onto the Si substrate. Au film was first deposited onto the Si substrate by treating 

the latter in a solution of HF and gold salt. This Au film formation is attributed to an electroless 

mechanism, where Au3+ replaces Si atoms of the substrate as follows [113]: 

Si + 6F- � SiF6
2- + 4e-                                      ΔG = -509.29 kJ mol-1 

Au3+ +3e- � Au                                                ΔG = -432.27 kJ mol-1 

3Si + 18F- +4Au3+ � 3SiF6
2- + 4Au                 ΔG = -941.56 kJ mol-1   

In the following, The Au film was dewetted at a high temperature (~850 oC) to result in uniform 

dispersion or patterning of Au nanoparticles (Figure 3.1a) on the Si substrate. This approach 

circumvented the challenges associated with the patterning of metal nanoparticles using chemical 

and nanofabrication techniques [114]. The dewetting process is known to involve void/defect 

formation and vacancy nucleation at the interface of Au film and Si substrate and is responsible 

for minimal surface energy and stable shape and size of the patterned nanoparticles. Au 

nanoparticles patterned on the Si substrate were then plasma oxidized to create a surface gold oxide 

and further utilized for the xylene-based CVD growth of multilayer graphene shell around Au 

nanoparticles (Figure 3.1b). This approach resulted in uniformly-patterned growth of multilayer 

graphene shell-encapsulated Au nanoparticles (referred as GNPs) on the Si substrate. The inset in 

Figure 3.1b shows the presence of graphene shell around the Au nanoparticle as compared with 

the inset in Figure 3.1a, which shows the bare as-dewetted Au nanoparticle. 
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Figure 3.1. SEM images for the as-produced and uniformly-patterned Au nanoparticles (a) and 
GNPs (b). The insets show high-resolution SEM images (scale bar: 25 nm). TEM images of the 
as-produced GNPs (c and d), GNPs after plasma treatment (e) and acid treatment (f). The insets 
show corresponding FFT images indicating diffraction of carbon and gold. 
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High resolution TEM images indicate (Figure 3.1c and d) the multilayer graphene shell 

encapsulated on the Au nanoparticles. Inter-spacing between the carbon layers in the shell was 

observed to be ~0.37 ± 0.02 nm. This is slightly larger than the c-axis lattice spacing of graphite 

(~0.34 nm) and could be attributed to the strains existed in the arcuate graphene shell [115]. The 

average thickness of the multilayer graphene shell for as-produced GNPs was ~3.8 ± 0.2 nm. In 

addition, it was observed that dewetted Au nanoparticles before CVD growth have an average 

diameter of ~47.3 ± 11.3 nm with an inter-particle spacing of ~49.5 ± 16.8 nm on the Si substrate. 

A minor increase in the average nanoparticle diameter (~52.2 ± 11.3 nm, including shell thickness) 

and a slight decrease in inter-particle spacing to ~45.1 ± 13.3 nm were observed for GNPs after 

CVD growth.  

Since it was intended to create surface functionalities on GNPs, the substrates with patterned GNPs 

were treated in acid or oxygen plasma to result in -COOH groups on the multilayer graphene shell. 

These -COOH groups could facilitate diverse carbon chemistry, which will be of use in modifying 

surface structure, creating new functionalities, and improving the purity of GNPs [116]. GNPs 

after acid or plasma treatment remained intact and patterned on the Si substrates. As shown in 

Figure 3.1e, plasma oxidation (performed for 10 s) resulted in significant etching of multilayer 

graphene shell and the shell thickness was decreased to ~0.8 ± 0.2 nm. The carbon lattice spacing 

for plasma-treated GNPs was observed to be ~0.38 ± 0.02 nm. The nitric acid treatment had lesser 

influence on the shell thickness (~3.4 ± 0.3 nm) while lattice spacing increased to ~0.40 ± 0.01 nm 

(Figure 3.1f). The minor increase in the carbon lattice spacing after plasma or acid treatment could 

be attributed to the removal of carbon layers from the shell and the subsequent strain relaxation 

within the carbon layers [117].  
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A decrease in GNP diameters observed after the plasma/acid treatment is due to the etching of 

multilayer graphene shell. Meanwhile, negligible changes in inter-particle spacing were observed. 

With minor differences in spatial density of nanoparticles on the Si substrate, a decreasing trend 

was observed as follows: Si substrate patterned with Au nanoparticles > Si substrate patterned with 

GNPs ~ Si substrate patterned with plasma-treated GNPs > Si substrate patterned with acid-treated 

GNPs. The CVD growth process involved Ostwald’s ripening and Au surface migration, and thus 

resulted in a slight decrease in nanoparticle spatial density as compared to that before CVD growth. 

Overall, both plasma and acid treatment processes demonstrate a unique approach for surface 

modification of patterned GNPs and control of the shell thickness. In this regard, the plasma 

treatment is preferred because of its dry and non-corrosive features for functionalization or etching 

of the multilayer graphene shell.  

Raman spectra of the as-produced GNPs (Figure 3.2a) showed the well-defined G band at ~1595 

cm-1 and D band at ~1310 cm-1. The D band in GNPs was observed due to the curvature-induced 

disorder in the multilayer graphene shell and the existence of amorphous carbon while the G band 

is a significant indicative of the sp2 hybridized carbon atoms from the graphitized structure [118]. 

Overall, the peak location of G band for treated or untreated GNPs was different from that for the 

flat graphene (~1580 cm-1). Such shifts in Raman peaks have been attributed to strains in the 

multilayer graphene shell lattice, shell thickness, and the size of GNPs. The acid or plasma 

treatment of GNPs resulted in a red shift of the G band and D band. The estimated intensity ratio 

of the D band and G band (ID/IG) changed from ~1.34 ± 0.21 to ~1.25 ± 0.30 after acid treatment 

due to the purification of GNPs. On the other hand, the plasma treatment significantly decreased 

the intensity of the D band and G band, indicating this process was more rigorous than acid 

purification [119]. This observation was also proved by the TEM result (Figure 3.1e). The 
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estimated ID/IG ratio for plasma-treated GNPs was ~1.75 ± 0.25, which indicates that this process 

led to more defects and disordered structure within the multilayer graphene shell.  

To better understand the plasma/acid treatment process, XPS studies were performed for Au 

nanoparticles, surface oxidized Au nanoparticles, and GNPs (before and after acid/plasma 

treatment) [120]. XPS survey scans ranging between 0 eV and 1000 eV indicated the presence of 

various elements such as Au, C, O, and Si. The Si peaks arise due to the substrate. For O 1s peaks, 

there could be several origins, such as absorbed molecules and native oxide (SiO2) from the 

substrate. So, O 1s peaks should not be utilized for analyzing plasma oxidized Au nanoparticles 

and surface-modified GNPs. For the as-prepared Au nanoparticles, pure element Au peaks 

consistent with Au 4f7/2 and Au 4f5/2 were observed at ~84.59 eV and ~88.27 eV, respectively. 

After the plasma oxidation of Au nanoparticles, two new and additional peaks corresponding to 

surface gold oxide at ∼85.34 eV and ∼88.90 eV emerged. These two additional peaks disappeared 

after the GNP growth but re-emerged after the plasma treatment. However, these two oxide peaks 

were not observed after the acid treatment. This further confirmed the rigorosity of the plasma 

treatment process, which must have partially exposed some Au nanoparticles (see Figure 3.1e) and 

surface oxidized them.  
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Figure 3.2. (a) Raman spectra of the as-produced GNPs, GNPs after plasma, and GNPs after acid 
treatment. (b-d) Deconvoluted XPS spectra (C 1s) for as-produced GNPs (b) and GNPs after 
plasma treatment (c) and acid treatment (d). (e) Surface chemical groups (-COH, -COOH, and C-
C) for GNPs before and after plasma/acid treatment estimated using C 1s peaks observed in XPS 
results. NOTE: The scatters in (b-d) show the XPS results and the solid lines show the fitted data.  
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XPS C 1s peak was evaluated for the as-produced GNPs as well as GNPs after plasma or acid 

treatment (Figure 3.2b-d). This peak is asymmetric with long tail extending to the higher energy 

region and has been explained in terms of the metallic conduction electron interactions induced by 

low energy electron-hole excitations resulting from the absorption of X-rays. Further 

deconvolution of C 1s peak showed five Gaussian peaks centered at ~284.7 ± 0.1 eV (C-C in sp2), 

~285.2 ± 0.2 eV (C-C in sp3), 286.6 ± 0.2 eV (-COH), 288.7 ± 0.2 eV (-COOH), and 291.2 eV (π-

π* transition loss peak). The peak at ~291.2 eV corresponds to the electron energy loss peak due 

to the π-plasmon excitations. The delocalized π-conjunctions are attributed to graphene and also 

reported to disappear with increasing oxidation [121]. This phenomenon was also observed for 

GNPs after acid or plasma treatment in this study (Figure 3.2c and d). Moreover, electronegative 

oxygen atoms induce positive charges to carbon atoms, thus peaks with high binding energies 

located at ~286.6 eV and ~288.7 eV are considered to originate from carbon-oxygen links, 

corresponding to -COH and -COOH groups, respectively. The peak at ~285.2 eV was attributed 

to the photoelectrons emitted from the diamond-like carbon atoms hybridized via the sp3 bond. 

This has been reported as evidence for the presence of amorphous carbon resulting from the CVD 

growth of carbon materials [122]. Meanwhile, the peak at ~284.7 eV is associated with the 

hexagonal carbon atoms in sp2 hybridization. As a result, the area ratio of C-C sp2 and sp3 peaks 

is an indicative of degrees of graphitization.  

Figure 3.2e show the percentages of various functional groups (-COH, -COOH, and sp3 hybridized 

C-C) estimated using the deconvoluted C 1s spectra for GNPs before and after plasma or acid 

treatment. The presence of carbon-oxygen groups (-COOH and -COH) before treatment of GNPs 

could be attributed to the absorption of water vapor and the contamination due to air exposure 

[123].The content of sp3 C-C bonds was considerably decreased after the plasma and acid 
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treatment, indicating both approaches improved the quality of graphitic carbon in GNPs, which 

further supports the microscopic and Raman spectroscopy results (Figure 3.1d-f and Figure 3.2a). 

Moreover, negligible changes in -COH groups were observed before and after the plasma or acid 

treatment of GNPs. However, the -COOH groups percentage increased from ~4.5%, for the as-

produced GNPs, to 11%-12% after plasma or acid treatment. It must be noted that -COOH groups 

were most critical for further chemical functionalization of GNPs. Overall, a 15 s plasma oxidation 

of GNPs was much more rigorous and controlled as compared to the 5 h acid treatment. In addition, 

the former provides a dry processing route and results in thinner graphene shell (< 1 nm).   

 

3.3.2. Fabrication of GNP-QD heterostructures 

Chemical functionalization of GNPs with surface -COOH groups facilitated their combination 

with (-NH2)-terminated QD (referred as GNP-QD heterostructures) by using the well-established 

carbodiimide linking chemistry (Scheme 1). This process mainly involves the formation of 

covalent amide bonds between GNPs and quantum dots, as illustrated in Figure 3.3a [5,124]. Both, 

acid- and plasma-treated GNPs were utilized for fabricating GNP-QD heterostructures. FTIR was 

used to study the surface functional groups for various samples including (1) as-produced GNPs, 

(2) acid-treated GNPs, (3) plasma-treated GNPs, (4) acid-treated GNPs linked with Quantum dots, 

and (5) plasma-treated GNPs linked with quantum dots (Figure 3.3b). Spectra for all these samples 

(Figure 3.3b) shows broad peaks within 1510-1540 cm-1, which is corresponding to the stretching 

of C-C bonds and/or C-H bonds on multilayer graphene shell [5]. Peaks for -COH stretch was 

observed at ~1450 cm-1 for all the samples. Meanwhile C=O stretches originated from the surface 

carboxylic groups were observed at ~1690 cm-1 after plasma or acid treatment [125]. These 
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observations show a good consistence with the XPS results in Figure 3.2e. Further, after 

carbodiimide-based linking of quantum dots on GNPs, FTIR spectra show the emergence of amide 

I, II, and III peaks (Figure 3.3a) at 1650~1670 cm-1, 1550~1570 cm-1, and 1230~1240 cm-1 [126]. 

This further confirms the presence of covalent amide bonds (-CONH-) between the (-NH2)-

terminated quantum dots and (-COOH)-terminated GNPs. Amide I band appeared around ~1660 

cm-1 was assigned to the C=O stretch. Amide II and III bands appeared at 1550 cm-1 and 1240 cm-

1 were attributed to the stretching of C-N and/or blending of N-H, respectively. 

The approach of functionalizing GNPs and linking with quantum dots was achieved directly on 

the Si substrate and the processes resulted in patterned GNP-QD heterostructures (Figure 3.3c-e). 

Prior to microscopic evaluations, substrates were washed with DI-water to remove non-

specifically bound or physically-adsorbed quantum dots. Although difficult to differentiate, a 

careful examination of SEM images shows small aggregated dots around plasma- or acid-treated 

GNPs (Figure 3.3c and d). This was not observed for the as-produced GNPs that only immersed 

in a quantum dots solution but without processing the carbodiimide chemistry (Figure 3.3e), 

suggesting that surface -COOH groups on GNPs and carbodiimide-based linkages were critical for 

fabricating GNP-QD heterostructures. These observations were supported by fluorescence 

microscopy of the respective samples, where quantum dots were observed as green dots (excitation 

λ ~365 nm and emission λ ~490 nm, Figure 3.3f and g), which were absent in the case of the as-

produced GNPs with no functional chemistry (Figure 3.3h). In other words, functional chemistry 

on patterned GNPs provides a unique route to not only assemble quantum dots but also was proved 

to be a selective tagging approach.   
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Figure 3.3. (a) Schematic of the GNP-QD heterostructures and the necessary amide bonds formed 
between GNPs and quantum dots. (b) FTIR spectra of (1) as-produced GNPs, (2) GNPs after 
plasma treatment, (3) GNPs after acid treatment, (4) GNP(plasma-treated)-QD heterostructures, 
and (5) GNP(acid-treated)-QD heterostructures. SEM images of the GNP-QD heterostructures 
fabricated using (c) plasma- and (d) acid- treated GNPs. (e) Control sample that used as-produced 
GNPs with no -COOH surface derivatization for physically binding with quantum dots. (d-f) 
Fluorescence images corresponding to samples (c-e).  
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High resolution TEM images (Figure 3.4a-c) demonstrate GNPs coated with quantum dots 

(diameter ~4 nm, lattice spacing ~0.35 nm). Pristine quantum dots showed similar size and lattice 

spacing, which helped in differentiating quantum dots from GNPs in the TEM analysis (Figure 

3.4). Approximately, ~22% of the GNP surface was covered with quantum dots. Electron 

diffraction, EDS spectra, and scanning transmission electron microscopy (STEM)-mode line 

profile showed the crystal structure, chemical composition, or elements present in the GNP-QD 

heterostructures (Figure 3.4d-g). This provides another strong evidence for the effective linking of 

quantum dots on the surface of GNPs and, at the same time, indicates that GNPs and quantum dots 

were structurally and chemically intact in the heterostructures. To further confirm this EDS 

elemental study, XPS analysis of the quantum dots and GNP-QD heterostructures  was conducted. 

The XPS survey scans of the pristine quantum dots and the covalently-linked GNP-QD 

heterostructures. Different elements such as Cd, Zn, S, O, C, and Au were observed [127]. 

Deconvoluted spectra for Cd, Se, Zn and S for the quantum dots were evaluated. Cd peaks 

consistent with Cd 3d3/2 and Cd 3d5/2 were observed at ~412.78 eV and ~406.07 eV, respectively. 

These were slightly shifted from ~405.0 eV and ~411.7 eV of the standard peak of pure Cd element 

due to the sulfuration (formation of CdS). Similarly, Zn peaks corresponding to Zn 2p1/2 and Zn 

2p3/2 were observed at ~1045.76 eV and ~1022.52 eV, which were also shifted from standard peaks 

of pure Zn (~1044.8 eV and ~1021.8 eV) due to the sulfuration. For S peaks, S 2p1/2 and S 2p3/2 

were observed at 163.94 eV and 162. 75 eV. These values were also shifted from standard S peaks 

(~165.1 and ~163.9). No obvious peaks were observed for Se or were not detected due to 

instrumental limitations. This suggests that Se content in the quantum dots was negligible and the 

configuration can be recognized as CdS/ZnS structure. It also needs to mention that insignificant 
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shifts were observed for peaks corresponding to quantum dots after covalent binding with GNPs, 

which further confirms that all the components in the heterostructures remains chemically intact. 

 

Figure 3.4. (a, b) TEM images of the GNP-QD heterostructures formed on the plasma-treated 
GNPs. (c) FFT image corresponding to (b). (d and e) Representative STEM mode spot EDS 
analysis and (f and g) STEM mode EDS line profile analysis of the GNP-QD heterostructures. 
Note: The dotted circles in (b) indicate quantum dots and the red spot and line in (e) and (g), 

respectively, shows the analysis spot and line for EDS profiling. 
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3.3.3. Optical properties of GNPs and GNP-QD heterostructures 

UV-vis absorbance spectra (Figure 3.5a) for Au nanoparticles, GNPs, and GNPs after plasma or 

acid treatment were studied. The inset in Figure 3.5a shows the sample dispersions in DI-water. 

Bare Au nanoparticles resulted in characteristic visible absorption peak ~546 nm. After the GNP 

formation and their acid or plasma treatment, absorbance peaks centered at ~280-293 nm and 

~500-650 nm were observed. The former peak is associated with the presence of multilayer 

graphene shell and attributed to the π-π* transition of electrons in the aromatic double bonds [128]. 

The latter peak (~500-650 nm) is due to the encapsulated Au nanoparticles. The shift of such board 

peak is hard to comment but overall no significant shift can be estimated after the multilayer 

graphene shell encapsulation or after the acid or plasma treatment of GNPs. Thus, one can 

understand that the presence of multilayer graphene shell around Au nanoparticles and their further 

acid/plasma treatment did not suppressed the optical properties (e.g. surface plasmon resonance) 

of the latter, which is consistent with the simulated absorption spectra for GNPs with 

approximately similar size and shell thickness. 

Plasma-treated GNPs were utilized for fabricating GNP-QD heterostructures and the UV-vis 

spectra of the latter (Figure 3.5c) shows broadened and red-shifted Au absorption peak (~580 nm) 

and graphene absorbance peak (~305 nm) with respect to the plasma-treated GNPs. This could be 

attributed to the attachment of quantum dots, which enhanced the absorbance spectrum of GNPs 

and lowered the absorbed energy [129]. The peak corresponding to quantum dots was observed at 

~460 nm and remained unchanged from that of the pristine quantum dots [130]. In addition, a 

control sample was studied for absorbance peaks, where quantum dots were physically mixed with 

plasma-treated GNPs. For this control sample the Au absorption peak was remaining at ~500-650 

nm and no significant shift was observed with respect to the plasma-treated GNPs. Digital images 
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for these samples were also put as inset for further confirmation. This absorbance property study 

indicates that quantum dots have a strong interaction with Au nanoparticles when covalently linked 

with GNPs, where multilayer graphene shell acted as a unique interface between Au nanoparticles 

and quantum dots.  

 

  

Figure 3.5. (a) UV-vis spectra for Au nanoparticles, as-produced GNPs, and GNPs after plasma 
and acid treatment. (b) UV-vis spectra of pristine quantum dots, GNP-QD heterostructures, and 
physically mixed GNPs and quantum dots. Note: The insets showing digital images of (0) 

dispersed pristine quantum dots, (1) Au nanoparticles, (2) as-produced GNPs, (3) plasma-treated 

GNPs, (4) acid-treated GNPs, (5) physically mixed GNPs with quantum dots, and (6) GNP-QD 

heterostructures. 

 

Previous simulation studies have shown that the resonance peak of Au nanoparticle encapsulated 

within multilayer graphene shell varies within a broad range (~527-663 nm) according to the size 

and shell thickness of GNPs [107]. And the scattering component of the extinction efficiency 

spectra was negligible for the small-sized GNPs (< 50 nm). Thus, the optical properties of Au 

nanoparticles, GNPs (before and after plasma treatment), and the GNP-QD heterostructures were 

further simulated and compared using the Discrete Dipole Approximation (DDA) through the 

(a) (b)
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available DDSCAT code (version 7.2). These targets were comprised of an arrangement of dipoles 

for which extinction spectra and normalized electric field distributions were numerically solved. 

It is important to mention here that the quantum dot target was only comprised of CdS/ZnS 

core/shell structure as Se content was negligible. UV-vis reflectance and absorbance spectra were 

collected for the pristine quantum dots and further utilized to estimate effective refractive index 

(real and imaginary components) [131] for the quantum dots. The spherical targets (Figure 3.6a-

h) were derived by considering experimental Au nanoparticle size (~50 nm), multilayer graphene 

shell thickness (~3.8 nm for as-produced GNPs or 0.8 nm for plasma-oxidized GNPs), and size of 

quantum dots (~4 nm). Quantum dots were assumed to be closely-packed around the GNPs. The 

surrounding environment was set as water, which is nearly consistent with the experimental UV-

vis spectroscopy study (Figure 3.5).  

The extinction efficiency is given by a combination of scattering and absorption components as 

follows: 

absscaext QQQ += ,                                                            (3.2) 

where Qext is the extinction efficiency factor, Qsca is the scattering efficiency factor and Qabs is the 

absorbance factor. The extinction spectra (Figure 3.6i) were deconvoluted into absorbance and 

scattering spectra. DDA calculations for bare Au nanoparticles resulted in extinction efficiency 

peak at ~538 nm [132]. Another peak in the UV region (~270 nm) was observed for bare Au 

nanoparticles and could be attributed to the interband transition because of the excitation of d 

electrons [133]. This peak was significantly suppressed for experimental absorbance (Figure 3.5a) 

probably due to the difference in dielectric environment in experiment and simulation, where the 

latter presented an ideal environment. For the as-produced GNPs with a shell thickness of ~3.8 
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nm, insignificant suppression of Au absorption peak (~562 nm) was observed but this peak was 

red shifted with respect to the bare Au nanoparticles. The red shift is attributed to the presence of 

multilayer graphene shell. This observation is hard to comment on the experimental UV-vis spectra 

(Figure 3.5a) due to the broad peak feature. After plasma treatment, this peak shifted back to ~540 

nm due to the etching of graphene shell. Moreover, The Au absorption peak of GNP-QD 

heterostructures show minor intensity increase and slight red-shift (~543 nm) with respect to bare 

Au nanoparticle, indicating the light-matter interaction happened between Au nanoparticle, 

graphene shell and the attached quantum dots.  

For all the targets simulated here, the scattering component was significantly suppressed as 

compared to the absorption component. This is due to the defect-free target structure and their 

significantly smaller size relative to incident wavelength [134]. As reported earlier [135], when 

nanoparticles are much smaller compared to the wavelength of incident light, the scattering is in 

the Rayleigh regime. In that case, the scattering (Qsca) can be written as:  

)(
3

8 64
mFRkQsca

π
=                                                (3.3) 

where 
λ

π2
=k  (λ is the wavelength), R is the radius of the particles, and F(m) is a function of the 

refractive index (m). The absorption (Qabs) can be written as:  

)(4 3
mEkRQabs π=                                                    (3.4) 

where E(m) is also the function of the refractive index relying on a non-zero imaginary part. Thus, 

the ratio of scattering to absorbance is 
E

F
kR

3)(
3

2
~ , which is further equivalent to 3)(kR . In this 

simulation, the average diameter of the heterostructures is ~50 nm (R = 25 nm). And considering 
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an incident wavelength of ~500 nm, the ratio is: 03.0)( 3
=kR . This result demonstrates a good 

agreement with the ratio of scattering to absorbance. 

The normalized electric field distribution on or near the surface of the targets was further generated 

(Figure 3.6j-m). The incident wavelength was selected to regard to the maximum of the Au visible 

absorption peak. One can observe that the electric field intensity was maximized on the surface of 

the spherical target for the Au nanoparticle and GNPs (before and after plasma treatment) and at 

the interface of GNP and quantum dots for the GNP-QD heterostructures. The plots corresponding 

to |E|/|E0| vs. position along the center of the targets across the incident direction are shown in 

Figure 3.6n. It can be observed that intense ‘hot spots’ or normalized electric field (~8.64) was 

present on and near the surface of bare Au nanoparticle. For GNPs with ~3.8 nm shell thickness, 

this intensity was significantly suppressed though with a greater surface area spread of the 

normalized electric field. After the plasma treatment of GNPs, the intensity was re-gained (~7.06) 

and the spread on greater surface area of the target remained. For the GNP-QD heterostructure 

target, this spread of normalized electric field was suppressed but intense hot spots (|E|/|E0| ~11) 

emerged at the interface of GNP and quantum dots. Such simulation results indicate that the GNP-

QD heterostructures preserved/improved the plasmonic features of Au nanoparticles and will be 

of particular interest for potential applications such as Förster Resonance Energy Transfer or the 

plasmonic-enhanced photocatalysts. 
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Figure 3.6. Targets: (a, e) Au nanoparticle, (b, f) GNP, (c, g) plasma-treated GNP, and (d, h) GNP-
QD heterostructure. (i) Simulated extinction spectra for Au nanoparticles (1), GNPs (2), plasma-
treated GNPs (3) and GNP-QD heterostructures (4). (j-m) Normalized electrical field distribution 
(|E/E0|) near the surface of (j) Au nanoparticle (incident wavelength ~538 nm), (k) as-produced 
GNPs (shell thickness ~3.8 nm, incident wavelength ~562 nm), (l) plasma-treated GNPs (shell 
thickness ~0.8 nm, incident wavelength ~540 nm), and (m) GNP-QD heterostructure (incident 
wavelength ~543 nm). (n) |E/E0| vs. position along the center of the targets across the incident 
direction for target 1-4 in (i). Note: Schematic in (i) shows the target and incident wavevector (k). 

Schematic in (n) shows ideal GNP-QD heterostructure and various positions plotted in (n) 
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3.3.4. Plasmonic-enhanced photodegradation of phenol 

Tauc plots (Figure 3.7a) were generated from the UV-vis absorbance spectra (Figure 3.5b) to 

estimate the band gap energies of the pristine quantum dots, GNP-QD heterostructures, and 

physically-mixed GNP-QD. For all these three samples, band gap energies of ~3.4 eV and ~2.6 

eV were estimated corresponding to ZnS and CdS, respectively, present in the quantum dots [136]. 

A band gap tail corresponding to ~1.5 eV was also observed for the samples due to quantum 

confinement effects. Since all the samples including pristine quantum dots shows same band gap 

energies, the photoactivity of GNP-QD heterostructures is dominated by these attached 

semiconducting quantum dots. This further indicates that GNPs have metallic character, which 

was confirmed by the electrical characterization in Figure 3.7b. The inset digital image shows the 

device for I-V test. Embedded I-V curves in Figure 3.7b indicate that the blank Si substrate has 

semiconducting behavior and a rectifying diode effect was observed with a turn-on voltage of 

~0.25 V [137]. The metallic characteristics (conducting) emerged after the Au nanoparticles 

patterning. The remaining rectification effect on this Au nanoparticle-patterned substrate was due 

to the Schottky barrier between the Au and Si. On further growth of GNPs, almost linear I-V 

relationship was observed and the estimated resistance is ~16790 Ω. For GNP-QD heterostructure 

patterned substrate, the estimated resistance increased to ~70040 Ω and loss of metallic character 

was observed with respect to GNPs due to the low conductivity of quantum dots.  
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Figure 3.7. (a) Tauc plots obtained from the UV-vis spectra (Figure 3.5b) indicating band gap 
energies and tailings for various samples. (b) I-V curves for various samples (all samples were on 
the Si substrate). The inset DC image shows the digital image of the device. (c) Experimental 
photodegradation of phenol under UV irradiation (8 W lamp) in presence of sacrificial agent 
(H2O2) and different samples as photocatalyst. (d) First order fit of various phenol degradation 
processes indicated in (C). Note: The legend in (d) is as shown in (c). 
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Above band gap and electric characterizations are of use in understanding the photocatalytic 

behaviors of the GNP-QD heterostructures. In this regard, photodegradation of phenol was studied 

with the absence or presence of various photocatalysts including the pristine quantum dots, the as-

produced GNPs as well as the GNP-QD heterostructures. As shown in Figure 3.7c, the GNP-QD 

heterostructures showed the best photocatalytic efficiency (~40%) within 2 h of degradation 

reaction. The other samples demonstrated the following order of photodegradation efficiencies: 

GNPs (26%) > pristine quantum dots (17%) > without any photocatalyst (12%). The degradation 

without any photocatalyst could be attributed to the presence of sacrificial agent and UV-based 

self-degradation of phenol [138]. The activity of GNPs could be due to the plasmonically-

enhanced light harvesting and their improved electrical conductivity (Figure 3.7b). Pristine 

quantum dots show lower photodegradation efficiency than GNPs because of their natural narrow 

band gap energy, which resulted in significant self-recombination of the excited electrons [139]. 

To further study the photodegradation kinetics, the first order rate constant (k) was estimated using 

the following kinetic equation [112]:  

� =
�

�
	


��

�
                                      (3.5) 

where t is the degradation time, C0 is the initial phenol concentration in water and C is the phenol 

concentration at specific t. As shown in Figure 3.7d, the plots of ln(C0/C) vs. time show good linear 

trend for these photodegradation processes within 2 h, which allows for the estimation of their 

apparent first order kinetic constant (showing as inset in Figure 3.7d). Photodegradation in the 

presence of pristine quantum dots shows a rate constant of 0.092 h-1, which is comparable with the 

values reported in previous studies [140]. The GNP photodegradation shows increased rate 

constant of 0.144 h-1 while photodegradation with the GNP-QD heterostructures show the highest 
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(0.257 h-1). This rate constant value is much higher as compared with that reported in similar 

photocatalysis processes using semiconducting quantum dots or metal oxide nanostructures [112], 

indicating such GNP-QD heterostructures can be a preferred photodegradation catalyst. 

Schematic of the GNP-QD heterostructures under illumination and the corresponding electron 

transfer band diagram was derived in Figure 3.8a-c. As demonstrated above, GNP-QD 

heterostructures preserved the unique plasmonic features of Au nanoparticles. Plasmonic charges 

will be generated on/near the heterostructure surface under illumination and that are especially 

strong at the interface of GNP and quantum dots (Figure 3.8a). It has been reported that these 

plasmonic charges reside at the Fermi energy level of the metal and their energy is too low to drive 

the reduction or oxidation half reaction. However, in the case of GNP-QD heterostructures, these 

plasmonic electrons/holes are of use for the effective separation of excited electrons on quantum 

dots from recombination to the valence band. For instance, at the side where positive charges 

accumulated (Figure 3.8b), the excited electrons on quantum dots are preferred to transfer to the 

GNPs and occupied with the plasmonic holes. Thus, sufficient holes are remaining on the valence 

band of quantum dots for the degradation of phenol. This electron transfer and photodegradation 

process was further detailed in Figure 3.8c, of which the band diagram further indicates that 

graphene shell and Au nanoparticle present lower band energy than the conduction bands of CdS 

and ZnS, which further facilitated the electron transfer from quantum dots to the GNP. On the 

other hand, it is easy to understand that at the negative charges accumulated side of the 

heterostructure, holes on the quantum dots are preferred to transfer to GNPs and occupied with the 

plasmonic electrons. This results in enough electrons on the conduction band of quantum dots for 

the decomposition of the sacrificial H2O2, which provides OH∙ residues for the phenol degradation 

process. In addition, it is worthy to mention that since the strongest plasmonic electrons will be 
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generated with incident of 500-600 nm, we can predict that such GNP-QD heterostructures will 

also be favorable for visible light-driven photocatalysis processes. 

 

Figure 3.8. (a) Schematic of the GNP-QD heterostructures under illumination. (b) Excited electron 
transfer at the positive charge accumulated side of the heterostructures. (c) Derived band gap 
energy and relative band edge locations for GNP-QD heterostructures. The electron transfer as 

well as degradation reaction under illumination are indicated by arrows. 
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3.4. Conclusions 

For the first time we report the patterned growth of GNPs in a facile CVD approach and their 

hybridization with semiconducting quantum dots directly on a Si substrate. Sequential steps for 

the heterostructure synthesis involved the electroless deposition of Au film, high-temperature 

annealing (to form Au nanoparticles), CVD growth of multilayer graphene shell around the Au 

nanoparticles, and covalent binding of quantum dots on GNPs. The surface functionalization of 

GNPs was achieved through both plasma and acid treatment and this processing had no significant 

impact on the distribution of GNPs on the substrate. XPS analysis of plasma- or acid-treated GNPs 

indicated that both processes were able to create carboxylic (-COOH) groups (~12% via plasma 

treatment and ~13% via acid treatment) on the surface of GNPs, which facilitated the covalent 

linking of (-NH2)-terminated semiconducting quantum dots. The covalent linking was achieved 

via carbodiimide chemistry, resulting in the formation of amide bond as confirmed by FITR. 

Optical studies, both experimental and simulated, indicated that the encapsulation of multilayer 

graphene shell around the Au nanoparticles did not suppress the extinction/plasmonic 

characteristics of the latter. The simulation of optical behavior of GNP-QD heterostructures 

showed intense “hot spots” at the interface of GNP and quantum dots. Band gap and electrical 

characterization indicated that the heterostructuring process has minimal influence on the band gap 

energies of quantum dots and meanwhile the GNPs exhibited strong metallic behavior. Thus, GNP-

QD heterostructures were further employed for the plasmon-enhanced photocatalytic phenol 

degradation. The results indicate that such heterostructures exhibited the highest degradation 

efficiency (~40%) or rate constant (0.257 h-1) as compared to Au nanoparticles or GNPs.  
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Abstract 

Multilayer graphene shell encapsulated gold nanoparticle – quantum dot hybrids were derived by 

combining wet-chemical, thermal, and covalent chemistry approaches. Uniformly patterned gold 

nanoparticles on a silicon substrate were obtained via gold film deposition in an electroless method 

followed by a thermal dewetting process. The resulting gold nanoparticles were further surface 

oxidized and utilized as catalysts for the chemical vapor deposition growth of multilayer graphene 

shell encapsulated on the gold nanoparticles (referred as “multilayer graphene shell encapsulated 

Au nanoparticle” or GNPs). As a next step, the surface of GNPs was modified to result in 

carboxylic (-COOH) functionalities, which enabled carbodiimide-based covalent linking of amine-

terminated CdSxSe1-x@ZnS quantum dots (QDs) on the GNP surface. The GNPs and GNP-QD 

heterostructures were characterized using scanning and transmission electron microscopy for size, 

morphology, spatial distribution, and crystal structure evaluation. In addition, UV-vis, 

fluorescence spectroscopy and Discrete Dipole Approximation modeling were utilized for 

understanding the band gap energies, fluorescence quenching, and light-matter interactions of the 

derived hybrids/heterostructures.  

 

Keywords: graphene, gold nanoparticles, quantum dots, optical properties, fluorescence 

quenching, Discrete Dipole Approximation  
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4.1. Introduction 

The surface modification of photonic nanostructures such as gold (Au) nanoparticles can lead to 

novel physical phenomena including selective light-matter interactions and rapid energy transfer 

processes [141]. The surface modification of Au nanoparticles could be achieved by using ligand 

coatings, inorganic material shells, or covalent/physical adsorption of nanoparticles or quantum 

dots of another material. However, the challenge is to achieve stable coating, which prevents the 

exposure of Au nanoparticles to unwanted solution environment [142]. Overcoming this challenge 

will also enable conservative utilization of Au nanoparticles in photonic applications. In addition, 

the need is also for imparting diverse surface chemistry to Au nanoparticles. A promising approach 

in this direction is to encapsulate Au nanoparticles in a sub-5 nm thin carbon or graphene shell. 

Such modification of Au nanoparticles can also enable creating higher order architectures of Au 

nanoparticles by utilizing rich carbon chemistry. An attractive architecture will be to bind quantum 

dots [143] onto carbon encapsulated Au nanoparticles. The carbon component can also influence 

the light-matter interactions for such hybrid systems, by reducing scattering effects [144].  

Recently, surface decoration of Au nanoparticles with chemically-exfoliated graphene was 

reported for biosensors and bioelectronics [145]. However, the corrosive nature of the exfoliation 

process and the inability of wrapped graphene to form an impervious shell around Au nanoparticles 

limited their electrical and optical properties. In this regard, encapsulation of Au nanoparticles in 

a sub-5 nm thick carbon shell or a multilayer graphene shell has been recently demonstrated by 

the authors [ 146 ]. This scalable approach employs a chemical vapor deposition (CVD) of 

multilayer graphene shells directly onto patterned Au nanoparticles (referred as “multilayer 

graphene shell encapsulated Au nanoparticle” or GNPs). The presence of multilayer graphene shell 

(sub-5 nm thickness) had significantly favorable influence on the optical properties and stability 
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(chemical and thermal) of the encapsulated Au nanoparticles [144]. In addition, carbon surface 

chemistry allowed for target-receptor bioanalysis and sensing.  

In this short note, we report an approach for the controlled patterning of multilayer graphene-

modified Au nanoparticles (or GNPs) on a silicon substrate and covalent linking of GNPs with 

semiconducting CdSxSe1-x@ZnS quantum dots (referred as GNP-QD heterostructures). High 

resolution electron microscopy was utilized to study the crystal structure, interfaces, and binding 

of quantum dots with GNPs. Optical properties of heterostructures were analyzed using UV-vis 

and fluorescence spectroscopy. For understanding the light-matter interactions, Discrete Dipole 

Approximation (DDA) modeling method was further utilized to simulate surface plasmonic 

characteristics of GNPs and GNP-QD heterostructures.  

 

4.2. Experimental section 

Materials and Methods: Silicon (Si) wafers (111) were purchased from IWS (Colfax, CA). 

Potassium gold (III) chloride was purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen 

fluoride (~50 wt.%) was purchased from VWR (Atlanta, GA). Ammonium fluoride was purchased 

from Alfa Aesar (Ward Hill, MA). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesulfonic acid (MES) were purchased 

from Thermo scientific (Rockford, IL). Amine-terminated CdSexS1-x/ZnS core/shell fluorescent 

quantum dots were purchased from cytodiagnostics (Burlington, Canada). DI-water (18.1 MΩ-

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

were used without further purification. Buffered oxide etch (BOE) solution was prepared by 

mixing ~40 wt.% NH4F and ~50 wt.% HF in DI-water (volume ratio of 6:1). The GNP growth was 
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carried out in a Lindberg blue three-zone tube furnace (Watertown, WI) with a quartz tube 

purchased from ChemGlass (Vineland, NJ).  

Synthesis of multilayer graphene shell encapsulated Au nanoparticles: Au film was deposited on 

the silicon substrate using acid-based wet-chemical method [147,148]. In this method, cleaned 

silicon substrate was treated with BOE solution to remove the surface oxide layer. This was 

followed by immersing the substrate in the acidic solution comprised of ~1 mM KAuCl4 in ~1 

wt.% HF. This reaction (also referred as electroless or galvanic deposition) was carried out for 45 

s, 90 s and 120 s to result in Au films with different thicknesses. The substrate was washed with 

DI-water, dried, and subsequently annealed at 850 ˚C in air for 10 min. This annealing step led to 

de-wetting of Au film and resulted in Au nanoparticles patterned onto the silicon substrate. Growth 

of multilayer graphene shell around Au nanoparticles (GNPs) was accomplished in a CVD process 

[146] for patterned Au nanoparticles after dewetting of three samples (i.e., Au films) on silicon 

substrates deposited for 45 s (GNP_45), 90 s (GNP_90), and 120 s (GNP_120). The GNP growth 

was conducted as described next. Briefly, Au nanoparticles patterned on silicon substrate were 

treated with oxygen plasma for 15 min to result in surface gold oxide. This was followed by the 

CVD growth of multilayer graphene shell at ~675 ̊ C for 1 h. Xylene was used as the carbon source. 

The carrier gas was 10% H2/Ar with a total flow rate of 1.15 SLM. This process resulted in 

patterned growth of GNPs on the silicon substrate. Finally, the -COOH derivatization on the GNPs 

was carried out by treating the as-grown GNPs with oxygen plasma for 15 s (power 120 W, oxygen 

pressure 300 mTorr).  
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Covalent binding of quantum dots on GNPs: Commercially-bought and amine (-NH2)-terminated 

CdSxSe1-x@ZnS quantum dots were covalently linked with (-COOH)-derivatized GNPs via the 

carbodiimide chemistry [149]. Briefly, the (-COOH)-terminated GNPs patterned on the silicon 

substrate were immersed in a ~50 mM MES buffer (pH = 6.1) solution containing ~2 mM EDC 

and incubated for 10 min under gentle shaking. This was followed by addition of ~4 mM NHS and 

further incubation for 1 h. This process allowed the formation of stable amine-reactive NHS ester 

on the surface of GNPs. The substrate was gently washed with PBS buffer (pH = 7.4) and then 

immersed in the PBS buffer (pH = 7.4) containing 2 mM (-NH2)-terminated CdSexS1-x/ZnS 

quantum dots. This reaction was continued for 12 h to form the amide bonds (-CONH-) and result 

in the covalently-linked GNP-QD heterostructures. The final product was washed with DI-water 

and dried in N2.  

 

Characterization methods: FE-SEM (JEOL-7000) and Tecnai F-20 TEM were used to characterize 

the morphology, crystal structure, and/or interfaces of the GNPs and GNP-QD heterostructures. 

The dimension, number density, and shell thickness were estimated accordingly. UV-vis 

absorbance spectra were obtained using DH-2000 UV-VIS-NIR light source. Fluorescence 

spectroscopy (JASCO FP-8200) was used to characterize the fluorescence quenching effect of 

GNP-QD heterostructures.  

The band gap energies for the as-purchased quantum dots and the GNP-QD heterostructures was 

further determined using equation (4.1) [150,151]:  

n

gEhvAahv )( −= ,                                                                  (4.1) 
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where a is absorbance coefficient, A is a constant, hv is the energy of light and n is a constant 

depending on the nature of the electron transition (n assumes 1/2, 2, 3/2 and 3 for allowed direct, 

allowed indirect, forbidden direct and forbidden indirect transitions, respectively.). CdSxSe1-x/ZnS 

quantum dots have been reported as a allowed direct semiconductor, as a result, the optical band 

gaps were calculated by extrapolating straight lines of the Tauc plots [(ahv)2 vs. hv] to the intercept 

where (ahv)2 = 0 [152,153]. 

Discrete dipole approximation (DDA) method was used to simulate the plasmonic properties of 

the GNPs and GNP-QD heterostructures. This method is based on the solution of 3D Maxwell 

equation using the DDSCAT code developed by Draine and Flatau [154,155]. Briefly, DDSCAT 

7.2 was utilized to estimate the normalized electric field or surface plasmon generation for various 

nanostructure/heterostructure targets. The normalized electric field intensity is defined as the 

strength ratio between the electric field generated near the nanostructures and the incident electric 

field (|E|/|E0|). The geometrical targets were created using the 3D max software for GNPs and 

GNP-QD heterostructures with various sizes. The effective radius of the targets was calculated 

via: reff = (3V/4π)1/3, where V is the total volume of the 3D targets and is calculated with V = Nd3 

(N is the number of dipoles and d is the lattice spacing in cubic array). Near-field electric field 

distributions were extracted using the DDFIELD utility in DDSCAT 7.2 and processed using 

MayaVi 2 from Python(x,y).  

 

4.3. Results and Discussion 

The patterning of Au nanoparticles on the silicon substrate was achieved in an electroless or 

galvanic deposition process [147] followed by the high-temperature annealing. Electroless Au 
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deposition reaction was performed for different durations (45 s, 90 s, and 120 s). Increasing 

reaction time led to thicker Au films. The electroless deposition process involved the replacement 

reaction between Au3+ and Si in an aqueous solution containing F-, which resulted in deposition of 

a uniform Au film on the silicon substrate [156]. Followed by this, the dewetting of Au films 

resulted in uniformly-sized and patterned Au nanoparticles on the silicon substrate. For the growth 

of multilayer graphene shell, Au nanoparticles were surface oxidized [146], and utilized as 

catalysts in a xylene-based CVD process [146].  

Figure 4.1A-C show the SEM images of the GNPs (GNP_45, GNP_90, and GNP_120) obtained 

for three different samples with increasing Au nanoparticle sizes. The microscopic images clearly 

show that GNPs were uniformly patterned onto the substrate (Figure 4.1A-C) and a multilayer 

graphene shell (Figure 4.1D-F) was observed with a core Au nanoparticle encapsulated within. 

The carbon inter-planar spacing is observed to be between 0.37 and 0.40 nm (Figure 4.1D-F). This 

carbon inter-planer spacing larger than that for c-axis lattice spacing of graphite (~0.34 nm) could 

be attributed to the curvature state of graphene shell. Using microscopic characterization, the GNP 

size, inter-particle spacing, and spatial density for various samples were estimated. It can be noted 

(Figure 4.1G) that the GNP size increases with increasing electroless deposition duration of Au 

film. This suggests that longer deposition time led to thicker Au film, which further resulted in 

larger-sized Au nanoparticles for a fixed dewetting condition. In addition, the size distribution of 

GNPs was broader for larger-sized GNPs than for smaller-sized ones. This indicates that Ostwald’s 

ripening effect and surface migration of species enhanced with the size of the nanoparticles 

increasing. It is also noted that with the increase of GNP size, an increasing trend in inter-particle 

spacing and decreasing trend in spatial density of GNPs is observed. The thickness of multilayer 

graphene shell corresponding to Figure 4.1A-C is observed to be ~2.5 ± 0.3 nm, ~3.8 ± 0.2 nm, 



 

91 

and ~4.2 ± 0.5 nm for GNP_45, GNP_90, and GNP_120 samples, respectively. This increasing 

shell thickness with increasing GNP size/Au nanoparticle size suggests that larger Au 

nanoparticles can result in thicker graphene shell.  

 

Figure 4.1. (A-C) SEM images of GNPs with different size that were uniformly patterned onto 
silicon substrate. (D-F) TEM images of GNPs corresponding to (A-C). (G) Histogram showing 
the distribution of GNP diameter for various GNP samples. (H) Histogram of GNP diameters and 
inter-particle spacing for various GNP samples.  
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The as-produced and patterned GNPs on the silicon substrate were further subjected to plasma 

oxidation process to enable the formation of -COOH groups on the multilayer graphene shell. In 

addition, this controlled process also assists in removing the amorphous carbon present on the shell 

or etching the shell [157]. As a next step, these (-COOH)-functionalized GNPs were covalently 

linked with (-NH2)-terminated CdSxSe1-x/ZnS quantum dots [149]. Figure 4.2A-C shows TEM 

images of the resulting GNP-QD heterostructures that were derived using GNP_45, GNP_90, and 

GNP_120 samples. These three samples are referred as GNP-QD_1, GNP-QD_2, and GNP-QD_3. 

High resolution TEM images (Figure 4.2A, D and E) clearly show the attached quantum dots with 

sizes between 4 nm and 5 nm and lattice spacing of ~0.34 nm (which is corresponding to (111) 

plane of CdS). Since TEM images are 2D images, it is impossible to identify the spatial location 

of the quantum dots on GNPs but their presence on the shell can be easily identified as shown in 

Figure 4.2. As shown in Figure 4.2A-C, it is clear that quantum dots are uniformly coated around 

the GNPs. Based on this observation, the surface coverage of quantum dots on the GNPs is 

estimated to be ~40% for GNP-QD_1, ~18% for GNP-QD_2, and ~15% for GNP-QD_3. Thus, 

this unique approach presents a simple method to develop highly-ordered assemblies comprised 

of multiple components (Au nanoparticles, multilayer graphene shell, and quantum dots). 
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Figure 4.2. TEM images of the GNP-QD heterostructures corresponding to (A) GNP_45, (B, D) 
GNP_90, and (C, E) GNP_120. Note: (D) and (E) show the high resolution TEM for attached 
quantum dots on GNPs as shown in (B) and (C). The blue dotted lines indicate the regions observed 
at higher resolution. 

 

It is known that Au nanoparticles and quantum dots have unique plasmonic and photonic 

characteristics [144]. However, these characteristics are difficult to manipulate except by varying 

the size and aggregation of such photonic nanostructures. In this regard, mathematical modeling 

has predicted that GNPs can exhibit modulated plasmonic and photonic properties by simply 

varying the thickness of the multilayer graphene shell [144]. In addition, multilayer graphene shell 

around Au nanoparticles allow for enhanced absorption with minimal scattering. Thus, GNP-QD 

heterostructures are of particular interest for optical applications. The optical properties of GNPs 

and GNP-QD heterostructures were studied using UV-vis absorbance spectroscopy (Figure 4.3A). 
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The as-produced GNPs showed broad absorbance peaks at ~550 nm, ~570 nm, and ~590 nm. 

These peaks could be attributed to the visible absorption of the encapsulated Au nanoparticle in 

GNP [158]. The red shift in this peak for the three GNP samples could be attributed to the different 

thickness of the multilayer graphene shell and the size of the encapsulated Au nanoparticle and is 

largest for GNP_90 sample [158]. Another absorbance peak was observed in the UV region (280-

290 nm) and attributed to the overlapping of UV absorption of multilayer graphene shell and inter-

band transition of Au nanoparticles [159]. Suppression of this peak for thicker multilayer graphene 

shell was observed and could be due to the weakening of inter-band transition of Au nanoparticles 

or presence of amorphous carbon on thicker multilayer graphene shell. Apart from the peaks 

described above, all the three GNP-QD heterostructure samples exhibited peaks at ~485 nm 

corresponding to the absorption of quantum dots (Figure 4.3B). It must be noted that attachment 

of quantum dots onto GNPs resulted in red-shifted peaks (from ~280-290 nm to ~300-310 nm) 

corresponding to Au inter-band transition or multilayer graphene shell. This could be attributed to 

light-matter interactions between GNP and quantum dots. Overall, these aspects indicate that 

individual component in hybrid assembly retained its optical behaviors and the presence of 

multilayer graphene shell modulated this further.   

Tauc plots (Figure 4.3C) were derived using the absorbance spectra in Figure 4.3B to evaluate the 

band gap energies of the GNP-QD heterostructures. The inset in Figure 4.3C shows that the as-

purchased quantum dots exhibited two band gaps at ~2.6 eV and ~3.4 eV, which are attributed to 

CdS and ZnS, respectively [160]. One can observe in Figure 4.3C that covalent linking of quantum 

dots onto GNPs has no significant effect on their band gap energies or band structure. This 

indicates that GNPs provide an excellent support for quantum dots while preserving the optical 

properties of latter in the heterostructure configuration. Such heterostructures with complex 
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architectures hold strong potential for solar energy harvesting devices, photocatalysis and Förster 

resonance energy transfer (FRET).  

 

Figure 4.3. UV-vis absorbance spectra for GNP samples (A) and corresponding GNP-QD 
heterostructures (B). (C) Tauc plots or (αhυ)2 vs. hυ plots used for the band gap energies estimation 
of the as-purchased quantum dots and GNP-QD heterostructures. (D) Fluorescence spectra of the 
as-purchased quantum dots and GNP-QD heterostructures. 
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The fluorescence characteristics of GNP-QD heterostructures was characterized using the 

fluorescence spectroscopy. Since the emission of fluorescence from quantum dots occurs during 

the recombination of excited electron with the ground state, the intensity of fluorescence spectra 

is indicative of the charge recombination processes. The attachment of quantum dots onto electron-

accepting surfaces (Au, graphene, or GNPs) prevents recombination of charge carriers. This 

resulted in fluorescence quenching effect (around 500 nm, Figure 4.3D) for the GNP-QD 

heterostructures, which show reduced fluorescence intensity. In addition, the quenching effect 

becomes more pronounced with the increase of GNP size. As compared with the as-purchased 

quantum dots, the quenching efficiency (estimated by the percentage ratio of spectral area in Figure 

4.3D) is 83.16%, 75.93%, and 70.43% for GNP-QD_1, GNP-QD_2, and GNP-QD_3, respectively.  

GNP-QD heterostructures as derived in this study are potentially important for applications such 

as Surface-enhanced Raman Scattering (SERS), plasmonic-enhanced photocatalysis, and 

optoelectronic devices. Aimed at these potential applications, it is necessary to understand the role 

of multilayer graphene shell, encapsulated Au nanoparticles, and attached quantum dots on the 

influence of the plasmonic properties of GNP-QD heterostructures. This was achieved by 

simulating the extinction spectra (including absorbance and scattering) and surface electric field 

distribution for GNPs and GNP-QD heterostructures using the Discrete Dipole Approximation 

(DDA) method [154]. The targets were comprised of an arrangement of dipoles for which 

extinction spectra and normalized electric field distributions were numerically solved [154]. Three 

spherical GNP targets (Figure 4.4A-F) were derived by considering Au nanoparticles with size 

varied at an equal spacing (20 nm, 50 nm, and 80 nm in diameter, referred as Target#1, Target#2, 

and Target#3, respectively), which are encapsulated in multilayer graphene shell with a thickness 

of ~0.8 nm (corresponding to plasma-treated GNPs). The GNP-QD targets were derived by 
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considering quantum dots with diameter of 5 nm that were closely-packed around above three 

GNP targets (Figure 4.4G-K, referred as Target#4, Target#5, and Target#6, respectively). The 

simulation assumes all these targets are in air environment. The extinction efficiency is given by 

a combination of scattering and absorption as follows: 

absscaext QQQ += ,                                                            (4.2) 

where Qext is the extinction efficiency factor, Qsca is the scattering efficiency factor and Qabs is the 

absorbance efficiency factor.  

The extinction spectra for all the GNPs and GNP-QD targets were deconvoluted into absorbance 

and scattering spectra (Figure 4.5). The main extinction peaks were observed around 530~570 nm 

and ~270 nm, which are consistent with the experimental findings in Figure 4.3A and B and 

attributed to the visible absorption of gold and the overlap of UV absorption of graphene and 

interband transition Au d-electrons [161]. For small GNP and GNP-QD targets (RGNP = 10 nm), 

the scattering component was significantly suppressed as compared to the absorption component 

(Figure 4.5A and D) [159]. However, as the increase of GNP size (R = 25 nm and 40 nm), the 

scattering component for both GNP and GNP-QD targets were obviously enhanced (Figure 4.5B, 

E and C, F). This observation can be well-explained by the theoretical calculation reported earlier 

[159]. When nanoparticles are small compared to the wavelength of light, the scattering is in the 

Rayleigh regime. In that case, the scattering (Qsca) can be written as:  

)(
3

8 64
mFRkQsca

π
=                                                (4.3) 
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Figure 4.4. 3-D targets for various GNP samples (A-F) and GNP-QD heterostructure (G-K) 
samples developed by the 3ds Max software (A-C, G-I) and the LiteBil software (D-E, J-K). Note: 

The LiteBil images were used for the chemical configuration identification. GNP samples (A-C) 

were named as Target#1-#3 and the GNP-QD samples (G-I) were named as Target #4-#6.  
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where 
λ

π2
=k  (λ is the wavelength), R is the radius of the particles, and F(m) is a function of the 

refractive index (m). The absorption (Qabs) can be written as:  

)(4 3
mEkRQabs π=                                                    (4.4) 

where E(m) is also the function of the refractive index relying on a non-zero imaginary part. Thus, 

the ratio of scattering to absorbance is 
E

F
kR

3)(
3

2
~ , which is further equivalent to 3)(kR . 

Considering a wavelength of ~500 nm, for GNPs with R equals to 10 nm, 25 nm, and 40 nm, the 

value of 3)(kR  is 0.002, 0.031 and 0.127, respectively. This result demonstrates a consistent trend 

with the ratio of scattering to absorbance in Figure 4.5. 

 
 
Figure 4.5. Simulated extinction spectra as a function of wavelength for the GNP targets (A-C: 
Target#1-#3) and the GNP-QD heterostructure targets (D-F: Target#4-#6) showing in Figure 4.4. 
Note: These extinction spectra were further deconvoluted into absorbance and scattering spectra. 
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The Extinction spectra for all the targets that simulated here were further summarized in Figure 

4.6A. One can observe that large GNP and GNP-QD targets show significantly enhanced 

extinction as compared with the smaller ones. The attachment of quantum dots shows very weak 

influence on the extinction of large GNP and GNP-QD targets (RGNP = 40 nm). However, when 

the targets are small (RGNP = 25 nm and 10 nm), extinction spectra of GNP-QD targets are enhanced 

and show obvious blue-shift. This indicates strong light-matter interactions are preferred to happen 

between quantum dots and GNPs with small size. Normalized electric field distribution on or near 

the surface of the targets were further generated under the incident wavelength corresponding to 

the maximum of visible extinction peak of each target (Figure 4.6C-H). For GNPs, the strongest 

electric filed is accumulated on the surface of the spherical targets, where the incident 

electromagnetic wave was parallel to the localized surface area vector. With respect to the GNP-

QD heterostructures, the strongest electric field areas (normally called “hot spots”)  were mainly 

accumulated at the interface of GNP and quantum dots.  

The variation of normalized electric field intensity (|E|/|E0|) along the central line of the target 

across the incident direction was shown in Figure 4.6B. The symmetrical sharp peaks indicate the 

strongest electric field accumulated at the surface of GNPs or the interface of GNP-QD targets. 

One can also observe that GNPs show enhanced electric field near the surface with increased 

particles size. This trend is consistent with the extinction spectra showing in Figure 4.6A. 

However, the varying trend of electric field intensity at the interface of GNP-QD heterostructures 

is reversed from the GNP targets. It was observed that large GNP and GNP-QD targets (RGNP = 40 

nm) show equivalent electric field intensity, while small GNP-QD target (RGNP = 10 nm) shows 

significantly enhanced electric field at the “hot spot” as compared with the corresponding GNP. 

This again indicates that strong light-matter interaction is prone to happen between small GNPs 
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and quantum dots. Such simulation provides interesting fundamental knowledge and 

enlightenment for understanding and designing of future plasmonic-enhanced photocatalysts and 

FRET devices.   

 

Figure 4.6. (A) Simulated extinction spectra of the GNP and GNP-QD targets. (B) Normalized 
electric field intensity (E/E0) vs. positions along the center of the targets across the incident 
direction for the GNP and GNP-QD targets. (C-H) Normalized electric field distributions 
near/around the GNPs (C-E: Target#1-#3) amd GNP-QD heterostructures (D-F: Target#4-#6). 
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4.4. Conclusions 

In summary, multilayer graphene shell encapsulated Au nanoparticle – quantum dot hybrids were 

fabricated using the electroless deposition, thermal annealing, CVD, and self-assembly chemistry. 

The fabrication process also demonstrates a unique combination of both, top-down and bottom-up 

approaches. The thermal dewetting of Au films led to controlled patterning of Au nanoparticles, 

which further enabled patterned growth of GNPs in a CVD process. The presence of encapsulating 

multilayer graphene shell around Au nanoparticles enhanced the surface chemistry of the GNPs 

and allowed their linking with quantum dots in a simple carbodiimide functionalization approach. 

The high resolution electron microscopy showed that crystal structure of individual components 

present in the heterostructures or hybrids. UV-vis spectroscopy showed that presence of multilayer 

graphene shell did not suppress but modulated the absorbance peaks corresponding to encapsulated 

Au nanoparticles. GNPs could be successfully utilized as substrates for loading quantum dots 

without influencing the absorbance characteristics and their band gap energies. It was observed 

that fluorescence response for the quantum dots was quenched for the quantum dots loaded onto 

GNPs and this was attributed to the electron accepting characteristics of the latter. This 

fluorescence quenching was dependent on both, the size of GNPs and quantum dot loading on the 

GNPs. Meanwhile, the plasmonic simulation indicates that Au nanoparticles preserved their 

plasmonic properties after graphene encapsulation and quantum dots linking. Strong light-matter 

interaction between GNP and quantum dots (especially for GNP with smaller size) was observed 

in the DDA modeling. The |E/E0| for the GNP-QD heterostructures was estimated to be 10.1 as 

compared with that of 5.46 for the pristine Au nanoparticles.  
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Abstract 

For the first time we report a facile technique for patterning multilayer graphene shell encapsulated 

gold nanoparticles (graphene nanoparticles or GNPs) on the silicon substrate and their further 

surface decoration with semiconducting quantum dots (QDs). This leads to a novel silicon 

electrode decorated with GNP-QD heterostructures. The morphology, structure and composition 

of the GNPs and GNP-QD heterostructures were evaluated using various microscopic and 

spectroscopic techniques. The heterostructure-decorated silicon electrode was also evaluated for 

the electronic and electrochemical properties. The results indicate that the electrical conductivity 

of the silicon substrate was significantly improved by decorating with GNPs and quantum dots. 

Meanwhile, significantly increased electrochemical charge transfer activity was observed on the 

GNP-QD heterostructure electrode through the CV and EIS characterization.  

 

Keywords: multilayer graphene shell encapsulated gold nanoparticles, semiconducting quantum 

dots, silicon electrode, electrochemical activity 
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5.1. Introduction 

Carbon nanotubes (CNTs), graphene, and fullerene exhibit a diverse range of surface chemistry 

necessary for developing hierarchical heterostructures. 162  Surface functionalization of these 

carbon nanostructures with extraneous nanoparticles or quantum dots (QDs) is of interest for 

surface chemical analysis, sensors and various photocatalysis or photovoltaic applications. Such 

attempts leads to the present innovations in heterostructures development. 163  Recently, 

chemically-exfoliated graphene wrapped around gold (Au) nanoparticles for biosensors and 

bioelectronics was reported.164 However, the corrosive nature of the exfoliation process and the 

inability of wrapped graphene to form an impervious shell around Au nanoparticles limited their 

electrical transport. With this regards, spherical carbon nanostructures such as fullerene, onion-

like carbon (OLC), and carbon nanocapsules hold great potential.165  

Hierarchical heterostructures comprised of spherical carbon nanostructures loaded with quantum 

dots have been reported.166 The morphology, dimension, and surface functionality of spherical 

carbon nanostructures can result in tunable properties, which can be further modulated by loaded 

quantum dots. Herein, we report a novel heterostructure configuration of multilayer graphene shell 

encapsulated Au nanoparticles (GNPs), which were further coordinated with CdSxSe1-x/ZnS 

quantum dots. Such graphene shells provide a robust surface passivation to the encapsulated Au 

nanoparticle and also serve as a multifunctional interface between the Au nanoparticles and the 

bound quantum dots. Moreover, the in-situ patterning of such GNP-QD heterostructures on a 

highly-doped conductive silicon (Si) electrode was also achieved during the fabrication process. 

Detailed heterostructure fabrication and patterning procedures were described in the experimental 

section (see the Supplementary Information). The GNP-QD heterostructures were evaluated for 

their morphology, structure and chemical composition using microscopic (SEM/TEM) and 
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spectroscopic (XPS) methods. The GNP-QD heterostructures decorated Si electrode was further 

demonstrated for their electrical and electrochemical properties.  

 

5.2. Experimental section 

Materials and methods: Heavily B-doped conductive silicon (Si) substrate (111) was purchased 

from IWS (Colfax, CA). Potassium gold (III) chloride was purchased from Sigma-Aldrich (St. 

Louis, MO). Hydrogen fluoride (~50 wt.%) was purchased from VWR (Atlanta, GA). 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS), 2-(N-

morpholino) ethanesulfonic acid (MES) were purchased from Thermo scientific (Rockford, IL). (-

NH2)-terminated CdS/ZnS core/shell fluorescent quantum dots were purchased from 

Cytodiagnostics Inc. (Burlington, Canada). FE-SEM (JEOL-7000) and Tecnai F-20 TEM were 

used to characterize morphology, crystal structure, and/or interfaces present in Au nanoparticles, 

as-produced GNPs, and GNP-QD heterostructures. X-ray photoelectron spectra (XPS) were 

gathered by a Kratos Axis 165 with a mono-aluminum gun at 160 eV pass energy for full range 

scan and 40 eV pass energy for detailed scan.  

Fabrication and patterning of Au nanoparticles on the Si substrate: Au film was deposited on the 

Si substrate using acid-based wet-chemical method.167 Briefly, cleaned Si substrate was treated 

with Buffered oxide etch (BOE) solution to remove the surface oxide layer. This was followed by 

immersing the substrate in an acidic solution comprised of ~1 mM KAuCl4 in HF. This reaction 

resulted in Au film (~20 nm thick) on Si substrate. The substrate was washed with DI-water, dried, 

and annealed in air for 15 min at 850 ˚C to dewet Au film that resulted in Au nanoparticles 

patterned onto the Si substrate. 
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Chemical Vapor Deposition of multilayer graphene shell: CVD process was employed for the 

growth of multilayer graphene shells. First, Au nanoparticles patterned on Si substrate were treated 

with oxygen plasma for 15 min to result in surface gold oxide. This was followed by CVD growth 

of multilayer graphene shell between 600 and 700 ˚C for 1 h. Xylene was utilized as the carbon 

source, carried with 10% H2/Ar with a flow rate of 1.15 SLM. This process resulted in patterned 

growth of GNPs on Si substrate. The -COOH derivatization on the GNPs was carried out by 

treating the as-grown GNPs with oxygen plasma for 15 s.  

Covalent binding of CdS/ZnS quantum dots: The binding approach employed well-established 

carbodiimide chemistry. 168  The (-COOH)-terminated GNPs patterned on Si substrate was 

immersed in a ~50 mM MES buffer solution with ~2 mM EDC and incubated for 10 min. This 

was followed by the addition of ~4 mM NHS. This process allowed the formation of a stable 

amine-reactive NHS ester. The substrate was washed with PBS buffer (pH = 7.4) and then 

immersed in the same containing 2 mM quantum dots. This reaction continued for 12 h to form 

amide bonds (-CONH-) resulting in GNP-QD heterostructures. Finally, the substrate with 

patterned assembly of GNP-QD heterostructures was washed with DI-water and dried in N2. 

Electronic/electrochemical study: The electrical characterization (I-V test) of the Si substrate 

patterned with Au nanoparticles, as-produced GNPs, or GNP-QD heterostructures was carried out 

using a two-point probe micromanipulator set-up equipped with Kiethley source meters. Metal 

contacts were fabricated on the two edges of the Si substrate using silver paint. The electrochemical 

characterization was carried out on the PARSTAT 2273 Potentiostat/Galvanostat (Princeton 

Applied Research, Oak Ridge, TN). The standard three-electrode system was used. The Si 

electrodes (1.5 cm × 0.5 cm) patterned with Au nanoparticles, as-produced GNPs, or GNP-QD 

heterostructures were used as the working electrode. This electrode was sealed with epoxy gel to 
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selectively allow exposure of the front surface of the electrode. A Pt wire was used as the counter 

electrode and NaCl saturated Ag/AgCl electrode was utilized as the reference electrode. All 

potentials/voltages were measured with respect to Ag/AgCl electrode. CV and EIS were carried 

out in the solution containing 1.0 mM Fe(CN)6
3-/4- and 0.1 M KCl. The impedance spectra were 

recorded from 100 KHz to 10 mHz with an AC amplitude of 5 mV rms. 

 

5.3. Results and discussion 

Gold film (~20 nm thick) was first deposited on the Si substrate via a galvanic deposition 

method.169 This process involves the typical replacement reaction between Si and Au3+, resulting 

uniform metallic Au layer deposited on the substrate.170 SEM image of the Au film was shown in 

Figure 5.1a. The following rapid heat treatment process at high temperature (850 °C) leads to 

dewetting of the Au film, which forms uniformly patterned Au nanoparticles on the Si substrate. 

The average size of the Au nanoparticles is 48.25 ± 10.67 nm, dispersed on the substrate with an 

inter-particle spacing of 50.33 ± 15.74 nm (Figure 5.1b). The growth of multilayer grapheme shell 

on these Au nanoparticles were conducted in a xylene-based chemical vapor deposition (CVD) 

process that recently reported by the authors.171 The resulting GNPs on the Si substrate were shown 

in Figure 5.1c. A slightly increased average particles size was observed (53.46 ± 17.23 nm) as 

compared with the former Au nanoparticles. Meanwhile, the inter-particles spacing of GNPs 

(49.44 ± 12.93 nm) shows no significant change, indicating the CVD process led to little particles 

loss. Representative TEM images of the GNPs were further shown in Figure 5.1d. A lattice spacing 

of ~0.24 nm was observed for Au nanoparticles (corresponding to (111) plane of gold). Multilayer 

graphene shell with a thickness of 2.0 ~2.5 nm was observed closely encapsulated around the Au 
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nanoparticles. The shell inter-lattice spacing is ~0.37 nm. This distance is slightly larger than the 

standard c-axis spacing of graphite (0.34 nm) due to the curvature of the graphene shell.  

 

Figure 5.1. (a) SEM image of the Au film obtained through galvanic deposition on the Si substrate. 
(b) SEM image of the Au nanoparticles after annealing of Au film in (a). (c) SEM image of the as-
produced GNPs. (d) SEM image of the GNP-QD heterostructures on the Si substrate. (e) HRTEM 
image of the as-produced GNPs. (f-h) Schematic and TEM/HRTEM images of the GNP-QD 
heterostructures. 

 

The as-produced GNPs were subjected to a short-duration (15 s) plasma treatment process, which 

led to surface functionalization of GNPs with carboxyl (-COOH) groups and reduce of the shell 

thickness.172 Covalent attachment of amine (-NH2)-terminated CdSxSe1-x/ZnS quantum dots to the 

(-COOH)-functionalized GNPs was achieved via the well-defined carbidiimide chemistry.173 The 

chemical linking was completed through the formation of amide bonds (-NHCO-). SEM image of 

the obtained GNP-QD heterostructures were shown in Figure 5.1e and S1d (low-resolution image). 

Instead of separately dispersed single quantum dot, we observed that these quantum dots were 

100 nm 10 nm 

500 nm 500 nm 500 nm 

~0.37 nm 

2 nm ~0.24 nm 
Au (111) 

2 nm 

~0.35 nm 
CdS (100) 

~0.37 nm 

(a) (b) (c) 

(d) (e) (f) 

(g) 

(h) 



 

110 

attached to the GNP surface in the form of clusters or aggregated dots.174 The schematic of the 

heterostructures were illustrated in Figure 5.1f and the corresponding TEM images were shown in 

Figure 5.1g. High resolution TEM image in Figure 5.1h clearly indicates that quantum dots with 

size of 4~5 nm in diameter and lattice spacing of ~0.35 nm (corresponding to (111) plane of CdS) 

were closely-packed around the surface of GNPs. Approximately we can estimate that the surface 

coverage of quantum dots on GNPs is ~22%. 

 
 

Figure 5.2. Deconvoluted XPS spectra of C 1s (a), Au 4f (b), Cd 3d (c) and S 2p (d) obtained on 
the GNP-QD heterostructures decorated Si substrate. 
 

(a) (b) 

(c) (d)
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XPS spectra were obtained on the GNP-QD heterostructures decorated Si electrode for chemical 

composition evaluation. Full range XPS spectrum shows various elements including Cd, Zn, S, O, 

C, and Au were observed.175 Deconvoluted spectra for C 1s, Au 4f, Cd 3d and S 2p were further 

demonstrated in detail (Figure 5.2a-d). The deconvoluted C 1s peak shows four Gaussian peaks 

centered on ~286.54 eV, 287.28 eV, 288.07 eV, and 290.28 eV. The peak at ~290.28 eV 

corresponds to the electron energy loss peak due to π-plasmon excitations.176 Electronegative 

oxygen atoms induced positive charges to carbon atoms, thus peaks with high binding energies 

located at ~287.28 eV and ~288.07 eV are considered to originate from carbon-oxygen links, 

corresponding to -COH and -COOH groups, respectively.177 The peak at ~286.54 eV (C-C) is 

associated with photoelectrons emitted from the diamond-like carbon atoms hybridized via sp3 

bond and hexagonal carbon atoms hybridized via sp2 bond.178 Pure element Au peaks consistent 

with Au 4f7/2 and Au 4f5/2 were observed at ~84.75 eV and ~88.43 eV, respectively (Figure 5.2b). 

For spectra associated with quantum dots, Cd peak consistent with Cd 3d3/2 and Cd 3d5/2 were 

observed at ~413.12 eV and ~406.39 eV, respectively (Figure 5.2c). These were slightly shifted 

from ~405.0 eV and ~411.7 eV of the standard peak of pure Cd element, which is due to sulfuration 

for the formation of CdS. For S peaks, S 2p1/2 and S 2p3/2 were observed at 163.94 eV and 162. 

75 eV. These values were also shifted from standard S peaks (~165.1 and ~163.9). It needs to 

mention that no significant peak shifts were observed as compared with the pristine quantum 

dots,179 indicating that all the components in the heterostructures remained chemically intact. 
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Figure 5.3. I-V curves obtained on the as-received Si substrate, on the Au nanoparticles, as-
produced GNPs, and GNP-QD heterostructures decorated Si electrode. 

 

The blank Si electrode as well as the Au nanoparticles decorated, GNPs decorated, and GNP-QD 

heterostructures decorated Si electrode was evaluated for these electric and electrochemical 

properties. The electric test set-up was schematically illustrated in Figure 5.3a. The obtained I-V 

curves were further shown in Figure 5.3b and c. The blank Si substrate (Figure 5.3b) exhibited 

semiconducting behavior and exhibited rectifying diode behavior with a turn-on voltage of ~0.25 

V. 180  From the linear part we can estimate that the resistance is ~13.85 Ω. The metallic 

characteristics emerged after the Au nanoparticle decoration as the I-V curve becomes linear 

(Figure 5.3c), and an electric resistance of ~0.83 Ω was estimated for the Au nanoparticles 

decorated Si electrode. On further growth of GNPs on Si substrate, a rectification effect was 

observed, which is probably due to the Schottky barrier between the Au and graphene. The 

estimated resistance is ~1.07 Ω. For GNP-QD heterostructures, the estimated resistance increased 

to ~1.79 Ω. This electric characterization indicates that decoration the Si electrode with Au 

(a) 

(b)

(c) 
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nanoparticles, GNPs and GNP-QD heterostructures improved its electric conductivity and thus 

these composite electrodes can be used for further electrochemical processes.  

Figure 5.4a shows the digital images of these decorated electrodes for electrochemical 

experiments. CV of the blank Si substrate showed a well-defined redox peaks of Fe(CN)6
3-/4- with 

a peak-to-peak separation of ~300 mV. The Si substrate decorated with Au nanoparticles or GNPs 

resulted in suppressed redox peaks (Figure 5.4b). It is known that the electrocatalytic activity of 

Au nanoparticles depends on their size and only sub-10 nm nanoparticles exhibit excellent 

electrocatalytic behavior.181 The size of Au nanoparticles used here (~47.27 nm) was larger than 

10 nm and may have led to decreased redox activity. The redox peaks (Figure 5.4b) for the GNPs 

decorated electrode were negligible and could be due to thick (~3.8 nm) multilayer graphene shells 

on GNPs and their larger resistance than single layered flat graphene, which is consistent with the 

I-V curves in Figure 5.3c. 182  In contrast to these two electrodes, GNP-QD heterostructures 

decorated electrode showed enhanced redox activity (Figure 5.4b). This could be attributed to a) 

improved electron transfer between GNPs and quantum dots183 and b) reduced multilayer graphene 

shell thickness (~0.8 nm) for plasma-treated GNPs that were utilized for fabricating GNP-QD 

heterostructures in this study. 

EIS spectrum of blank Si substrate showed a large capacitive arc in the whole frequency range. In 

contrast, Au nanoparticles and GNPs exhibited two capacitive arcs in the low and high frequency 

region (Figure 5.4c). These could be attributed to the film impedance of the modified electrode 

and the electron transfer impedance associated with the faradaic reactions.184 In addition, the 

Warburg impedance line associated with the semi-infinite linear diffusion (unrestricted diffusion 

to a large planar electrode) was observed in the low frequency region for the GNP-QD 
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heterostructures. Accordingly, the following equation can be used to describe the total impedance 

of this faradaic reaction system: 184 

Wtdff

sT

ZRCCR

RZ

+
+

+

+

+=
11

1
11

1
.                                             (5.1) 

The Rs, Rf, and Rt are the solution, film, and electron transfer resistances, respectively. The film 

resistance, Rf, indicates the resistance of the blank Si substrate or the same patterned with Au 

nanoparticles, GNPs, or GNP-QD heterostructures. The Cf and Cdl represent the capacitance of the 

modified Si substrate and the double layer, respectively. The ZW stands for the Warburg diffusion 

element defined as: 2/1/)1( ωjsZW −=  , where s is a constant related to the Warburg impedance, 

j = (-1)1/2, and ω is the angular frequency. The corresponding Equivalent Electrical Circuit (EEC) 

was shown in Figure 5.4d.185 This EEC was used to simulate the experimental EIS spectra in the 

ZSimpWin® software. Considering the surface complexity of these modified electrode, Constant 

Phase Elements (CPEs) were used to replace the capacitors (C) in the EEC for the simulation of 

EIS. CPE can model the behavior of double layer or imperfect capacitor by considering factors 

such as surface roughness and non-uniformity in distribution of surface reaction sites.185 The 

impedance of CPE can be written as: 

n

CPE jQZ )(/1 ω= ,                                                         (5.2) 

where Q representing the capacity parameter expressed in S cm-2 sn, j = (-1)1/2 and n represents the 

deviation from the ideal behavior, n being 1 for the perfect capacitors.  
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Figure 5.4. (a) Digital images of electrodes comprised of various samples: (1) blank Si substrate, 
(2) Au nanoparticles, (3) as-produced GNPs, (4) GNP-QD heterostructures. (b) CV diagrams and 
(c) EIS for Au nanoparticles, as-produced GNPs, and GNP-QD heterostructures. (d) EEC used for 
the simulation of EIS data in the ZSimpWin software. NOTE: Scatters in (c) show the experimental 

data and the solid fitted lines correspond to simulated data. 

 

The simulated impedance spectra for various samples studied are shown in Figure 5.4c (solid lines) 

and compared with experimental values (scatters). The simulated spectra (solid lines) showed a 

good agreement with the experimental spectra (scatters). The simulation-based impedance 

parameters are shown in Table 5.1. The blank Si substrate showed one capacitive arc in the whole 

frequency region and could be attributed to film resistance (~10920 Ω cm2, Table 5.1). The 

capacitive arcs in the high frequency region for Au nanoparticles and GNPs were also attributed 

to the film resistance. These film resistances were decreased as compared with the blank Si 

substrate due to the higher electrical conductivity of Au nanoparticles and GNPs. The estimated 

(a) (b) 

(c) 

(d) 

1 2 3 4 
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film resistance (Table 5.1) of GNP-QD heterostructures was slightly increased due to the 

attachment of semiconducting quantum dots.  

 

 

Table 5.1. Impedance parameters of the blank Si electrode, Au nanoparticles, GNPs, and GNP-
QD heterostructures obtained using the EEC (Fig. 4d). Note: Rs, Rf, and Rt are the solution, film, 

and electron transfer resistances, respectively. The Qf and Qdl represent the CPE of the film and 

double layer capacitance, respectively. 

 
Rs 

(Ω cm2) 
Qf 

(S sn cm-2) 
n 

Rf 

(Ω cm2) 
Qdl 

(S sn cm-2) 
n 

Rt 

(Ω cm2) 
W 

Si electrode 46.5 1.15×10-5 0.59 10020 1.94×10-6 0.98 920 5.36×10-4 

Au nanoparticles 
decorated electrode 

25.46 2.16×10-8 0.85 5026 3.24×10-6 0.78 7220 2.43×10-4 

GNPs  
decorated electrode 

30.44 7.46×10-8 0.90 6618 5.58×10-6 0.79 3052 1.05×10-3 

GNP-QD 
heterostructures 

decorated electrode 
27.15 7.77×10-6 0.70 8070 2.99×10-6 1 330 2.50×10-5 
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The electron transfer resistance, Rt, is critical as it is a direct measure of the electrochemical 

activity for the electrode.184 The estimated Rt value for blank Si substrate was lowest as compared 

to other samples (Table 5.1). This could be the reason for the highest redox activity for the blank 

Si substrate. The capacitive arcs in the low frequency region for Au nanoparticles and GNPs 

correspond to the reaction impedance (Figure 5.4c). The corresponding estimated Rt (Table 5.1) 

was much larger than that of Si substrate due to the surface silicon oxide and the multilayer 

graphene shells. This is consistent with the observation that the redox peaks were suppressed for 

Au nanoparticles and GNPs (Figure 5.4b). The estimated Rt value for the GNP-QD 

heterostructures was lower than Au nanoparticles and GNPs (Table 5.1) and explains enhanced 

redox peaks for the heterostructures in Figure 5.4b. The electrical conduction in semiconducting 

quantum dots is based on the mobility of sulfur vacancies.186 In this case, S2- donate electrons to 

the conductive GNPs under positive bias and resulting in sulfur vacancies. These positively 

charged vacancies further act as the active sites to accept electrons from the Fe2+/3+ system.187 

Accordingly, the electron transfer in GNP-QD heterostructures based electrode was significantly 

enhanced. This is probably the reason that the heterostructures showed enhanced redox peaks and 

low electron transfer resistance (Rt). In addition, the GNP-QD heterostructure electrode exhibited 

decreased Warburg diffusion impedance, indicating that the film structure was disintegrated, 

improving the ionic diffusion of electrolyte on the local surface of the electrode.188 
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5.4. Conclusions 

In summary, fabrication of GNP-QD heterostructure decorated silicon electrode was 

demonstrated. The controlled patterning of the heterostructures was achiveved via several critical 

processes including galvanic deposition of Au film, annealing, CVD growth of multilayer 

graphene shell on Au nanoparticles and covalent linking of quantum dots on GNPs. The 

microscopic characterization indicates that the nanostructures (Au nanoparticles, GNPs, and GNP-

QD heterostructures) were uniformly patterned on the silicon substrate. Meanwhile, the 

spectroscopic results shown that various components in the heterostructures are chemically intact. 

Decoration of silicon electrodes with these nanostructures improved the electrical conductivity, 

making them feasible for the aqueous-based electrochemical processes. The CV and EIS 

demonstrated that the GNP-QD heterostructure decorated silicon electrode shows significantly 

increased electrochemical charge transfer activity due to the possible interactions within quantum 

dots, graphene shell and Au nanoparticles. The charge transfer resistance of the GNP-QD 

heterostructure decorated electrode is 330 Ω cm2, which is significantly decreased as compared with 

that of Au nanoparticle electrode (7220 Ω cm2) and GNP electrode (3052 Ω cm2). Such heterostructure-

decorated silicon electrode will be of interest in future small-sized electronic/electrochemical 

devices. 
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Abstract 

We reported a facile route for the fabrication of multilayer graphene shells encapsulated gold 

nanoparticles – single-walled carbon nanotube (SWCNTs) heterostructure by means of the 

combination of the carbodiimide chemistry and biotin-streptavidin affinity. In the first step, Au 

nanoparticles were prepared through the galvanic deposition – annealing process. This was 

followed by encapsulation of multilayer graphene shells on these Au nanoparticles (GNPs) via a 

chemical vapor deposition process. Carbodiimide chemistry was further used to covalently link 

the NH2-terminated biotin to the GNPs. Finally, streptavidin-wrapped SWCNTs were attached to 

these graphene encapsulated Au nanoparticle (GNPs) by means of the affinity of biotin and 

streptavidin. The morphology and structure of the GNPs and the GNP-CNT heterostructures were 

studies using SEM and TEM. The optical properties of the GNP-QD heterostructures were further 

modeled using the discrete dipole approximation (DDA) method.  

Keywords: multilayer graphene shell encapsulated gold nanoparticles, carbon nanotubes, 

heterostructures, Discrete dipole approximation 
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6.1. Introduction 

Single-walled carbon nanotubes (SWCNTs) has exceptional thermal, mechanical, electrical, and 

optical properties and has been considered of specially great interest in the applications of molecule 

electrons, electron-analytical sensors and field emission transistors [ 189 ]. Self-assembly of 

SWCNTs can result in single molecule transistor, which shows great potential in dealing with the 

miniaturization problem and reducing the fabrication cost [190]. Dekker et al. reported the 

application of such single electron transistor (SET) in realizing the logical gates mimicking the 

CMOS ones but with a lateral channel extension reduced to 1 nm [191]. Recently, more effort was 

contributed to improve the reproducibility and sensitivity of such SETs for applications such as 

DNA recognition and other biological systems [192]. One of the most important approach is the 

complexation or hybridization of these SNCNTs with other materials such as fullerene, quantum 

dot, etc. to form multifunctional heterostructures [193]. However, all of these demonstrations are 

conducted on randomly arranges SNCNTs, which is not desirable for the bottom-up philosophy of 

such molecular electronics [190]. Realizing the controlled arrangement or positioning of these 

single or complex SWCNTs by means of self- or possibly directed-assembly is still a big challenge.  

Recently, the authors demonstrated a facile and scalable xylene-based chemical vapor deposition 

(CVD) approach for the growth of graphene shells on Au nanoparticles (GNPs) [194]. The 

encapsulation of graphene shell significantly modified the optical properties and chemical stability 

of Au nanoparticles, and most important, further grafted the nanostructures with enriched surface 

chemistry. Thus, development of GNPs based complex architectures becomes possible. In this 

paper, we reported a facile and controlled approach for the fabrication of ordered assembly of 

GNP-CNT heterostructures through a covalent linking method.  Uniformly dispersed Au 

nanoparticles on the Si substrate were obtained through the galvanic deposition – annealing 
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process. Further graphene shell encapsulation was achieved by the xylene-based CVD method. 

Oxygen plasma was conducted to remove amorphous carbon, optimize the graphene shell 

thickness and create surface functional carboxyl groups on GNPs. This was followed by covalently 

attaching NH2-teminated biotin to these GNPs using carbodiimide chemistry. Such biotin-GNPs 

were further reacted with streptavidin warped SWCNTs to form the GNP-CNT heterostructures.  

 

6.2. Experimental section 

Materials and Methods: P-doped Si wafers (111) were purchased from IWS (Colfax, CA). 

Potassium gold (III) chloride was purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen 

fluoride (~50 wt.%) was purchased from VWR (Atlanta, GA). Ammonium fluoride was purchased 

from Alfa Aesar (Ward Hill, MA). 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS), 2-(N-morpholino) ethanesulfonic acid (MES) were purchased 

from Thermo scientific (Rockford, IL). All chemicals were used without further purification. 

Buffered oxide etch (BOE) solution was prepared by mixing ~40 wt.% NH4F and ~50 wt.% HF in 

DI-water (volume ratio of 6:1). DI-water (18.1 MΩ-cm) was obtained using a Barnstead 

International DI water system (E-pure D4641). The GNP growth was carried out in a Lindberg 

blue three-zone tube furnace (Watertown, WI) with a quartz tube purchased from ChemGlass 

(Vineland, NJ). The gas flow rates were controlled by Teledyne Hasting 400 mass flow controllers 

(Hampton, VA). H2 (10% in Ar), N2, and Ar gas cylinders (UHP grade) were purchased from 

Airgas South (Tuscaloosa, AL). Oxygen plasma treatment was performed in a Nordson March 

Jupiter III Reactive Ion Etcher (Concord, CA). 
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Synthesis of graphene shells encapsulated Au nanoparticles (GNPs): Au film was deposited on a 

Si substrate using acid-based wet-chemical method [195,196]. In this method, an acetone-cleaned 

Si substrate was treated with BOE solution for 30 s to remove the surface oxide layer. This was 

followed by immersing the substrate in the acidic solution comprised of ~1 mM KAuCl4 in ~1 

wt.% HF. The reaction was carried out for 30 s, 60 s and 90 s to result in Au films with different 

thickness. The substrate was washed with DI-water, dried, and subsequently annealed in air for 15 

min at 850 ˚C. This annealing step led to de-wetting of Au film and resulting in Au nanoparticles 

patterned onto the Si substrate. Chemical vapor deposition process was used for the growth of 

multilayer graphene shells. As a first step, these Au nanoparticles patterned on Si substrate were 

treated with oxygen plasma for 15 min to result in surface gold oxide. This was followed by the 

CVD growth process at ~675 ˚C for 1 h. Xylene was used as the carbon source and was fed into 

the reactor at a rate of ~10 mL/h. The carrier gas was 10% H2/Ar with a total flow rate of 1.15 

SLM. Once the reaction was completed, the reactor was allowed to naturally cool down under the 

Ar flow. This process resulted in orderly patterned GNPs. Finally, the –COOH derivatization on 

the GNPs was carried out by treating the as-produced GNPs with oxygen plasma for 15 s.  

Chemical linking of SWCNTs on GNPs: GNPs were covalently linked with NH2-teminated biotin 

using the carbodiimide chemistry [197]. Briefly, the –COOH terminated GNPs patterned on the Si 

substrate was immersed in a ~50 mM MES buffer (pH = 6.1) solution with ~2 mM EDC and 

incubated for 10 min under gentle shaking. This was followed by adding ~4 mM NHS and 

incubated for 1 h. This process allowed the formation of stable amine-reactive NHS ester. The 

substrate was gently washed with PBS buffer (pH = 7.4) and then immersed in the PBS buffer (pH 

= 7.4) containing 2 mM NH2-biotin. This reaction was allowed for 12 h to form the amide bonds 

(-CONH). At the same time, SWCNTs were treated with H2SO4/HNO3 solution (v/v=3/1) for 3 h 
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at 60 ˚C. The product was centrifuged and washed for several times until the pH of superant 

became ~7. These treated SWCNTs were incubated in 5 mM streptavidin solution for 12 h. As a 

last step, the biotin-terminated GNPs were immersed in this SWCNTs solution and further 

incubated for 12 h to form the GNP-CNT heterostructures. This final product was washed with 

DI-water and dried in N2.  

Characterization methods: FE-SEM (JEOL-7000) and Tecnai F-20 TEM were used to characterize 

the morphology, crystal structure, and/or interfaces present in Au nanoparticles, GNPs, and GNP-

QD heterostructures. The dimension, number density, and shell thickness was measured using 

more than 100 nanoparticles/hybrid assemblies per sample. This was utilized to calculate average 

values as well as standard deviations. Discrete dipole approximation (DDA) method was used to 

simulate the plasmonic properties of the as-produced GNPs and the GNP-QD heterostructures. 

This method is based on the solution of 3-D Maxwell equation via the DDSCAT code developed 

by Draine and Flatau [198,199]. Detailed simulation procedures have been demonstrated by our 

group in [200]. Briefly, DDSCAT 7.2 was utilized to estimate the normalized electric field or 

surface plasmon generation for the GNPs and the GNP-QD heterostructures. The normalized 

electric field intensity is defined as the ratio between the electric field generated near the 

nanostructures and the incident electric field (|E|/|E0|).The geometrical targets were generated 

using 3-D max software for different heterostructures. The effective radius of the dipoles was 

calculated using: Reff = (3V/4π)1/3, where V is the total volume of the material in the target and is 

calculated with V = Nd3 (N is the number of dipoles and dis the lattice spacing in cubic array). 

Near-field electric field distributions were extracted using the DDFIELD utility of DDSCAT 7.2 

and processed using MayaVi 2 from Python(x,y).  
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6.3. Results and discussion 

Figure 6.1 outlines the schematic for the preparation of multilayers graphene shells encapsulated 

Au nanoparticles (GNPs) and further attachment of acid-treated SWCNTs using the affinity of 

biotin and streptavidin. The schematic for the linking chemistry were further shown in Figure 6.2. 

Briefly, the GNPs were prepared by a xylene based chemical vapor deposition process (CVD). 

The as-produced GNPs were first treated with oxygen plasma to create surface carboxyl functional 

group. This was followed by the chemical reaction of EDC and NHS, which allowed the formation 

of stable amine-reactive NHS ester. This ester was further reacted with NH2-terminated biotin, 

which allowed the formation of peptide linked GNP-biotin structures. In the last step, streptavidin-

warped SWCNTs were attached to the surface of GNPs via the biotin-streptavidin affinity.  

 
Figure 6.1. Schematic showing the preparation of multilayer graphene shells encapsulated gold 
nanoparticles (GNPs) and further plasma treatment for the covalent linking of single-walled carbon 
nanotube (SWCNT) by combining the EDC/NHS and biotin/streptavidin chemistry. 
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Figure 6.2. Schematic showing the principle of carbodiimide chemistry and biotin-streptavidin 
chemistry for the fabrication of the GNP-CNT heterostructures. 

 

6.3.1. Fabrication of GNP-QD heterostructures 

Figure 6.3A and B show the patterned Au nanoparticles and GNPs on the Si substrate. The high 

resolution SEM images were further demonstrated in the insets. A clear graphene shell was 

observed to be encapsulated on the Au nanoparticles. The estimated Au nanoparticles size is 60.13 

± 13.88 nm with an inter-particle spacing of 72.4 ± 15.6 nm. After graphene growth, the size of 

GNPs were slightly increased as compared to the previous Au nanoparticles. The estimated GNP 

size is 72.19 ± 10.17 nm nm with an inter-particle spacing of 80.8 ± 16.9 nm. The spatial density 

of GNPs was also observed to be decreased as compared with the pristine Au nanoparticles, which 

is due to the inevitable merging of Au nanoparticles during the high temperature CVD process.  

Figure 6.3C and D further show the SEM image of GNP-CNT heterostructures patterned on the Si 

substrate. Either individual SWCNTs or aggregated SWCNT clusters were observed attached on 

the surface of GNPs. The average size of these heterostructures was decreased to 68.48 ± 14.12 

nm as compared with the as-produced GNPs due to the influence of plasma treatment on the 
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thickness of graphene shells. The column diagram in Figure 6.3 summarized the average diameter 

and inter-particle spacing of Au nanoparticles, GNPs and the GNP-CNT heterostructures. 

 
 
Figure 6.3. SEM images showing the as-produced Au nanoparticles (A), GNPs (B) and the GNP-
CNT heterostructures (C and D). NOTE: The insets in (A and B) show high-resolution SEM images 

(scale bar: 20 nm). (E) Histogram showing the variation of particle diameter and inter-particle 
spacing of the Au nanoparticles, GNPs and GNP-CNT heterostructures. 
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Representative TEM/HRTEM images of the as-produced GNPs and the plasma-treated GNPs were 

shown in Figure 6.4A-C. The thickness of such graphene shells was around ~3.8 nm, of which the 

c-axis lattice spacing is ~0.38 nm (Figure 6.4B). This value is slightly larger than that of graphite 

(0.34 nm) due to the curvature of these graphene layers [194]. A thickness of ~0.8 nm was 

estimated for the plasma-treated GNPs, of which the lattice spacing was increased to ~0.39 due to 

the defects created by the plasma etching. TEM images of the GNP-CNT heterostructures were 

shown in Figure 6.4D-F. HRTEM image (Figure 6.4D and F) and corresponding inset FFT image 

further confirms the attachment of the SWCNTs on the GNPs. 

 
 
Figure 6.4. (A, B) TEM/HRTEM images of the as-produced GNPs. (C) HRTEM image of the 
GNPs after plasma treatment. (D-F) TEM/HRTEM images of the GNP-CNT heterostructures. 
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The fluorescence images in Figure 6.5A-C further confirms the attachment of SWCNTs on the 

GNPs. The as-produced GNPs show fluorescence effect (Figure 6.5A). However, after the 

attachment of SWCNTs, the regions with the presence of GNPs present greet dots generated from 

the fluorescent streptavidin while other regions with no GNPs remained dark color (Figure 6.5B 

and C). Raman spectra of the as-produced GNPs (Figure 6.5D) show the well-defined G band at 

~1595 cm-1 and D band at ~1310 cm-1 [201]. D band in GNPs was observed due to the disorder 

created by the curvature of graphene layers and the existence of amorphous carbon [202].These 

peaks locations were different than flat graphene (G band ~1580 cm-1) and such shifts in Raman 

peaks have been previously studied and attributed to strains in the multilayer graphene shell lattice, 

shell thickness, and the size of GNPs. Plasma treatment significantly decreased the intensity of D 

band and G band. The estimated ID/IG ratio after plasma oxidation was between 1.5 and 2.0, which 

indicates that this process led to more defects and disordered structure within the multilayer 

graphene shells. The GNP-CNT heterostructures show increased D band and G band as compared 

with the plasma-treated GNPs. In addition, the G band was split to two peaks. The additional peak 

(called D’ band) located at ~1610 cm-1 has been well-defined for carbon nanotubes and attributed 

to the amorphous hydrogenated carbon, which is regarded as one kind of defective graphite 

structure [203]. This further confirmed the attachment of SWCNTs on the GNPs. 

The carbidiimide chemistry used for the covalent attachment of SWCNTs to the plasma-treated 

GNPs was characterized using FTIR. The results were shown in Figure 6.5E For the as-produced 

GNPs and the plasma-treated GNPs, appearance of C=C and C=O stretches were observed at 

~1530 cm-1 and ~1650 cm-1. The weak signal of C=O is due to the natural oxidation of graphene 

shells in air, which was observed in above XPS study. After plasma treatment, the C=O signal was 

enhanced, allowing for further covalent attachment of biotin as shown in Figure 6.2. For the FTIR 
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spectra after the SWCNT attachment, the appearance of amide I (1650~1670 cm-1, C=O stretch), 

amide II and amide III stretches (1550 cm-1 and 1240 cm-1, respectively, stretching of C-N and/or 

blending of N-H) further indicate the formation of covalent bond between -COOH on the graphene 

shell and -NH2 at the end of biotin [204]. 

 
 
Figure 6.5. (A-C) Fluorescence images obtained from (A) the pristine GNPs and (B, C) GNP-
CNT heterostructures. (D) Raman spectra of the pristine GNPs, plasma-treated GNPs and GNP-
CNT heterostructures. (E) FTIR spectra of the plasma-treated GNPs, SWCNT/streptavidin, and 
GNP-CNT heterostructures.  
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6.3.2. Discrete Dipole Approximation modeling 

To further demonstrate the influence SWCNTs attachment on the plasmonic properties of GNP-

CNT heterostructures, DDSCAT was used to simulate their surface extinction and electric field 

distribution. The nanostructured configurations (or target) in this study were comprised of an 

arrangement of dipoles for which extinction spectra and electric field distributions were 

numerically solved. The extinction efficiency is given by: 

 ��� = ��� + ���                                                   (6.1) 

where Qext is the extinction efficiency factor, Qsca is the scattering efficiency factor and Qabs is the 

absorbance factor. In the simulation, the target was assumed to be composed of a spherical plasma-

treated GNP and 25 carbon nanotubes. The Au nanoparticles core was assumed to be 50 nm and 

the encapsulated graphene shell was assumed to be 0.8 nm thick. The size of carbon nanotubes 

was estimated to be equivalent to the size of SWCNT clusters surround on the GNPs (Figure 6.5A), 

of which the length is 10 nm, the outside diameter is 10 nm and inside diameter is 5 nm. The 3-D 

images of these nanostructures created by 3ds max software were shown in Figure 6.5A. The 

composition configuration of the corresponding targets was also analyzed by the LiteBil software, 

as shown in Figure 6.5B and C. Three more targets were generated accordingly by putting two 

GNP-QD heterostructures together with an inter-particle spacing of 0 nm, 5 nm and 10 nm. The 

representative 3-D images were shown in Figure 6.6D and E.  
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Figure 6.6.  (A) 3-D image of the GNP-CNT heterostructures developed by 3ds Max software for 
DDSCAT-based plasmonic modeling. (B, C) Corresponding 3-D images developed by LiteBil 
software showing the chemical composition of the heterostructures. (D. E) 3-D images of the target 
composed of two GNP-CNT heterostructure with inter-particle spacing of 0 nm. 

 

DDA simulation method allows the calculation of the extinction spectra and the normalized 

electric field distribution of the target. The obtained extinction efficiency spectra show the 

combined effect of scattering and absorption of the incident electromagnetic wave. As shown in 

Fig. 6.7A, the GNP-CNT heterostructures show the well-defined extinction peak at ~524 nm 

[205,206]. This extinction spectrum were further split into absorbance and scattering components. 

As shown in Figure 6.7A, absorbance has a dominant contribution to the extinction spectra while 

the effect of scattering was relatively small. The same phenomenon was also observed for other 

targets. This is because size of these nanostructures are much smaller than the wavelength of 
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incident wave. This is because size of these nanostructures is much smaller than the wavelength 

of incident wave [207]. This result has a good consistence with that reported before [208]. These 

authors pointed out that when particles are small compared to the wavelength of light, the 

scattering is said to be in the Rayleigh regime. Then the scattering (Qsca) can be written as ��� =

��

�
�����(�), where � =

��

 
 (λ is the wavelength), R is the radius of the particles, and F(m) is a 

function of the refractive index (m). Meanwhile, the absorption (Qabs) can be written as ��� =

4"���#(�) , where E(m) is also the function of the refractive index relying on a non-zero 

imaginary part. Thus, the ratio of scattering to absorbance is ~
�

�
(��)� $

%
, which is further equivalent 

to (��)�. As we pointed out above, the average diameter of the heterostructures is ~ 72 nm (R = 

36 nm). If consider a wavelength of ~500 nm, we got that the ratio (��)� = 0.1. This result shows 

a good agreement with the ratio of scattering to absorbance in figure 6.7. 

 In addition, it is worthy to mention that another broad extinction peak was observed at the UV 

region. This peak has peak has been reported before and assigned to the interband transition 

[205,209], which basically is due to the excitation of d electrons when the energy of incident 

photon is larger than the gap energy. This direct interband extinction can occur at any energy-

conserved position in the brillouin zone. The energy conservation equation was given by: 

ℏ* = +�(�) + +,(�)                                               (6.2) 

where ℏ is the Plank constant, * is the frequency. +�(�) and +,(�) are the dielectric function of 

the empty band and full band. The wavelength of the extinction peaks was further selected as the 

incident wavelength to generate the normalized electric field distribution.  
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Figure 6.7. Simulated extinction, absorbance and scattering plots as a function of wavelength for 
a single GNP-CNT heterostructure target (A), Two GNP-CNT heterostrucutre target with inter-
particle spacing of 0 nm (B), 5 nm (C) and 10 nm (D). 

 

As shown in Figure 6.8, the intense electric field (generally called “hot spots”) was mainly 

observed in the contact interface of the SWCNTs and GNPs. This further confirmed the efficiency 

interactions of surface plasmon from Au nanoparticle with surrounding carbon nanostructures. 

Fort the closely settled GNP-CNT heterostructures, the electric field at the interstice of two 

heterostructues were significantly increased. Obvious overlapping of electric field was observed 

and this is of great importance of the applications in localized surface plasmon resonance (LSPR) 

based Raman sensing. The comparison of extinction spectra for various targets were shown in 

Figure 6.9A. Obvious blue shift of resonance peak were observed for the closely settled GNP-CNT 
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heterostructures. The |E/E0| vs. position plots showing in Figure 6.9B further confirm the strongest 

electric field exist at the interface or interstice of the GNP-CNT heterostructures. 

 

Figure 6.8. Normalized electric field distributions of a single GNP-CNT heterostructure target 
(A), Two GNP-CNT heterostrucutre target with inter-particle spacing of 0 nm (B), 5 nm (C) and 
10 nm (D). The corresponding wavelength was 530 nm, 540 nm, 550 nm and 540 nm, respectively. 
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Figure 6.9. (A) Simulated extinction of single GNP-CNT heterostructure target, Two GNP-CNT 
heterostrucutre target with inter-particle spacing of 0 nm, 5 nm and 10 nm. (B) Normalized electric 
field intensity (E/E0) vs. position in the incident direction for the targets corresponding to (A). 
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6.4. Conclusions 

In this paper, multilayer graphene shells encapsulated gold nanoparticle – single-walled carbon 

nanotube (GNP-CNT) heterostructures were fabricated. Au nanoparticles were patterned on Si 

substrate through a facile galvanic deposition – high temperature annealing process. Encapsulating 

graphene shells on these Au nanoparticles was achieved via the well-defined xylene-based 

chemical vapor deposition (CVD) technique. The combination of GNPs and SWCNTs was 

achieved by means of the carbodiimide chemistry and the affinity of biotin and streptavidin. SEM 

and TEM were used to characterize the morphology and structure of the GNPs and the GNP-CNT 

heterostructures. The optical properties of these GNPs and GNP-QD heterostructures were further 

studies by simulating their plasmonic properties (absorbance and scattering) and surface electric 

field distribution using the discrete dipole approximation (DDA) method. The result indicated 

significantly improved electric field was observed on the GNP-CNT heterostructures. The well-

defined hot spots were mainly observed in the contact interface of GNPs and SWCNT. 
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Abstract 

In this paper, we proposed a water vapor-assisted thermal oxidation approach for the growth of 

free-standing Co3O4 nanowires with controlled size, crystallization, and spatial density on the 

substrate. The fundamental thermodynamic calculation was carried out to understand the basic 

principle for the nanowire formation process and the function of water vapor during the formation 

of nanowires. Detailed parameter study were carried out for optimizing the growth process. The 

influence of growth environment, chemical additive in water vapor, surface treatment to the cobalt 

substrate were preliminarily evaluated. We found that the presence of water vapor during the 

thermal oxidation is critical for the growth of single crystalline Co3O4 nanowires with high spatial 

density. Other growth conductions including water vapor feeding rate, oxygen source flowing rate, 

temperature and duration were also investigated and analyzed in detail. It was observed that the 

growth temperature has a dominant control on the morphology and structure of Co3O4 

nanostructures during the thermal oxidation process. This study provides interesting knowledge 

for the direct thermal growth of metal oxide nanostructure and leads to the preparation of Co3O4 

nanowires for future device fabrication. 

 

Keywords: Co3O4 nanowires, water vapor-assisted thermal oxidation, thermodynamics, growth 

conditions  
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7.1. Introduction 

Compounds such as phenol, textile dyes, and poly chloro-byphenyls (PCBs) contaminate water 

through domestic sewage, industrial wastewater, and agriculture wastewater. Even low 

concentration of such contaminants (<1 mg L-1) is hazardous since they prevent the growth of 

aqueous organisms and reduce the photosynthesis activity of the marine flora [210]. Recently, 

catalytic oxidation method was recognized as being aggressive towards organic pollutants and 

presents wide applicability [ 211 ]. Especially, solar-driven heterogeneous photocatalytical 

degradation of water-contaminating organics was widely-proposed as a novel efficient, cost-

effective and environmental friendly approach [212]. Furthermore, such photocatalysis processes 

are normally carried out at room temperature and atmospheric pressure, which makes their wide 

industrial applications technically feasible [213].  

With regards to the photocatalysts, metal oxide semiconductors such as TiO2, ZnO, Fe2O3, Co3O4, 

WO3, etc. and sulphides (CdS, ZnS, etc.) were mostly studied [214]. TiO2 is the best known 

photocatalyst due to its high photocatalytic activity and good photostability in aqueous medium 

[215]. However, its extensive application in industry was largely limited due to its wide band gap 

(can only be used under UV illumination) and high charge recombination [216]. Meanwhile, ZnO 

and Fe2O3 are instable in various industrial waste water streams. Metal sulphides will release toxic 

sulphides under illumination and thus its suitability for water decontamination was ruled out. 

Co3O4 and WO3 are also important earth-abundant catalytically active materials with relatively 

narrow band gap [217]. They present unique advantages such as extended photosensitivity in the 

visible region, long-term physical/chemical stability and ease of preparation of high purity 
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Various approaches have proposed for the preparation or growth of Co3O4 nanostructures however 

most of these are all associated with the precursor-based wet-chemical or hydrothermal processes. 

These methods led to difficulty in the control of product morphology and chemical purity. 

Moreover, for the purpose of photocatalytic process, monocrystalline structure is of importance 

for the transfer of photo-excited electrons or holes. However, the Co3O4 nanostructures prepared 

by the wet-chemical or hydrothermal methods are normally with a relatively large size (200 nm to 

300 nm) and polycrystalline structure. Preliminary reports showed the fabrication of Co3O4 

nanowires with a high temperature thermal oxidation approach. The Co3O4 nanowires were 

directly prepared by oxidation of cobalt substrate at high temperature in the presence of O2. This 

process leads to the formation of free-standing single crystalline nanowires with controllable 

nanowire diameter. However, the main challenge lies in the large scale production as the spatial 

density of nanowires on the substrate is very low and is not uniformly.  

In this paper, we proposed a water-vapor assisted thermal oxidation approach for the growth of 

free-standing Co3O4 nanowires with controlled size, crystallization, and spatial density on the 

substrate. Detailed parameter study were carried out for optimizing the growth process. The 

fundamental thermodynamic calculation was carried out to understand the basic principle for the 

nanowire formation process and the function of water vapor during the formation of nanowires. 

This study provides interesting knowledge for the direct thermal growth of metal oxide 

nanostructure and leads to the preparation of Co3O4 nanowires for future device fabrication. 
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7.2. Experimental details 

Materials and methods: Cobalt foil was purchased from Alfa Aesar (Ward Hill, MA), Cobalt 

powders were purchased from ACROS (Geel, Belgium). (100), n-type silicon wafers were 

purchased from IWS (Colfax, CA). 68% nitric acid was purchased from VWR (Atlanta, GA). DI 

water (18.1 MΩ-cm) was obtained using a Barnstead International DI water system (E-pure 

D4641). All chemicals were used without further purification. Branson 2510 Sonicator (Danbury, 

CT) was used to assist the surface cleaning of Co foil/powders in acetone and DI-water. Thermal 

oxidation growth of cobalt oxide nanostructures was carried out in a MTI GSL-1100X CVD 

furnace. ATC ORION sputtering system (AJA international, Inc., North Scituate, MA) was used. 

Cobalt targets (99.999%) were supplied by AJA International, Inc. 5% O2/Ar gas cylinders were 

purchased from Airgas South (Tuscaloosa, AL). 

Thermal oxidation growth of cobalt oxide nanostructures: Scratching of the Co foil was carried 

out using an X-ACTO blade. Surface dents on the Co foil were produced by pressing the pristine 

foil between sand papers (LECO FJ 120) in the CARVER Lab Press. Surface polishing of Co foil 

was done using BASI PK-4 polishing kit. Before the thermal growth, these pre-treated samples, as 

well as the Co powders, were first cleaned in acetone and DI-water for 10 min, respectively. The 

samples were further treated with 10% HNO3 solution for 15 s to remove pristine surface oxide 

layers. The growth of Co oxide nanostructures was carried out in the installations showing in 

Figure 7.1. The investigated growth parameters were shown in Table 7.1.   

Characterizations: Scanning Electron Microscopy (SEM) images were obtained using FE-SEM 

JEOL-7000 equipped with energy dispersed X-ray spectroscopy (EDX). Tecnai F-20 was used to 

collect Transmission Electron Microscopy (TEM) images at 200 kV. TEM samples were prepared 
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by dispersing as-prepared samples on lacey carbon TEM copper grids purchased from Ted Pella 

Inc. (Redding, CA). Raman spectra were collected using Bruker Senterra system (Bruker Optics 

Inc. Woodlands, TX) equipped with 785 nm laser source at 10 mW laser powers. Uv-vis 

reflectance spectra of the cobalt oxide nanostructures were obtained using DH-2000 UV-VIS-NIR 

light source. The optical transition energy value can be determined using the equation (7.1):  

)( gEhvAahv −= ,                                                                  (7.1) 

where a is absorption coefficient, A is a constant, hv is the energy of light and n is a constant 

depending on the nature of the electron transition (n assumes the values 1/2, 2, 3/2 and 3 for 

allowed direct, allowed indirect, forbidden direct and forbidden indirect transitions, respectively.). 

Since the absorption coefficient a is proportional to Kubelka–Munk function (F(R)): 

saRRRF /2/)1()( 2
=−= ,                                                   (7.2) 

(where R is the reflectance, k is the absorption coefficient and s is the scattering coefficient) the 

band gap energy can be obtained from the plots of [F(R)hv]1/2 vs. hv as the intercept at [F(R)hv]1/2 

= 0 of the extrapolated linear part of the plot. 

 

7.3. Results and discussion 

7.3.1 Thermodynamic analysis 

Figure 1 shows two basic experimental set-up for the growth of cobalt oxide nanostructures via 

the direct thermal oxidation with the assistant of water vapor. We designed two approaches for the 

feeding of water vapor into the furnace. As shown in Figure 7.1A, water vapor was generated by 
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evaporating DI-water on a hot plate, and then the water vapor was mixed with air and fed into the 

furnace for the growth process. The flow rate can be modulated by controlling the temperature of 

the hot plate. In the second design, air and water vapor was fed into the furnace separately. DI-

water was pushed into the furnace with a syringe under accurate control of the liquid feeding 

controller. As the DI-water reached the high-temperature region, it will be evaporated and flow 

into the furnace with air. The first design allowed a gold mixing of water vapor and air when 

flowing into the furnace however the feeding rate of water vapor can’t be controlled accurately. 

Since the feeding of water vapor is of great importance for the growth of Co3O4 nanowires, the 

second design is preferably used after several preliminary experiments. 

 

Figure 7.1. Scheme showing the set-up for growth of Co3O4 nanowires: (A) water vapor and air 
flowed simultaneously, (B) water vapor and air flowed separately.  
 

A 
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To understand the basic principle of cobalt oxide on the cobalt substrate, thermodynamic 

calculations were carried out for various possible chemical reactions at a temperature range of 200 

K to 1400K. As shown in Figure 7.2A. The direct formation of CoO and Co3O4 through the 

reaction of Co and O2 presents negative Gibbs free energy and is thermodynamically possible. 

However this oxidation approach is prone to the formation of cobalt oxide film on the surface of 

cobalt substrate and leads to less formation of nanowire structure. With the feeding of water vapor 

in the growth system, the Gibbs energy for the formation cobalt oxide becomes positive, indicating 

the direct formation of oxide is difficult and the nanowire growth is completed in several steps as 

shown in Figure 7.2B. In the first step, the system forms a galvanic cell, leading to the 

decomposition of H2O to OH- and oxidation of cobalt substrate to Co2+. The reaction of Co2+ and 

OH- resulted in the formation of Co(OH)2. The Co(OH)2 is not stable at high temperature, which 

will further convert to CoO. At the third step, the oxidation of CoO to Co3O4 has a much negative 

Gibbs energy and is thermodynamically feasible. 

Electrochemical cell reactions: 

(1) Reduction of O2: 

O2 + 4 e- + 2 H2O → 4 OH- 

(2) Oxidation of Co: 

Co – 2 e- → Co2+ 

(3) Acid-base reaction: 

Co2+ + 2 OH- →  Co(OH)2  

(4) Dehydration and further oxidation: 

Co(OH)2 → CoO +  H2O 

4CoO + O2 → 2Co2O3  
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The proposed growth mechanism were further illustrated in Figure 7.2C. In the absence of water 

vapor, the oxidation process first leads to the formation of cobalt oxide film and the very few 

nanowires were formed on the surface. With the presence of water vapor, the water vapor first 

absorbed on the substrate, which effective presented the formation of cobalt oxide film and led to 

the formation nanowires with higher spatial density. In this study, surface cracks were created, 

which led to intensive local surface strain. These active sites is preferred for the absorption of 

water vapor and lead to facilitated growth of nanowires. 

 

Figure 7.2. (A, B) Thermodynamics calculation of Co oxidation reaction in the absence and 
presence of water vapor: (A) approach 1, (B) approach 2. (B) Schematic showing the growth 
mechanism of Co3O4 nanowires in the presence of water vapor and stress. 
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7.3.2. Morphology and structure of final Co3O4 nanowires 

Figure 7.3A and B show the cross-section of finally obtained Co3O4 nanowire product. Free-

standing Co3O4 nanowires with high spatial density were observed on the film substrate composed 

of CoO top layer and Co3O4 and under layer. TEM images in Figure 7.3C and D further show the 

detailed morphology and lattice structure of the Co3O4 nanowires. The Co3O4 nanowires were 

observed to grow mainly in (111) direction with a single crystalline structure. This is further 

confirmed by the inset FFT image. To provide evidence for the formation of Co3O4 nanowires and 

CoO/Co3O4 underlayers, EDS analysis was carried out and shown Figure 7.4. 

 

Figure 7.3. SEM (A-B) and TEM (C-D) images showing the cobalt oxide nanostructures produced 
by the thermal oxidation of Co foil. 
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Figure 7.4. SEM image and EDS spectra showing the morphology and chemical content of Co3O4 
nanowires (A-B), Co3O4 film (C-D) and CoO film (E-F). (G-H) EDS mapping showing the 
distribution of oxygen in the cobalt oxide film.  
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O K 35.57 67.04 
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7.3.3. Parameter study for the growth of Co3O4 nanowires 

The optimization of growth conditions was conducted at various conditions as shown in Table 7.1. 

These include the variation of growth environment (air, water vapor, or air and water vapor), shape 

or treatment of the substrate, vapor/air flow rate, growth temperature and time. The influence of 

growth environment on the growth of nanowire was demonstrated in Figure 7.5. Co3O4 nanowires 

with low spatial density were observed for the growth in air environment, while the environment 

only containing water vapor led to little growth of nanowire. However, with the presence of both 

air and water vapor, the spatial density of Co3O4 nanowire obviously increased. Figure 7.6 further 

demonstrated the influence of surface treatment on the growth of Co3O4 nanowires. It was 

observed that when cracks or dents were created on the cobalt surface, the formation of nanowires 

were obviously promoted. This is due to the generation of surface defects, which provided 

numerous of active sites for absorb of water vapor and growth of nanowires. The influence of 

additives in DI-water on the growth of Co3O4 nanowires were further demonstrated in Figure 7.7. 

One can observe that addition of KI in DI-water led to the formation of Co3O4 “nano-cookies” 

(Figure 7.7A). The addition of NH4F resulted in rough surface with growth of Co3O4 nanorods 

(Figure 7.7B). We also attempted to drop the DI-water droplets on hot cobalt substrate. This 

process lead to the formation of Co3O4 nano-flakes on the substrate with very high spatial density. 

Figure 7.8 shows the SEM images of the thermal grown product obtained by treating the initial 

cobalt substrate with sand blaster at different duration. However, no significant growth of nanowire 

were observed on these substrate. Moreover, the growth was also carried out on Si substrate coated 

with cobalt film of various thickness (Figure 7.9). No nanowire was observed on these substrate, 

which is probably due to the limited cobalt source and amorphous structures of as-sputtered cobalt 

film. In addition, no nanowire growth was observed on the cobalt powders (Figure 7.10). 
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Table 7.1. Detailed experimental parameters for the optimization of Co3O4 nanowire growth on 
the cobalt substrate using the direct oxidation approach. 

Sam
p
l
e
# 

Environ
me
nt 

Substrat
e 

Flow rate 
Temper

atu
re 
(˚C
) 

Tim
e 
(
h
) 

Water 
(
m
l/
h) 

Air 
(s
cc
m
) 

1 Air Pristine 6 10 525 10 

2 
Water 

vap
or 

Pristine 6 10 525 10 

3 
Vapor + 

air 
Pristine 6 10 525 10 

3 
Vapor + 

air 
Pristine 6 10 525 10 

4 
Vapor + 

air 
Polishe

d 
6 10 525 10 

5 
Vapor + 

air 
Scratch

ed 
6 10 525 10 

6 
Vapor + 

air 
Dented 6 10 525 10 

7 
Vapor + 

air 

Sand 
bla
ster 

6 10 525 10 

8 
Vapor + 

air 

Co 
po
wd
ers 

6 10 525 10 

9 
Vapor + 

air 
Co film 6 10 525 10 

5 
Vapor + 

air 
Scratch

ed 
6 1 525 10 

10 
Vapor + 

air 
Scratch

ed 
9 4 525 10 

11 
Vapor + 

air 
Scratch

ed 
12 8 525 10 

12 
Vapor + 

air 
Scratch

ed 
15 12 525 10 

13 
Vapor + 

air 
Scratch

ed 
18 16 525 10 

14 
Vapor + 

air 
Scratch

ed 
12 1 525 10 

15 
Vapor + 

air 
Scratch

ed 
12 4 525 10 



 

152 

11 
Vapor + 

air 
Scratch

ed 
12 8 525 10 

16 
Vapor + 

air 
Scratch

ed 
12 12 525 10 

17 
Vapor + 

air 
Scratch

ed 
12 16 525 10 

18 
Vapor + 

O2 

Scratch
ed 

12 

5%O2/
A
r 
(1
2) 

525 10 

19 
Vapor + 

O2 
Scratch

ed 
12 12 375 10 

20 
Vapor + 

O2 
Scratch

ed 
12 12 425 10 

21 
Vapor + 

O2 
Scratch

ed 
12 12 475 10 

18 
Vapor + 

O2 
Scratch

ed 
12 12 525 10 

22 
Vapor + 

O2 
Scratch

ed 
12 12 575 10 

23 
Vapor + 

O2 

Scratch
ed 

12 12 625 10 

24 
Vapor + 

O2 
Scratch

ed 
12 12 475 1 

25 
Vapor + 

O2 
Scratch

ed 
12 12 475 5 

21 
Vapor + 

O2 
Scratch

ed 
12 12 475 10 

26 
Vapor + 

O2 
Scratch

ed 
12 12 475 15 

27 
Vapor + 

O2 
Scratch

ed 
12 12 475 20 
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Figure 7.5. Influence of growth environment on the structure and density of Co3O4 nanowries (A-
C) in air, (D-F) in water vapor, (G-I) in air and water vapor. 

 

 

Figure 7.6. Influence of substrate treatment on the growth of Co3O4 nanowires (A-C) Polished, 
(D-F) Blended, (G-I) Scratched, (J-L) Penetrated, (M-O) Pressed with sand paper. 
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Figure 7.7. Influence of additives on the growth of Co3O4 nanostructures (A-C) KI, (D-F) NH4F, 
(G-I) continuous water droplet. 

 

 

Figure 7.8. Sand blaster treated Co foils as substrate (A) 15 s, (B) 30 s, (C) 1 min, (D) 1.5 min, 
(D) 2 min. 
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Figure 7.9. Sputtered Co film on Si wafer as substrate: (A) 5 nm, (B) 50 nm, (C) 100 nm, (D) 300 
nm, (E) 500 nm.  

 

 

Figure 7.10. Co powder (300 mesh) as the growth substrate: (A-C) in air, (D-F) in water vapor, 
(G-I) in water vapor and air. 
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Figure 7.11 shows the SEM images of various substrate after thermal oxidation with feeding of 

water at different flow rate. One can observe when the flow rate is either too high or too low, no 

obvious nanowires were formed the surface of cobalt substrate. Meanwhile, the formation of 

CoO/Co3O4 underlayers were always observed. The influence of water vapor on the morphology 

and structure of Co3O4 nanowires as well as on the thickness of CoO/Co3O4 underlayer will be 

discussed in detail later. Raman spectra (Figure 7.12) were collected for understanding the 

chemical and phase composition of the nanowires. The as-produced Co3O4 nanowires show 

consistent Raman signal for spinel Co3O4.218,219 These include F2g at ~196 cm-1, ~525 cm-1 and 

623 cm-1, Eg at ~484 cm-1, and A1g at ~695 cm-1. As reported before, the A1g mode is assigned to 

the octahedral sites in spinel Co3O4 and the Eg and F2g modes are related to the combined vibrations 

of tetrahedral sites and octahedral oxygen motions. The UV-vis reflectance spectra and 

corresponding band gap analysis were shown in Figure 7.12C and D. 

 
 

Figure 7.11. Influence of water vapor flow rate on the structure and density of Co3O4 nanowires: 
(A-C) 6 ml/h, (D-F) 9 ml/h, (G-I) 12 ml/h, (J-L) 15 ml/h, (M-O) 18 ml/h.  
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XRD further confirmed the presence of different phases and elements within the nanowires. 

Crystallographic planes for CoO, Co3O4 and Co are shown in the XRD spectra (Figure 7.12B). 

The presence of CoO peaks is due to the formation of CoO underlayer during the thermal growth, 

which is consistent with above SEM images. The peaks for the Co3O4 are attributed to both the 

Co3O4 underlayer and the standing nanowires. The dominant (111) peak for Co3O4 shows a good 

match with the lattice spacing observed in Figure 7.3D. 

 

Figure 7.12. (A) Raman spectra of Co3O4 nanowires obtained at different water vapor feeding 
rate; (B) XRD characterization of Co3O4 nanowires (water vapor set). (C) Uv-vis Absorbance 
spectra of Co3O4 nanowires with different structures. (D) Band gap of Co3O4 nanowires based on 
the UV-vis reflection spectra.  
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Figure 7.13 shows the SEM images of various substrate after thermal oxidation with feeding of 

various oxygen sources. We observed that with a low flow rate of oxygen, the nanowires grown 

on the substrate showed a low spatial density. However, when high spatial density nanowires were 

observed after increase the flow rate. Moreover, when the 5%O2/Ar was used, further increased 

spatial density of Co3O4 nanowires were observed. Meanwhile, the formation of CoO/Co3O4 

underlayers were always observed. The influence of oxygen flow rate on the morphology and 

structure of Co3O4 nanowires as well as on the thickness of CoO/Co3O4 underlayer will be 

discussed in detail later. Raman spectra (Figure 7.14) were collected for understanding the 

chemical and phase composition of the nanowires obtained at different flow rate of oxygen source. 

The as-produced Co3O4 nanowires show consistent Raman signal for spinel Co3O4.220,221 These 

include F2g at ~196 cm-1, ~525 cm-1 and 623 cm-1, Eg at ~484 cm-1, and A1g at ~695 cm-1.  

 

Figure 7.13. Influence of the flow rate oxygen source on the structure and density of Co3O4 
nanowires: (A-C) air 0.1 SLM, (D-F) air 0.8 SLM, (G-I) air 1.2 SLM, (J-L) air 1.6 SLM, (M-O) 
5% O2/Ar 1.2 SLM.  

A C B 

D E 



 

159 

Figure 12.B further confirmed the presence of different phases and elements within the nanowires. 

Crystallographic planes for CoO, Co3O4 and Co are shown in the XRD spectra. The presence of 

CoO peaks is again due to the formation of CoO underlayer during the thermal growth. The peaks 

for the Co3O4 are attributed to both the Co3O4 underlayer and the standing nanowires. The 

dominant (111) peak for Co3O4 was also observed. The UV-vis reflectance spectra and 

corresponding band gap analysis were shown in Figure 7.12C and D. 

 

Figure 7.14. (A) Raman spectra of Co3O4 nanowires obtained at different oxygen source feeding 
rate; (B) XRD characterization of Co3O4 nanowires. (C) Uv-vis Absorbance spectra of Co3O4 
nanowires with different structures. (D) Band gap of Co3O4 nanowires based on the UV-vis 
reflection spectra.  
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The influence of growth temperature on the morphology of Co3O4 nanostructures was shown in 

Figure 7.15. We observed the formation of Co3O4 nanoflakes at a growth temperature of 375 ̊C 

(Figure 7.15A). Further increase of growth temperature (425 ̊C) resulted in the formation of nano-

pyramids. When the temperature was above 475 ̊C, the Co3O4 presented a nanowire morphology. 

This observation can be explained by the thermodynamic analysis showing in Figure 7.2. The low 

temperature gives preferred oxidation of Co substrate to Co2+, however, the formation of Co(OH)2 

is not favorable at lower temperature. This led to the formation of large amount of CoO on substrate 

but a slow growth rate of Co3O4. Thus, the nano-flakes with high density was observed. However, 

when the temperature was increased beyond 625 ̊C. Meanwhile, the formation of CoO/Co3O4 

underlayers were always observed. The influence of growth temperatuer on the morphology and 

structure of Co3O4 nanowires as well as on the thickness of CoO/Co3O4 underlayer will be 

discussed in detail later.  

 

Figure 7.15. Influence of temperature on the structure and density of Co3O4 nanowires: (A-C) 375 
˚C, (D-F) 425 ˚C, (G-I) 475 ˚C, (J-L) 575 ˚C, (M-O) 625˚C, (P-R) 725 ˚C.  
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The chemical and phase composition of the nanowires obtained at different growth temperature 

were demonstrated in Figure 7.16A. The Co3O4 nanowires show consistent Raman signal for spinel 

Co3O4.222,223 These include F2g at ~196 cm-1, ~525 cm-1 and 623 cm-1, Eg at ~484 cm-1, and A1g at 

~695 cm-1. XRD spectra were further demonstrated in Figure 7.16B. The presence of CoO peaks 

is again due to the formation of CoO underlayer during the thermal growth. The peaks for the 

Co3O4 are attributed to both the Co3O4 underlayer and the standing nanowires. The UV-vis 

reflectance spectra and corresponding band gap analysis were shown in Figure 7.12C and D. 

 
 
Figure 7.16. (A) Raman spectra of Co3O4 nanowires obtained at different temperature; (B) XRD 
characterization of Co3O4 nanowires. (C) Uv-vis Absorbance spectra of Co3O4 nanowires with 
different structures. (D) Band gap of Co3O4 nanowires based on the UV-vis reflection spectra. 
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The influence of growth duration on the morphology of Co3O4 nanostructures was shown in Figure 

7.17. Growth of 10 min and 30 min gave very less Co3O4 nanowires on the substrate. With the 

increase of growth duration, the density of nanowires obvious increased. However, when the 

growth is processed to 20 h, most of the nanowires were disappeared. This is probably due to the 

re-fuse and fracture of Co3O4 nanowires because of the flowing of water vapor and oxygen. 

Meanwhile, the formation of CoO/Co3O4 underlayers were always observed. The influence of 

growth temperature on the morphology and structure of Co3O4 nanowires as well as on the 

thickness of CoO/Co3O4 underlayer will be discussed in detail later. From this time study, we 

observed that Co3O4 nanowires can be obtained within a long duration range.  

 

Figure 7.17. Influence of growth duration on the structure and density of Co3O4 nanowires: (A-C) 
10 min, (D-F) 30 min, (G-I) 1 h, (J-L) 5 h, (M-O) 20 h, (P-R) 30 h.  

A C B 

D F E 



 

163 

Raman spectra and XRD patterns were collected for chemical and phase composition analysis for 

the nanowires obtained at different duration. As shown in Figure 7.18A, the Co3O4 nanowires 

show consistent Raman signal for spinel Co3O4.224,225 These include F2g at ~196 cm-1, ~525 cm-1 

and 623 cm-1, Eg at ~484 cm-1, and A1g at ~695 cm-1. XRD spectra were further demonstrated in 

Figure 7.18B. The presence of CoO peaks is again due to the formation of CoO underlayer during 

the thermal growth. The peaks for the Co3O4 are attributed to both the Co3O4 underlayer and the 

standing nanowires. The UV-vis reflectance spectra and corresponding band gap analysis were 

shown in Figure 7.12C and D. 

 

Figure 7.18. (A) Raman spectra of Co3O4 nanowires obtained at different growth time; (B) XRD 
characterization of Co3O4 nanowires. (C) Uv-vis Absorbance spectra of Co3O4 nanowires with 
different structures. (D) Band gap of Co3O4 nanowires based on the UV-vis reflection spectra. 
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7.3.4. Analysis of parameter study results 

TEM analysis was conducted on the representative Co3O4 nanostructures obtained in previous 

parameter study. As shown in Figure 7.19A-C, the nanowires obtained in dry environment presents 

a polycrystalline structure. The main nanowires were grown in the (111) direction. This is because 

that the formation of Co3O4 nanowires is based on the single step oxidation process without the 

assistant of water vapor. As a result, the formation of nanowires is rapid and leads to multiple 

crystalline direction. The Co3O4 nanorods obtained in water vapor environment were shown in 

Figure 7.19D-F. With the absence of oxygen in this case, the formation of Co3O4 is a slow process, 

leading to short nanorods distributed on the substrate. A lattice spacing of (0.25 nm) were obtained 

for these nanorods, corresponding to the (311) plane of Co3O4. The Co3O4 nanowires obtained in 

the 5%O2/Ar and water vapor environment presented a good single crystalline structure. The lattice 

analysis indicate that the growth is in the (311) direction. The nano-flakes obtained at low 

temperature (375 ̊C) was also demonstrated using TEM. An average flake size of 158.6 ± 20.3 nm 

were observed. The lattice spacing was ~0.25 nm, indicating the growth direction of (311). The 

lattice structure of these nanostructures were further confirmed by the inset FFT images. 

As we demonstrated above, the band gap analysis was conducted using the UV-vis reflectance 

spectra, which were further converted into the Tauc plots. This leads to the estimation of band gaps 

energies for various Co3O4 nanostructure samples. Considering Co3O4 is an indirect band gap 

semiconductor,270,226 Band gap energies of ~1.50 eV and ~1.86 eV were estimated for the as-

produced Co3O4 nanowires. The former is considered as transitions from O2- to Co3+ while the 

latter is near to the transitions from O2- to Co2+.268 We can observe that the band gap energies 

varied with different morphology and structure of Co3O4 nanowires. In addition, it needs to 

mention that the band gap energies are also due to the formation of CoO/Co3O4 underlayers. 
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Figure 7.19. TEM characterization of Co3O4 nanowires obtained in air (A-C), nanorods (D-F), 
nanowires obtained in 5% O2/Ar (G-I) and nanowalls (J-L).  
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Table 7.2. Band gap of cobalt oxide nanostructures formed on the surface of cobalt foil. The 
samples were obtained at various experimental conditions as listed in Table 7.1. These bad gap 
energies were based on the Tauc plot generated from the Uv-vis reflectance spectra for various 
Co3O4 nanostructure samples. 

Water 
vapor 
feedin
g rate 
(mL/h
) 

CoO 
(e
V) 

Co3O4 
(e
V) 

Oxygen 
flow 
rate 
(SLM) 

CoO 
(e
V) 

Co3O4 
(e
V) 

6 1.62 2.14 1 1.50 2.05 

9 1.62 2.25 4 2.29 2.68 

12 2.29 2.68 8 1.90 2.36 

15 1.99 2.02 12 2.20 2.52 

18 1.82 2.37 16 2.31 2.60 

   
5% O2/Ar 

(12) 
1.81 2.36 

Temperatu
re (˚C) 

CoO 
(e
V) 

Co3O4 
(e
V) 

Growth 
durati
on (h) 

CoO 
(e
V) 

Co3O4 
(e
V) 

375 1.59 --- 1/6 2.55 2.78 

425 --- 3.01 0.5 2.53 2.78 

475 2.55 2.82 1 1.97 --- 

525 1.81 2.36 5 2.66 2.86 

575 1.71 2.16 10 2.55 2.82 

625 1.76 2.31 20 1.98 --- 

725 1.58 --- 30 1.98 --- 
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The analysis of spatial density of these Co3O4 nanostructures on the cobalt substrate were shown 

in Figure 7.20. The variation of spatial density was summarized as a function of water vapor 

feeding rate, oxygen source flowing rate, growth temperature, and growth duration. As we 

observed, the highest spatial density was observed with appropriate feeding rate of water vapor. 

Either high flow rate or low flow rate led to decreased spatial density (Figure 7.20A). From Figure 

7.20B, one can observe that the highest Co3O4 spatial density was obtained with the feeding of 5% 

O2/Ar. Moreover, the spatial density was obviously decrease with the increase of temperature and 

growth duration due to the fracture and re-fuse of nanowires. 

 

Figure 7.20. Influence of growth parameter on the density of nanowires: (A) water feeding rate, 
(B) oxygen source flow rate, (C) temperature, (D) growth duration. 
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The influence of growth conditions on the length and diameter of nanowires were further 

summarized in Figure 7.21. The water vapor flow rate of 9 ml/h and 12 ml/h resulted in the highest 

nanowire length, however, further increase the feeding rate led to decrease of nanowire length. For 

the air flow rate set, 0.8 SLM of air flow gives longest nanowire. When the air flow rate was 

increased, the nanowire length decreased due to the facture of nanowires. However, when 5% 

O2/Ar was used, long nanowires were obtained. The growth temperature has a significant influence 

on the length of nanowires. This is due to its influence on the morphology of nanostructures, and 

also, high temperature leads to re-fuse of nanowires. In addition, the variation of growth conditions 

show no significant influence on the diameter of Co3O4 nanowires. 

 

Figure 7.21. Influence of growth parameter on the length and diameter of nanowires: (A) water 
feeding rate, (B) oxygen source flow rate, (C) temperature, (D) growth duration. 
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The influence of growth conditions on the thickness of CoO/Co3O4 underlayer was further 

summarized in Figure 7.22. Increased water vapor feeding rate led to decreased underlayer 

thickness. This is because that the absorption of water molecules on the substrate presented the 

formation of oxide. The variation of air flow rate has no significant influence on the underlayer 

thickness. However, the highest thickness was observed at different temperatures. As shown in 

Figure 7.22C, the underlayer thickness significantly increase with the increase of temperature. 

High temperature (500-800 ̊C) leads to the formation of more Co3O4 film. The film thickness 

increased at the first stage of growth (0-10 h) however no significant changes were observed after. 

 

Figure 7.22. Influence of growth parameter on the thickness of under layer CoO and Co3O4 film: 
(A) water feeding rate, (B) oxygen source flow rate, (C) temperature, (D) growth duration. 
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For a summary, the influence of various growth condition on the morphology, length, and diameter 

of Co3O4 nanostructures as well as their influence on the thickness of underlayer were summarized 

in Figure 7.23.  

 

Figure 7.23. Schematic showing the influence of growth conditions on the structure of cobalt 
oxide nanowires. 
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7.4. Conclusions 

In summary, we proposed a water-vapor assisted thermal oxidation approach for the growth of 

free-standing Co3O4 nanowires with controlled size, crystallization, and spatial density on the 

substrate. Detailed parameter study were carried out for optimizing the growth process. The 

fundamental thermodynamic calculation was carried out to understand the basic principle for the 

nanowire formation process and the function of water vapor during the formation of nanowires. 

The feeding of water vapor has a critical influence on the formation of Co3O4 nanostructures. 

Thermal oxidation in the dry air environment with the absence water vapor resulted in 

polycrystalline Co3O4 nanowires with (111) growth direction, while the growth in the environment 

only containing water vapor gave short nano-rods. The single crystalline with a growth direction 

of (311) can be obtained in the environment containing both water vapor and oxygen. In addition, 

in such mixture environment, the growth temperature have a dominant influence on the structure 

and morphology of Co3O4 nanostructures. We observed the formation of Co3O4 nanoflakes at a 

growth temperature of 375 ̊C. Further increase of growth temperature (425 ̊C) resulted in the 

formation of nano-pyramids. When the temperature was above 475 ̊C, the Co3O4 presented a 

nanowire morphology. This study provides fundamental understanding for the direct thermal 

growth of metal oxide nanostructure and leads to the preparation of single crystalline free-standing 

Co3O4 nanowires with diameter of 60~70 nm, length of 3~8 µm, and spatial density of 108 per cm2.
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Abstract 

Nanoscale heterostructures of metal oxides with controlled morphology, interface, and phase 

purity have been considered of great importance for efficient and cost-effective water splitting. 

Here, we report the fabrication of CuO nanowire-Co3O4 nanoparticle heterostructures for oxygen 

evolution reaction in the electrocatalytic water splitting process. The synthesis was achieved in a 

facile and surfactant-free two-step thermal growth process, where free-standing CuO nanowires 

were first produced by directly annealing copper foil in air. This was followed by dip-coating 

cobalt salt on the surface of CuO nanowires and subsequent thermal treatment in air to result in 

the uniform formation of Co3O4 nanoparticles on the CuO nanowires. The morphology and 

structure of the heterostructures were characterized by microscopic and diffraction methods. CuO 

nanowires or the heterostructures were further coated onto a glassy carbon electrode for oxygen 

evolution in an electrochemical water splitting. The effective surface area of the electrodes were 

measured using the Randles-Sevcik equation. Their electrocatalytic activity was evaluated using 

Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and Tafel methods. 

 

Keyword: CuO nanowire; Co3O4 nanoparticle; heterostructures; microscopy; oxygen evolution 

reaction, electrochemical impedance spectroscopy  
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8.1. Introduction 

Electrochemical splitting of water into oxygen and hydrogen provides a promising yet challenging 

strategy for chemical fuel generation.227 The reaction of Water splitting is composed of two parts: 

anodic oxygen evolution and cathodic hydrogen evolution. Of these two half-reactions, oxygen 

evolution is considered to be more complex since it involves a four-electron oxidation process and 

presents high overpotential.228 Thus, finding efficient catalysts for oxygen evolution reaction is 

critical as well as difficult than that for hydrogen evolution reaction. Noble metal oxides such as 

RuO2, IrO2 and PtO2 demonstrate good electrocatalytic activity towards oxygen evolution reaction 

and have been preferred as catalysts.229 However, their industrial applications have been largely 

limited owing to their high-cost and scarcity of Ru, Ir and Pt.228  

Cobalt is an earth-abundant element and its oxide, cobalt oxide (Co3O4), has shown good 

electrocatalytic activity in relation to oxygen evolution reaction. 230  Structure control and 

heterostructuring of cobalt oxide would be key in developing highly-active and industrially-

feasible catalyst for oxygen generation. 231  For instance, chemical doping of Co3O4 has been 

reported to play a significant role in improving the electrocatalytic activity, increasing electrical 

conductivity and reducing causticity of Co3O4 in alkaline solution.232 Moreover, heterostructuring 

of Co3O4 with other supporting materials hold promise for hybrid systems with enhanced 

electrocatalytic activity, durability, and cost-effectiveness.233 Synthesis of Co3O4 supported carbon 

nanotubes (CNTs) with improved electrocatalytic activity for oxygen evolution reaction has been 

reported.231 However, this synthesis process is based on the surfactant-assisted hydrothermal 

method, resulting in damage to the CNTs. In addition, Co3O4 nanoparticles were physically 

attached to CNTs according to the van der Waals force and would be prone to separate during the 

evolution of oxygen bubbles.234 
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Recently, the authors have developed wet-chemical 235  and dry sputter-deposition 236  based 

techniques for CuO nanowires heterostructured with Co3O4 nanoparticles or polycrystalline shells.  

These heterostructures are photoactive in a broad range of wavelengths and led to efficient 

degradation of organic contaminants. In addition, heterostructured configuration allowed for the 

manipulation of band gap with a possibility of morphology-dependent multi-level transition states 

in band diagram. The choice of these oxide is also due to their stability and ability to survive 

multiple processing steps. With respect to crystal structure, both oxides form a clean interface 

(CuO and Co3O4 are chemically intact) with minimal lattice mismatch at the interface.236 Thus, 

this seems to be an ideal geometry for alternative energy production system such as a water 

splitting. Here, we report fabrication and electrochemical characterization of CuO nanowire-Co3O4 

nanoparticle heterostructures. The morphology and structure of the heterostructures were 

characterized using microscopy and diffraction methods. The effective (or active) surface area of 

the heterostructure electrode was evaluated using the Randles-Sevcik equation. The oxygen 

evolution activity was evaluated using CV, EIS, and Tafel plots. 

8.2. Experimental Section 

Materials and methods: Copper foil was purchased from VWR (Atlanta, GA). Cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O) was obtained from Alfa Aesar (Ward Hill, MA). Nitric Acid 

(HNO3, 69.5%) and ethyl alcohol were purchased from Fisher Scientific (Pittsburg, PA). All 

chemicals were used without further purification. De-ionized (DI) water (18.1 MΩ cm) was 

obtained using a Barnstead International DI water system (Epure D4641). Microscopic 

characterization and Energy-dispersive X-ray (EDX) spectroscopy were performed using Field 

Emission Scanning Electron Microscope (FE-SEM, JEOL-7000, equipped with Oxford EDX 

detector) and transmission electron microscopy (HR-TEM, Tecnai FEI-20). X-ray diffraction 
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(XRD) data of samples was recorded with a Philips diffractometer (XRG 3100, Cu Ka radiation, 

35 mA and 40 kV). The electrochemical experiments were carried out on the PARSTAT 2273 

Potentiostat/Galvanostat (Princeton Applied Research, Oak Ridge, TN). 

Synthesis of CuO nanowire-Co3O4 nanoparticle heterostructures: Copper foil (4 cm × 4 cm) was 

cleaned with diluted HNO3 solution (23%, v/v) to remove surface oxide layer. Further, it was 

rinsed thoroughly with DI water and dried with N2 gas. The cleaned foil was placed in a box furnace 

(LindBerg/Blue) at ambient pressure and heated to 400 ˚C. After 6 h, the furnace was turned off 

and the sample was cooled down naturally. In the next step, Co(NO3)2·6H2O aqueous solution (1 

M) was uniformly drop-casted on the surface of as-produced CuO nanowires, and placed in a 

vacuum oven (VWR Scientific, Model No. 1430), at 80 ˚C. The dried sample was air-annealed in 

the box furnace (LindBerg/Blue) at 400 ˚C for 4 h to result in CuO nanowire-Co3O4 nanoparticle 

heterostructures. Heterostructures were characterized by SEM, TEM, and XRD for their crystal 

orientations, morphologies, interfaces, and phases. 

Electrochemical studies: The CuO nanowires as well as the CuO nanowire-Co3O4 nanoparticle 

heterostructures were carefully peeled off from the copper substrate and attached to a glassy carbon 

electrode with silver paint. The edges of the electrodes were further sealed with Nail oil, which 

resulted in a geometrical surface area of ~0.5 cm × ~0.5 cm only containing CuO nanowires or 

CuO nanowire-Co3O4 nanoparticle heterostructures.237 The former was referred as CuO electrode 

and the latter as CuO-Co3O4 electrode. In this experiment, the standard three-electrode system was 

used with glassy carbon electrode loaded with nanowires or heterostructures as a working 

electrode. A Pt wire was used as the counter electrode and an Ag/AgCl electrode saturated with 

NaCl was the reference electrode. Cyclic Voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) measurements were conducted in 1.0 mM Fe(CN)6
3-/4- and 0.1 M KCl aqueous 
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solutions. This allowed for measuring the electron transfer efficiency of the nanowires or 

heterostructures. The CV scan was carried out from -0.2 V to 0.4 V with a scanning rate of 10 mV 

s-1. The EIS was conducted at 0.2 V, and the impedance spectra were recorded from 100 KHz to 

10 MHz with an AC amplitude of 5 mV rms. The water splitting experiment was carried out in 1 

M KOH solution using the same three-electrode system. CV scan in this solution was conducted 

from 0 V to 1.5 V and with a scanning rate of 10 mV s-1. Tafel study was further carried out to 

evaluate the over-potential of the heterostructure electrode for oxygen evolution reaction at a 

specific current. 

 

8.3. Results and discussion 

8.3.1. Growth of CuO nanowire-Co3O4 nanoparticle heterostructures  

High aspect ratio (~75) and standing CuO nanowires (Figure 8.1A) were grown directly on a 

copper foil utilizing vapor-solid method.238 The average diameter and length of the as-produced 

CuO nanowires were observed to be 65.4 nm and 5 μm, respectively. The spatial density was 

estimated to be ~108 per cm2. TEM images (Figure 8.1C and 1D) of the as-produced CuO 

nanowires revealed lattice spacing of ~0.28 nm, which corresponds to (110) plane of monoclinic 

CuO.239 The FFT image in the inset of Figure 8.1D further confirms the monoclinic structure of 

CuO nanowires. Heterostructuring of CuO nanowires with Co3O4 nanoparticles was achieved by 

air annealing of CuO nanowires coated with cobalt salt. After the growth of Co3O4 nanoparticles 

on CuO nanowires, SEM image of the heterostructure (Figure 8.1B) revealed that the nanowires 

remained intact after heterostructure formation. HRTEM images of these heterostructures (Figure 

8.1E and 1F) indicated Co3O4 nanoparticles with an average diameter of 3.4 nm were uniformly 
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dispersed on CuO nanowires. These nanoparticles demonstrated an inter-lattice spacing of ~0.245 

nm, corresponding to the (311) plane of Co3O4.240 FFT images in the inset of Figure 8.1F confirms 

the lattice spacing of CuO nanowire-Co3O4 nanoparticle heterostructures. XRD results further 

revealed (Figure 8.2) the presence of various crystal planes corresponding to CuO nanowires 

(JCPDS: 48-1548) and CuO nanowire-Co3O4 nanoparticle heterostructures. CuO is a base centered 

monoclinic structure with a = 0.46837 nm, b = 0.34226 nm, c = 0.51288 nm and α = 90˚, β = 99.5˚, 

γ = 90˚.241 The presence of Cu2O peaks (JCPDS: 65-3288) with body-centered cubic structure (a 

= b = c =0.4269 nm and α = β = γ = 90˚) could be attributed to the presence of oxide film beneath 

CuO nanowires.242  Co3O4 nanoparticles in the heterostructured configuration exhibited spinel 

structure, where oxygen ions form a cubic-packed structure with Co2+ ions in tetrahedral sites and 

Co3+ ions in octahedral site (a = b = c = 0.8089 nm and α = β = γ = 90˚). 235 

8.3.2. Effective surface area and electron transfer resistance 

Figure 8.3 demonstrates CVs for glassy carbon electrode modified with CuO nanowire (CuO 

electrode) and heterostructures (CuO-Co3O4 electrode) in the Fe(CN)6
3-/4- aqueous solution. CuO 

electrode displayed weak redox peaks with a peak-to-peak separation of ~0.6 V, which could be 

attributed to poor electrical conductivity (~105 Ω cm).243 In addition, a minor oxidation peak at 

~0.1 V was observed in the positive scan. This peak may be attributed to the oxidation of 

underlayer Cu2O film that formed during the growth of CuO nanowires.238  The reduction peak at 

0 V in the negative scan was due to the reduction of CuO. The CuO-Co3O4 electrode showed 

obviously enhanced redox peaks with peak-to-peak separation of ~0.4 V as compared with CuO 

electrode. This enhancement is attributed to the high electrocatalytic activity and low electrical 

resistivity (0.5 - 5.3 Ω cm)244  of cobalt oxide and the increased specific surface area of the 

electrode. 
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Figure 8.1. SEM images of (A) standing CuO nanowires and (B) CuO nanowire-Co3O4 
nanoparticle heterostructures grown on the copper foil. TEM images of (C and D) CuO nanowires 
and (E and F) CuO nanowire-Co3O4 nanoparticle heterostructures. Note: Insets in (D) and (F) 

show the corresponding FFT images with indexed diffraction spots. Dotted circles in (F) indicate 

Co3O4 nanoparticles on CuO nanowire. 
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Figure 8.2. XRD patterns of the CuO nanowires (1) and CuO nanowire-Co3O4 nanoparticle 
heterostructures (2) and corresponding indexing of planes. 

 

The electroactive surface area of CuO and CuO-Co3O4 electrode was estimated using the Fe(CN)6
3-

/4- solution as a redox probe. CVs of the electrodes (Figure 8.4) as a function of different scan rates 

were obtained. The dependence of the peak current on the square root of the scanning rate was 

plotted using Randles-Sevcik equation:245  

-. = (2.69 × 103)
�/�56�
�/�7�

∗9�/�,                                                (8.1) 

where n represents the number of electrons participating in the redox reaction, v is the scan rate of 

the potential perturbation (v, mV/s), A is the area of the electrode (cm2), D is the diffusion 

coefficient of the molecules in the solution (cm2/s), C* is the concentration of the probe molecule 

in the bulk solution (mol/cm3), and IP is the peak current of the Fe(CN)6
3-/4- redox couple. At both 

of the nanostructured electrodes, the peak current (IP, mA cm-2) increased linearly with the 

increasing value of square root of the potential scan rate (v1/2), which indicates that the reactions 
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occurring on the modified electrode were nearly reversible. This result also means that the mass 

transfer phenomenon in the double layer region of the electrodes was mainly diffusion 

controlled.246  

 

Figure 8.3. CV diagram of the CuO electrode and CuO-Co3O4 electrode obtained in 1.0 mM 
Fe(CN)6

3-/4- and 0.1 M KCl aqueous solution. 

  

As shown in Figure 8.4A, the slope and calculated effective surface area for CuO electrode was 

~1.81 (R = 0.8246) and ~6.26 cm2, respectively. This surface area is ~25 times larger than the 

geometric area (0.5 cm × 0.5 cm) of the electrode. In Figure 8.4B, the slope obtained for CuO-

Co3O4 electrode was ~5.78 (R = 0.9956) and the calculated effective surface area was ~19.99 cm2. 

Thus, after decorating CuO nanowires with Co3O4 nanoparticles, the effective surface area of the 

CuO-Co3O4 electrode was further increased by ~3.19 times as compared with the CuO electrode 

leading to significantly enhanced electrocatalytic activity of the CuO-Co3O4 electrode. 



 

182 

    

Figure 8.4. Peak current vs. scanning rate for the determination of effective surface area of the (A) 
CuO electrode and (B) CuO-Co3O4 electrode. 

 

EIS was further used to evaluate the electron transfer efficiency of CuO-Co3O4 electrode for the 

Fe(CN)6
3-/4- redox couple (at ~0.3 V corresponding to the oxidation of Fe2+). The obtained 

impedance spectrum for CuO-Co3O4 electrode is shown in Figure 8.5A. The spectrum is mainly 

composed of two capacitive arcs and one Warburg line. The capacitive arc in the high frequency 

region is considered to be a measure of the film impedance of the modified electrode whereas the 

capacitive arc in the low frequency region is considered to be associated with the electron transfer 

resistance of the faradaic reactions.247 The Warburg impedance line observed in the low frequency 

region is attributed to the semi-infinite linear diffusion (unrestricted diffusion to a large planar 

electrode).248 Accordingly, the following equation can be used to calculate the total impedance of 

this faradaic reaction: 249 
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The Rs, Rf and Rt represent the solution resistance, film resistance and electron transfer resistance, 

respectively. The Cf and Cdl represent the capacitance modified film and double layer capacitance, 

respectively. The ZW stands for the Warburg diffusion element and is defined as 2/1/)1( ωjsZW −=  , 

where s is a constant related to the Warburg impedance, j = (-1)1/2, and ω is the angular frequency. The 

corresponding Equivalent Electrical Circuit (EEC) is shown in Figure 8.5B.250 This EEC was further used 

to simulate the experimental EIS spectra in the ZSimpWin software. Considering the surface complexity of 

these modified electrodes, Constant Phase Elements (CPEs) were used to replace the capacitors (C) in the 

simulation.249 It is known that the introduction of CPE can reach a good match to the surface roughness, 

physical non-uniformity or the non-uniform distribution of surface reaction site.251 The impedance of CPE 

can be written as n

CPE jQZ )(/1 ω= , where Q represents the capacity parameter expressed in S cm-2 sn, j 

= (-1)1/2 and n, the deviation from the ideal behavior, n = 1 is defined for perfect capacitors. The simulation 

results have been shown in Figure 8.6 and Table 8.1, which concurs strongly with the experimental results. 

As shown in Table 8.1, the film resistance, Rf, of the CuO-Co3O4 electrode is much smaller than that of 

CuO electrode. This is due to the increase of electrical conductivity of the heterostructures after Co3O4 

nanoparticles were deposited onto CuO.252 The electron transfer resistance, Rt, of the CuO-Co3O4 electrode 

was ~5.5 times smaller than that of the CuO electrode, indicating that the reaction activity of this 

heterostructure electrode had significantly improved. This finding is consistent with the CV in Figure 8.3, 

and the increase of reaction efficiency could be attributed to the good electrocatalytic activity of Co3O4 

nanoparticles and the large effective surface area of the heterostructure electrode.  

 
Table 8.1. Equivalent Electrical Circuit (EEC) parameters obtained from simulation results as shown 

in the impedance spectra in Figure 8.6. 

Electrodes 
Qf 

(S sn cm-2) 
n 

Rf 

(Ω cm2) 
Qdl 

(S sn cm-2) 
n 

Rt 

(Ω cm2) 
W 

CuO 1.87×10-5 0.38 8170 6.46×10-8 0.66 6486 2.92×10-4 

CuO-Co3O4 5.43×10-10 1 553.4 6.48×10-5 0.73 1190 1.59×10-4 
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Figure 8.5. (A) EIS spectra of the CuO-Co3O4 electrode and corresponding impedance 
contributing regions. (B) Equivalent electric circuit (EEC) for impedance spectra shown in (A). 

 

Figure 8.6. Experimental and simulated impedance spectra of (A) CuO electrode and (B) CuO-
Co3O4 electrode.  

A

B 
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8.3.3. Oxygen evolution reaction on the heterostructures 

To evaluate the electrocatalytic activity of the heterostructures in relation to oxygen evolution 

reaction in the water splitting process, cyclic voltammetry and Tafel test were carried out in 1 M 

KOH solution. The CVs of the CuO electrode and CuO-Co3O4 electrode are shown in Figure 8.6A. 

The anodic branch of oxygen evolution reaction was observed in the high potential region (0.6 V 

to 1.5 V) for both electrodes. As compared to the CuO electrode, the branch of CuO-Co3O4 

electrode is significantly shifted towards the negative direction, indicating that the oxygen 

evolution reaction on these heterostructures is efficient. In addition, small redox peaks 

corresponding to Cu2O oxidation (~0.3 V) and CuO reduction (~0.6 V) were observed on the CuO 

electrode but not on the CuO-Co3O4 electrode.  

 
 
Figure 8.7. CVs for the CuO electrode and CuO-Co3O4 electrode obtained in 1 M KOH aqueous 
solution. 
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Figure 8.8. Tafel plots for oxygen evolution reaction for (A) CuO electrode and (B) CuO-Co3O4 
electrode. The polarization was conducted in 1 M KOH aqueous solution.   

 

Tafel plots were further recorded from 0.95 V to 1.25 V, as shown in Figure 8.8. Table 8.2 shows 

the slopes and the intercepts fitted using OriginLab. The over-potential, ηa, for the oxygen 

evolution reaction at specific current density of 50 mA cm-1 was calculated using the Tafel 

equation: 

:� = (�� − <) + =	>?@,                                                               (8.3) 

where �� represents the Tafel intercept obtained from OriginLab and φ represents the equilibrium 

electrode potential corresponding to the oxygen evolution reaction:251  

2H2O - 4e- → 4H+ + O2.                                                                (8.4) 

A

B 
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On comparing the Tafel equation (8.3) with the Butler-Volmer equation in high anodic polarization 

region (ηa ≥ 0.116V),253 the exchange current density J0 can be described as 	>?B� = −(�� −

<)/=. As shown in Table 8.2, the calculated J0 for all the three anodes was very small, indicating 

the oxygen evolution reaction on these electrodes was highly irreversible.254 In addition, these 

small J0 values were considered to be negligible in evaluating the electrocatalytic activity of anode 

materials. As a result, the over-potential ηa was used as the only important criterion.  

The calculated over-potential (i = 50 mA cm-2) for the CuO electrode was 667 mV. Considering 

the moderate electrocatalytic activity of CuO, this value is not very large as compared to the 

industrial metal oxide electrode (~850 mV for lead oxide, for example).255 This may be attributed 

to the significantly increased effective surface area of such nanowire electrode resulted in small 

real current density. Consequently, the over-potential value would decrease according to the Tafel 

equation (8.3). For CuO-Co3O4 electrode, the measured over-potential was 67.2 mV, which is 

decreased by ~600 mV as compared with the CuO electrode. This can be attributed to the increased 

effective surface area and good electrocatalytic activity of Co3O4 nanoparticles. 

 

Table 8.2. Kinetic parameters of oxygen evolution reaction obtained from the Tafel plots as shown 
in Figure 8.8. 

 

Anodes a0 (V) b (mV/dec) ηa (mV) J0 (A/cm2) 

CuO 2.76 645 662 1.74×10-4 

CuO-Co3O4 2.31 756 67.2 2.26×10-4 
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8.4. Conclusions 

CuO nanowire-Co3O4 nanoparticle heterostructures were fabricated for efficient oxygen evolution 

during electrochemical water splitting. The heterostructures were fabricated by coupling wet-

coating of cobalt salt followed by thermal annealing to decompose the cobalt salt to Co3O4 

nanoparticles uniformly coating the CuO nanowires. These heterostructures were coated on glassy 

carbon electrode and used as oxygen evolution anode for the electrochemical waster splitting. The 

effective surface area evaluation indicated that the CuO nanowire electrode demonstrated a ~25 

times increase as compared to the geometrical surface area of the electrode. For CuO-Co3O4 

electrode, the effective surface area was further increased by ~3.19 times. Moreover, the CuO-

Co3O4 electrode showed significantly enhanced electrocatalytic activity for the oxygen evolution 

reaction. The oxygen evolution over-potential for the CuO-Co3O4 electrode was decreased by ~600 

mV as compared to that of the CuO electrode (~662 mV).  
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Abstract 

Tungsten oxide (WO3) and cobalt tungstate (CoWO4) decorated one-dimensional cobalt oxide 

(Co3O4) p-n junction nanowire heterostructures were fabricated through a facile and cost-effective 

approach. The process includes vapor-solid growth of cobalt oxide nanowires via a thermal 

oxidation method and sputtering coating of tungsten oxide on the standing Co3O4 nanowires. To 

further modulate the structure, morphology and improve the crystallization of tungsten oxide, the 

product was subjected to a post-annealing process, which resulted in free-standing Co3O4-

WO3/CoWO4 multi-component nanowire heterostructures. The crystal structures, morphologies, 

and chemical composition at each fabrication stage were studied in detail using microscopy and 

spectroscopy techniques. The investigation for the first time showed the dry processing route for 

formation of such novel nanowire heterostructures. The photocatalytic performance and behavior 

of such nanowire heterostructures were further demonstrated for the degradation of water-

contaminating organics (via a phenol photodegradation process). The photocatalytic efficiency 

was estimated by ~42% for visible illumination and ~25% for UV illumination as compared with 

the as-produced Co3O4 nanowires. 

 

Keywords: Cobalt oxide, tungsten oxide, p-n junction nanowire heterostructure, photocatalysis 
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9.1. Introduction 

Environmental remediation technologies for efficient water cleaning via the photocatalytic 

methods are of particular interest.256 Here, the demands are for using cheap catalysts with suitable 

energy and electronic structure. Compounds such as phenol, textile dyes, and poly chloro-

byphenyls (PCBs) contaminate water through domestic sewage, industrial wastewater, and 

agriculture wastewater. Even low concentration of such contaminants (<1 mg L-1) is hazardous 

since they prevent the growth of aqueous organisms and reduce the photosynthesis activity of the 

marine flora.257 Various physical and chemical methods for the removal of these contaminants 

from water have been studied, including absorption (using activated carbon), thermal degradation, 

and wet-air oxidation/ozonation. 258  However, these processes are cost-intensive and mainly 

suitable for higher-concentration contaminants. Thus, catalytic or photocatalytic degradation of 

organic pollutants is critical and holds potential for efficient, cost-effective, and environmental-

friendly decontamination.257 Furthermore, photocatalytic degradation of organics can be 

conducted at room temperature and atmospheric pressure, which makes this approach 

commercially favorable.257 

Various metal oxide semiconductors such as TiO2, ZnO, Fe2O3, and sulfides (CdS, ZnS) exhibit 

photocatalytic behavior attributed to their suitable electronic, surface, and crystal structure.259 

Among these oxides, TiO2 is the best known photocatalyst due to its high photocatalytic activity 

and good photostability in aqueous medium.260 However, its sustainable application are largely 

limited due to the wide energy band gap (only UV-active) and high charge recombination.261 

Meanwhile, ZnO and Fe2O3 are unstable in various industrial waste water streams. Metal sulfides 

will release toxic sulfides under illumination and thus their suitability for water decontamination 

was also constricted. Out of several material choices, Co3O4 and WO3 are earth-abundant 
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catalytically active materials with relatively narrow band gap energies.258 These two oxides present 

advantages such as extended photosensitivity in the visible region, long-term physical/chemical 

stability, and/or ease of preparation. However, band gap engineering of such oxides is a challenge 

and mainly depends on their morphology, size, and configuration. If the aim is to develop a 

photocatalyst that can also survive multiple processing or treatment cycles then catalysts based on 

single component nanostructure or oxide cannot surpass the advantages of heterostructured 

photocatalysts. The latter implies nanoscale systems combining two or more materials or 

nanostructures, where the synergistic effect of all the components results in a multifunctional 

catalytic architecture.    

Nanowire heterostructures are novel one-dimensional nanoarchitectures that possess unique 

surface functionality, chemical and electrical properties. 262  Such heterostructures can exhibit 

anisotropic light-matter interactions and thus are promising for photocatalysis processes.263 For 

instance, one-dimensional geometry (e.g., core-shell nanowires) can allow for greater absorption 

of light in longitudinal direction and result in efficient charge transport (or charge carrier 

generation) in radial direction.264 However, such merit exhibition shows significant dependence 

on the structure, morphology, size, and material selection. Meanwhile, another challenge for 

photoactive nanostructures is to eliminate or mitigate the use of noble metals.265 This further 

narrows down the materials selection criteria for photoactive systems. In this regard, we propose 

an interesting and novel photocatalyst design through the hybridization of cobalt oxide and 

tungsten oxide, which can result in one-dimensional multi-component heterostructures with 

specific structure and tunable band gap energies.266 Moreover, tungsten oxide (WO3) is n-type 

semiconductor with band gap energy of ~2.8 eV while cobalt oxide (Co3O4) is a p-type 

semiconductor with band gap energy ~1.6 eV.267 Their combination can form a stable p-n junction 
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at the interface and further generate a constant electric field at equilibrium.260 Under illumination, 

the photo-excited electrons is prone to move to the positive field and the holes flow into the 

negative field. As a result, the electron-hole pairs can be separated in an efficient manner, leading 

to significantly improved photocatalytic activity.268 

The major goal of this work is to develop novel oxide-based nanowire heterostructures with 

controlled morphology, chemical composition, and interfaces. The fabrication of the cobalt oxide-

tungsten oxide nanowire heterostructures was achieved in a surfactant-free and dry processing 

route. Free-standing Co3O4 nanowires were grown in a water vapor-assisted thermal oxidation 

process, 269  further sputtering-coated with WO3 thin shell, and annealed in air. The resulting 

nanowire heterostructures remained standing on the substrate after multiple processing steps. The 

morphology, interfaces, chemical composition, and crystal structure of the heterostructures were 

characterized by various microscopic and spectroscopic techniques. The photocatalytic 

performance and kinetics of the same were also studied for the degradation of phenol. 

 

9.2. Experimental section 

Materials and methods: Cobalt (Co) foil was purchased from Alfa Aesar (Ward Hill, MA). 

Tungsten oxide (WO3) target (99.99%) were provided by AJA International, Inc. Phenol was 

purchased from Sigma-Aldrich (St. Louis, MO). DI water (18.1 MΩ-cm) was obtained using a 

Barnstead International DI water system (E-pure D4641). All chemicals were used without further 

purification. Branson 2510 Sonicator (Danbury, CT) was used to assist the surface cleaning of Co 

foil/powders in acetone and DI-water. ATC ORION sputtering system (AJA international, Inc., 
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North Scituate, MA) was used. 5% O2/Ar gas cylinders were purchased from Airgas South 

(Tuscaloosa, AL). 

Growth of Co3O4 nanowires: Roughened Co foil with a thickness of ~0.2 mm was used as the 

initial substrate. Before the thermal growth, the pre-treated samples were first cleaned in acetone 

and then in DI-water. The samples were further treated with 10% HNO3 solution for 15 s to remove 

pristine surface oxide layers. The growth of Co3O4 nanowires was carried out in a quartz tube 

furnace (at ~450 oC for 10 h) in the presence of humidity (flow rate ~12 mg/min) and 5% O2 in Ar 

(flow rate ~12 SLM).  

Fabrication of Co3O4-WO3 nanowire heterostructures: The as-produced Co3O4 nanowire were 

sputtering-coated with WO3 in a RF sputtering process at chamber pressure of ~3×10-3 Torr. The 

sputtering was carried out at 50 W for 10 min. The measured sputtering rate (by a crystal quartz 

monitor) was ~0.02 nm/s. This resulted in a WO3 thickness of ~12 nm on a flat substrate. In the 

following, this as-sputtered Co3O4-WO3 nanowire heterostructures were further subjected to a 

high-temperature (450 oC) air-annealing process for 30 min, which leads to the final annealed 

nanowire heterostructures. 

Photodegradation of phenol: To test the photocatalytic performance of the nanowire 

heterostructures, degradation of phenol (~ 3 mM in DI-water) was carried out under visible light 

or UV illumination. Standing nanowire heterostructures on the Co foil (2 × 2 cm2) were immersed 

in ~3 ml phenol solution. This was followed by further addition of ~100 µL H2O2 (37%) as the 

sacrificial agent.270,271 Either UV illumination lamp (~254 nm, 8W) or visible illumination lamp 

(~360 nm, 8W) was utilized as the light source. The solution was gently stirred during the 
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photodegradation. UV-vis absorbance spectra of the phenol solution were recorded every 30 min 

for estimating the concentration of phenol. This photodegradaton process was continued for ~8 h.  

Characterizations: Scanning Electron Microscopy (SEM) images were obtained using FE-SEM 

JEOL-7000. Tecnai F-20 was used to collect Transmission Electron Microscopy (TEM) images 

and Energy Dispersion Spectroscopy (EDS) line-profiles in the Scanning Transmission Electron 

Microscopy (STEM) model. Philips X’Pert-MPD X-ray Diffraction (XRD) System was used for 

the phase analysis. Raman spectra were collected using Bruker Senterra system (Bruker Optics 

Inc. Woodlands, TX) equipped with 785 nm laser source. Kratos Axis 165 X-ray photoelectron 

spectroscopy (XPS) with a mono-aluminum gun was used. Full range XPS spectra were collected 

at 160 eV pass energy for high-resolution spectra were collected at 40 eV pass energy. UV-vis 

reflectance spectra of the cobalt oxide nanostructures were obtained using DH-2000 UV-VIS-NIR 

light source. The optical transition energy value can be determined using the equation (9.1):  

n

gEhvAahv )( −= ,                                                                  (9.1) 

where a is absorption coefficient, A is a constant, hv is the energy of light and n is a constant 

depending on the nature of the electron transition (n assumes the values 1/2, 2, 3/2 and 3 for 

allowed direct, allowed indirect, forbidden direct and forbidden indirect transitions, respectively). 

Since the absorption coefficient (a) is proportional to Kubelka-Munk function (F(R)): 

saRRRF /2/)1()( 2
=−= ,                                                      (9.2) 

where R is the reflectance, k is the absorption coefficient and s is the scattering coefficient, the 

band gap energy can be obtained from the plots of [F(R)hv]1/2 vs. hv by estimating the intercept of 

their linear extrapolation at the hv axis. 



 

197 

9.3. Results and discussion 

High aspect ratio and standing Co3O4 nanowires were grown via a water vapor-assisted thermal 

oxidation approach, where the growth was governed by the vapor-solid mechanism.272 Figure 9.1A 

and B show the SEM images of the as-produced Co3O4 nanowires. An oxide film composed of 

CoO bottom layer and Co3O4 top layer (Figure 9.1A, marked by arrows) was observed on the 

cobalt foil after the Co3O4 nanowire growth process. Such underlayer formation has been 

confirmed previously for similar thermal growth of metal oxide nanowires on metal foils (e.g. Cu, 

Fe).273 The EDS analysis and elemental imaging for the formation of CoO/Co3O4 film was further 

detailed. The average diameter and length of nanowires was observed to be ~76.81 ± 14.37 nm 

and ~5.33 ± 2.23 μm, respectively. TEM images of the as-produced Co3O4 nanowires were shown 

in Figure 9.1C and D. A lattice spacing of ~0.24 ± 0.01 nm was observed corresponding to the 

(311) plane of Co3O4. In the next step, surface decoration of Co3O4 nanowires with WO3 was 

achieved in a sputtering process. Figure 9.1E shows the SEM image of the resulting Co3O4-WO3 

nanowire heterostructures. Due to the coating of WO3 film on the Co3O4 nanowires, the average 

diameter and length was observed to be ~88.66 ± 11.39 nm and ~5.01 ± 2.50 μm. This indicates 

that ~12 nm thick WO3 film (Figure 9.1F) was deposited on the Co3O4 nanowires. It is important 

to note that the line-of-sight deposition of WO3 leads to self-shadowing of nanowires,270 as a result, 

thicker WO3 coating was observed at on one side of Co3O4 nanowires (Figure 9.1G). In addition, 

it was also observed that the as-deposited WO3 was in amorphous structure and further crystalizing 

process is necessary for improving the photocatalytic features.  

High temperature air-annealing was carried out on the as-sputtered Co3O4-WO3 nanowire 

heterostructures to modulate their structure, morphology and improve the crystallization of 

tungsten oxide. As shown in Figure 9.2A, the annealed Co3O4-WO3 nanowire heterostructures 
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exhibited diameter of ~102.66 ± 20.63 nm. The average length of these nanowires was decreased 

to 3.22 ± 1.80 μm after annealing. TEM images of the annealed heterostructures were shown in 

Figure 9.2B-E. These microscopy images indicate this post-annealing process resulted in 

redistribution of the decorated tungsten oxide, which was then partially coved on the surface of 

the nanowires with a thickness of 25~28 nm (Figure 9.2B). These surface-decorating 

nanostructures were observed to be either a composite of tungsten oxide and cobalt oxide with a 

slightly increased lattice spacing of ~0.25 nm (corresponding to the (200) plane of CoWO4,274 

Figure 9.2C and D), or pure WO3 with a lattice spacing of 0.38 nm (corresponding to (010) plane 

of WO3, Figure 9.2D and E). As further observed in Figure 9.2C-E, the interfaces in the 

heterostructures were mostly composed of CoWO4 composite zoom, transition zoom (in 

amorphous structure), pure WO3 zoom and Co3O4 nanowire zoom (with its original lattice spacing 

of 0.24 nm). The lattice distribution of the annealed nanowire heterostructures were further 

confirmed by the FFT images in Figure 9.2F. 

To further demonstrate the chemical composition of the nanowire heterostructures, STEM-model 

EDS line profile analysis were carried out on both as-sputtered and annealed nanowire 

heterostructures (Figure 9.2G and H). Consistent with that shown in Figure 9.1F and G, obvious 

self-shadowing effect was observed on the as-sputtered nanowire heterostructures (Figure 9.2I). 

The WO3 shell thickness at one side of the Co3O4 nanowire was higher than the other side (Δd ~12 

nm). However, most of these surface-decorating nanostructures after the annealing were uniformly 

distributed on both sides of the nanowire. Tungsten was dominantly distributed in these decorating 

nanostructures while the original Co3O4 nanowire core was chemically intact. This is consistent 

with the previous observations of the authors and indicates that the post-annealing process involves 

surface migration and recrystallization of the sputtered tungsten oxide and/or its diffusion and 



 

199 

compositing with cobalt oxide.263 Such surface migration and diffusion have been attributed to 

surface tension, capillary forces, and chemical potential differences between the nanowire and 

coatings.  

 

 

Figure 9.1. (A, B) SEM images showing the cross-section and top view of the pristine Co3O4 
nanowires produced by water vapor-assisted thermal oxidation. (C) Top view of the as-sputterred 
Co3O4-WO3 nanowire heterostructures. (D-G) TEM/HRTEM images showing the structure and 
lattice of the Co3O4 nanowires (D and E) and the as-sputtered Co3O4-WO3 nanowire 
heterostructures (F and G). 
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Figure 9.2. (A) SEM images of the annealed Co3O4-WO3 nanowire heterostructures. (B-E) 
TEM/HRTEM images showing the structure and lattice of the annealed heterostructures. (F) FFT 
image generated from E. (G and H) STEM images of the Co3O4-WO3 nanowire heterostructures 
before (G) and after (H) annealing. (I, J) EDS line profiles cross the nanowire heterostructures 
corresponding to G and H, respectively.  
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XRD further confirmed the presence of different phases and elements within the nanowire 

heterostructures at each stage of fabrication. Various crystallographic planes for CoO, Co3O4, WO3 

and CoWO4 are shown in the XRD spectra (Figure 9.3A and B). The presence of CoO peaks is 

due to the formation of CoO underlayer during the thermal growth, which is consistent with SEM 

images showing in Figure 9.1A and S1 (see supporting information). The peaks for the Co3O4 are 

attributed to both the Co3O4 underlayer and the standing nanowires. The dominant (311) peak for 

Co3O4 shows a good match with the lattice spacing observed in Figure 9.1D. Furthermore, after 

the sputtering deposition of tungsten oxide, an obvious negative shift for Co3O4 peaks (Δ2θ ~ 0.45˚) 

were observed (Figure 9.3B) and suggests that deposition of tungsten oxide layers led to strains 

within the nanowire lattice.275 According to the Bragg’s law, this deduction is consistent with the 

slightly increase of lattice spacing of Co3O4 (Figure 9.1G) after WO3 sputtering. After the post-

annealing process, the Co3O4 peaks were slightly shifted back due to the release of strain during 

the annealing. And the remaining negative shift of ~0.37˚ (Figure 9.2B) is also consistent with the 

emergence of CoWO4 peaks.274 The peaks of WO3 and CoWO4 for the heterostructures before 

and/or after annealing were overall very small due to their less amount however provide evidence 

for the existence/formation of both as the indicative crystal plane are consistent with the TEM 

observations in Figure 9.2.  

Raman spectra (Figure 9.3C) were collected for understanding the chemical and phase composition 

of the nanowire heterostructures at the different fabrication stages. The as-produced Co3O4 

nanowires, as-sputtered and annealed Co3O4-WO3 nanowire heterostructures all show consistent 

Raman signal for spinel Co3O4.276 These include F2g at ~196 cm-1, ~525 cm-1 and 623 cm-1, Eg at 

~484 cm-1, and A1g at ~695 cm-1. 
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Figure 9.3.  (A) XRD patterns of the Co3O4 nanowires, Co3O4-WO3 nanowire heterostructures 
before and after annealing. (B) Detailed XRD spectra for the typical (311) peak of Co3O4 in (A). 
(C) Raman spectra of the Co3O4 nanowires, Co3O4-WO3 nanowire heterostructures before and 
after annealing. (D, E) Detailed Raman spectra for (D) the Eg band of Co3O4 and (E) representative 
v(O-W6+-O) band of WO3 in (C). Note: The as-produced Co3O4 nanowires were referred as (CNs), 

the as-sputtered Co3O4-WO3 nanowire heterostructures are referred as (CWNHs) and the 

annealed nanowire heterostructures were referred as (ACWNHs) as shown in Figure 9.3C. 
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As reported before, the A1g mode is assigned to the octahedral sites in spinel Co3O4 and the Eg and 

F2g modes are related to the combined vibrations of tetrahedral sites and octahedral oxygen 

motions. After WO3 sputtering, all the Raman peaks of Co3O4 were slightly shifted to the negative 

direction (Δ = 1.0 cm-1, as representatively shown in Figure 9.3D). This is consistent with the XRD 

observation in Figure 9.3A and probably because the sputtered WO3 shell brought extra strain to 

the lattice of Co3O4 nanowires, which resulted in frequency change to the equilibrium vibration of 

cobalt and oxygen atoms.277 As mentioned above, the amount sputtered WO3 was very less as 

compared with that of Co3O4, and thus only weak signal can be found for WO3 component. As 

shown in Figure 9.3E, the peak at ~815 cm-1 observed for the as-sputtered and annealed Co3O4-

WO3 nanowire heterostructures were assigned to the v(O-W6+-O) vibrational stretching mode of 

the W-O-W bridging oxygen.278  

Surface information on the purity and composition of the nanowire heterostructures at the different 

fabrication stages was further demonstrated using XPS. The binding energies obtained in the XPS 

analyzer were corrected for possible specimen charging by referencing C 1s peak at 284.7 eV.279 

Wide-range XPS spectra indicate that the predominant elements are Co and O for the as-produced 

Co3O4 nanowire, W and O for the as-sputtered nanowire heterostructures, and Co, W, and O for 

the annealed nanowire heterostructures. High-resolution Co 2p spectrum of the Co3O4 nanowires 

were shown in Figure 9.4A, which was further deconvoluted to various sub-peaks according 

different oxidation state and binding energy of cobalt. The asymmetric peaks located at 779.63 eV 

and 794.69 eV (with a spin-orbit splitting of 15.06 eV) are characteristic of octahedral Co3+ in 

spinel Co3O4.280 The peaks at ~780.80 eV and ~796.00 are assigned to the Co2+ species.280 Another 

three important peaks, located at ~786.00 eV, ~70.00 eV and ~804.20 eV, have been assigned to 

the satellite shake-up structures of divalent cobalt ions. 280 All of these peaks has been regarded as 
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important evidence for the presence of pure spinel Co3O4.279 It also needs to mention that the peaks 

at ~781.97 eV and ~797.78 eV were considered as chemical shift of the main spin-orbit 

components because of the chemical interaction of cobalt cations with some contamination ions 

such as hydroxyls.281  In addition, Figure 9.4B indicates that no tungsten presence in the as-

produced Co3O4 nanowires. 

Considering XPS is a surface characterization technique with a detection depth limit of ~3 nm,282 

Co3O4 core component would hardly been detected for the as-sputtered core-shell nanowire 

heterostructures. As shown in Figure 9.4C, the Co 2p spectra of the as-sputtered Co3O4-WO3 

nanowire heterostructures only show very weak signal of cobalt. However, in this case strong 

signal of tungsten oxide was observed (Figure 9.4D). The peaks located at ~36.19 eV and ~38.31 

eV were attributed to the presence of W6+.283 Besides, a small peak was also observed at ~34.25 

eV, which has been assigned to the characteristics of W4+. The appearance of this valence of 

tungsten is probably due to the random deposition and arrangement of tungsten atoms during 

sputtering.283 For the annealed nanowire heterostructures, the air-annealing process led to possible 

inter-diffusion and surface migration of tungsten and cobalt species. As a result, the tungsten 

oxide-based surface decorating materials were significantly re-distributed (Figure 9.2B) and large 

surface of Co3O4 nanowires was exposed. Thus, similar XPS spectrum of Co3O4 (Figure 9.4E) 

with the as-produced Co3O4 nanowires was observed. However, since most of tungsten oxide was 

interacted with cobalt oxide and appeared in the form of CoWO4 composite (Figure 9.2C-F), 

relative weak signal of tungsten was observed for this annealed nanowire heterostructures (Figure 

9.4F). 
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Figure 9.4. Deconvoluted XPS spectra corresponding to Co 2p (A, C and E) and W 4f (B, D and 
F) of the Co3O4 nanowires (A, B), Co3O4-WO3 nanowire heterostructures before (C, D) and after 
(E, F) annealing. 
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The influence of surface decoration of WO3/CoWO4 nanostructures on the UV-vis reflectance 

characteristics and band gap energies of Co3O4 nanowires was evaluated in the following. The 

UV-vis spectra (Figure 9.S3, Supporting Information) indicates that the annealed nanowire 

heterostructures show reduced reflectance compared with the pristine Co3O4 nanowires. This can 

be attributed to the increase of surface roughness.284 Several reflectance edges were observed on 

both samples. Considering both Co3O4 and WO3 are indirect band gap semiconductors,270,285 the 

spectra can be converted into Tauc plots (Figure 9.5A), of which the intercepts of the extrapolated 

linear region on x-axis correspond to the band gap energy of the heterostructures. Band gap 

energies of ~1.50 eV and ~1.86 eV were estimated for the as-produced Co3O4 nanowires. The 

former is considered as transitions from O2- to Co3+ while the latter is near to the transitions from 

O2- to Co2+.268 For the annealed nanowire heterostructures, two band gaps were observed at ~1.50 

eV and ~2.17 eV. This indicates that incorporation of tungsten oxide has little influence on the 

transition energy of Co3+, but has a significant modification on that of Co2+. Such observation 

confirms the former observation (Figure 9.2B) that Co2+ dominantly diffused and hybridized with 

WO3 during the annealing, resulting the formation of CoWO4.  

Photodegradation of water-containing phenol under UV and visible light was carried out to 

demonstrate the photocatalytic performance of the as-produced Co3O4 nanowires and the annealed 

Co3O4-WO3 nanowire heterostructures. The degradation efficiency (η = (1 - C/C0) × 100%) vs. 

time were plotted in Figure 9.5B. We observed that after 8 h of visible light illumination, 12% of 

phenol was removed on the as-produced Co3O4 nanowires and the degradation efficiency increased 

to 17% by use of the annealed nanowire heterostructures. The UV illumination is much more 

powerful for such photocatalytic degradation processes. A degradation efficiency of 57% was 

obtained for Co3O4 nanowires while that for the annealed nanowire heterostructures was increased 
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to 71%. This indicates that the photocatalytic efficiency of Co3O4 nanowire was increased by 

~42% (
�C%E��%

��%
× 100% ) for visible illumination and by ~25% (

C�%E3C%

3C%
2 100% ) for UV 

illumination after the surface heterostructuring process.  

 

Figure 9.5. (A) Tura plots based on the UV-vis reflectance spectra showing the band gap of the 
Co3O4 nanowires (CNs) and the annealed Co3O4-WO3 nanowire heterostructures (ACWNHs). (B) 
Photocatalytic degradation of phenol with various nanostructures under UV or visible light. (C) 
Kinetics study for the photodegradation of phenol. (4) Schematic illustration of band gap of the 
annealed Co3O4-WO3 heterostructures and possible charge transfer and separation mechanism.  
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To further study the photodegradation kinetics, the first order rate constant (k) was estimated using 

the following kinetic equation:257  

� =
�

�
	


��

�
                                      (9.3) 

where t is the degradation time, C0 is the initial phenol concentration in water and C is the phenol 

concentration at specific t. As shown in Figure 9.5C, the plots of ln(C0/C) vs. t show good linear 

trend, allowing to estimate the first order kinetic constant of 0.015 h-1 and 0.023 h-1 for the Co3O4 

nanowires and annealed Co3O4-WO3 nanowire heterostructures under visible illumination and 

0.102 h-1 and 0.133 h-1 for each under UV illumination.  

The improvement of photocatalytic activity observed on the annealed Co3O4-WO3 nanowire 

heterostructures can be well-explained based on the catalyst design. First of all, as shown in the 

TEM images (Figure 9.2B-E), these multi-component heterostructures are basically composed of 

WO3/CoWO4 nanostructures that supported on one-dimensional Co3O4 nanowires. This leads to 

significantly increased surface area and interface area for the photocatalytic reaction on the 

heterostructures. Second, the band gap arrangement for Co3O4 and WO3 is one of the most efficient 

design for charge transfer and excited electron-hole separation (Figure 9.5D). One of the major 

challenge for most of photocatalysts lies in the recombination of photogenerated electrons. In this 

case, the conduction band of WO3 is lower than that of Co3O4 and the valence band of Co3O4 is 

higher than that of WO3. This leads to the excited electrons, rather than combination, transfer from 

the conduction band of Co3O4 to that of WO3 and meanwhile holes transfer from the valence band 

of WO3 to that of Co3O4. As a result, the photogenerated charge separation was effectively 

enhanced. Moreover, in such heterostructure design, Co3O4 and WO3 form a constant p-n junction 

at the interface (as magnified in Figure 9.5D), the inner electric field (from WO3 to Co3O4) further 

accelerated the transfer of electron and hole, which results the electrons mainly accumulated on 
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the conduction band of WO3 for decomposing H2O2 to OH· radicals, while the holes mainly 

accumulated on the valence band of Co3O4 for the degradation of phenol (with the assistant of OH· 

radicals). In addition, such charge separation mechanism can also be applied to the interface 

between WO3 and CoWO4 since the latter is another well-defined p-type semiconductor.286 Thus, 

one can predict that the catalyst design reported in this paper is of great interest and efficiency for 

further photocatalytic water purification and organic degradation. 

 

9.4. Conclusions 

This study for the first time shows the facile fabrication of free-standing cobalt oxide-tungsten 

oxide nanowire heterostructures via a surfactant-free and dry fabrication method. The cobalt oxide 

nanowire growth was achieved using a water vapor-assisted thermal oxidation approach directly 

conducted on a cobalt substrate. This was followed by sputtering deposition of tungsten oxide and 

further annealing process to result in polycrystalline WO3/CoWO4 composite nanostructures 

supported on the cobalt oxide nanowires. The heterostructures were studied for their crystal 

structure and lattice variation across the interface and various phase transformations were observed 

along the heterostructure diameter. Interesting p-n junctions were formed between Co3O4 and WO3 

or between WO3 and CoWO4, which is of importance for the excited charge separation during a 

photocatalysis process. As we observed, the final annealed nanowire heterostructures show 

improved photocatalytic activity in the degradation of water-containing phenol. The photocatalytic 

efficiency was improved by ~42% for the visible illumination and by ~25% for the UV 

illumination as compared with the Co3O4 nanowires. Such novel nanowire heterostructures can be 

interesting and promising for future solar-driven devices and catalytic applications. 
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Abstract 

In this paper, we report a facile and combined chemical vapor deposition – wet reduction – 

annealing approached for the fabrication of free-standing silicon nanowire-gold nanoparticle 

heterostructures for organic detection or sensing based on the Surface-enhanced Raman 

Spectroscopy (SERS). The variation of structures morphology and chemical composition during 

the production procedure was carefully characterized with Transmission Electron Microscopy 

(TEM) and X-ray Photoelectron Spectroscopy (XPS), respectively. The surface configuration and 

phase transformation kinetics were further calculated and analyzed in detail. Furthermore, we 

demonstrated the dependence of Raman enhancement on the heterostructure configurations 

obtained at different annealing conditions. This study provides fundament understanding on 

principle of gold migration and nanoparticles rearrangement on silicon nanowire during high 

temperature annealing. With the analyzed result, the basic chemical transformation behaviors and 

kinetics is well-understood. The optimization technique of heterostructures also provides reliable 

reference to the development of Raman-based chemical sensors. 

 

Keywords: silicon nanowire-gold nanoparticle heterostructures, chemical vapor deposition, 

annealing, phase transformation kinetics, surface-enhanced Raman spectroscopy (SERS) 
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10.1. Introduction 

Coinage metals such as gold, silver, and copper were usually used as the preferred Surface 

Enhanced Raman Scattering (SERS) substrate in the form of rough surface and nanoscale 

structures.287 The enhancement of Raman signal is believed to be originated from the interaction 

between metallic substrate and absorbed target molecules under the electromagnetic field 

generated by Raman laser, which is normally called Localized Surface Plasmon Resonance 

(LSPR). 288  LSPR can be simply tuned by controlling the size, shape, and distribution of 

nanoparticles, 289  as well as using effective supporting substrate. Directly dispersing these 

nanostructures on flat medium such as silicon wafer has been initially studied.290 However, the 

further developed is thought to be confined by the limited maximum particle density, 

uncontrollable aggregation, and nonuniform distribution of Raman signal. 291  Consequently, 

heterostructures by combining these Raman sensitive nanoparticles with one-dimensional 

nanowire as supporting mediu292 were further explored. Silicon nanowire supported nanoparticles, 

for instance, were reported as the preferred SERS heterostructures. 

Silicon nanowire has been studied for several decades due to their excellent electronic/ mechanical 

properties, convenient surface tailoribility and industrial compatibility, which make it a promising 

material in field-effect transistors, solar cells, and sensors.293 Among these applications, using 

silicon nanowires as chemical sensors are of particularly important due to their biocompatibility, 

vast surface-to-bulk ratio, fast response, good reversibility and oxide-coated or H-terminated 

surface.294 However, it is now widely accepted that as-produced pristine silicon nanowires only 

exhibit moderate sensitivity in chemical detection. As a result, appropriate surface modification is 

definitely needed and well developed. We can find papers that showing the 

decoration/functionalizaiton of silicon nanowires with platinum nanoparticles, 295  boron and 
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magnesium,296 alkyl and nanotrees,297 diamond-like carbon (DLC)298 and polymers.299 However, 

in the approaches for Raman-based chemical sensors, silicon nanowires were exclusively surface-

decorated with silver nanoparticles 300  or gold nanoparticles. The significant enhancement on 

silicon nanowire based heterostructures was attributed to (1) the enlargement of specific substrate 

area, which is capable to absorb more target molecule per unit area; and (2) the appropriate 

distribution of nanoparticles on the nanowire, which is able to generate more hot-spots for Raman 

detection. For instance, silver nanostructures decorated silicon nanowires have been intensively 

studied as ultrasensitive SERS substrate in the detection of R6G, CV, DNA, as well as 

amoxicilin301. It is found that the detection limit can reach as low as 10-14 M302. Compared with 

silver-based substrate, gold nanoparticles are considered to be increasingly important due to its 

chemical stability, low-temperature processibility (low melting point, especially for nanoparticle), 

and excellent bio-compatibility. Based on these super properties, gold nanoparticle based 

heterostructures are of particularly promising in the up-coming bio-chemical and life science. The 

concept of SERS based on gold nanostructure supported on silicon nanowires has been previously 

confirm by the well-defined Tip Enhanced Raman Scattering (TERS) technique.303 It is found that 

the Raman scattering signal, compared that generated on single nano-tip, will be significantly 

enlarged when two or more gold tips combined together. As a result, the capability for the detection 

of infinite low-concentration molecules will largely increase. However, the decoration of silicon 

nanowire with extraneous gold nanoparticles severing as SERS substrate is really coming new. 

For instance, Sun et al. 304  studied the charge-selective ability of silver/gold nanoparticles 

supported on silicon-carbon core-shell nanowires. Chen et al.305 reported the Raman scattering 

enhancement of gold nanoparticle decorated silicon nanowire and demonstrated its Raman 

photodetection ability.  
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Not only in the Raman based sensors, silicon nanowires decorated with gold nanoparticles have 

also been widely developed for other advanced chemical devices such as electrochemical sensor, 

field emission transistor (FET), molecule beacons and cancer cell destructor. 306  There are 

generally three approaches used to arch gold nanoparticles on silicon nanowires including (1) wet-

reduction of chloroauric chelate, (2) physical sputtering/evaporation307 of gold target, and (3) 

galvanic deposition.308 The first method was preferably used since gold nanoparticles can be 

directly deposited on silicon nanowires without any destruction of the pristine nanowire structure. 

The reduction of Au3+ is actually an heterogeneous nucleation process, gold atoms preferredly 

bond to the active sites such as defects, residue gold catalyst on the nanowire, and then grow up to 

nanoparticles. However, due to the random distribution of these nucleation sites, the resulting gold 

nanoparticles, both space and size, are also randomly dispersed. Such inhomogeneous 

heterostructures are not beneficial to get uniform Raman enhancement and satisfactory detection 

limit. Therefore, according to the facile dewetting properties of gold nanoparticle, a further high-

temperature annealing approach38 was proposed to optimize the space configuration of the 

heterostructures. The migration behaviors of gold as CVD catalyst have been studied by several 

groups.309 However, the high-temperature behaviors of gold nanoparticles on silicon nanowire 

during the annealing are rarely studied and still unclear. 

In present paper, we propose a CVD-wet reduction-annealing procedure to produce well-

configurated silicon nanowire-gold nanoparticle heterostructures using in Raman scattering 

molecule detection. The variation of structures morphology and chemical composition during the 

production procedure was carefully characterized with Transmission Electron Microscopy (TEM) 

and X-ray Photoelectron Spectroscopy (XPS), respectively. Based on these raw experimental data, 

the surface configuration and phase transformation kinetics was calculated and analyzed in detail. 
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Furthermore, we demonstrated the dependence of Raman enhancement on the heterostructure 

configurations obtained at different annealing conditions. This study provides fundament 

understanding on principle of gold migration and nanoparticles rearrangement on silicon nanowire 

during high temperature annealing. With the analyzed result, the basic chemical transformation 

behaviors and kinetics was clearly presented. The optimization technique of heterostructures also 

provides reliable reference to the development of Raman-based chemical sensors. 

 

10.2. Experimental details 

Materials and Methods: Silicon (Si) wafers (<100>, n-type) were purchased from IWS (Colfax, 

CA). Gold (III) chloride trihydrate (HAuCl4∙3H2O, 99.9%) was purchased from Sigma-Aldrich 

(St. Louis, MO). Sodium borohydride (NaBH4, powder, 98%) was purchased from Acros Organics 

(New Jersey, NJ). Acetone ((CH3)2CO) was purchased from VWR International (West Chester, 

PA). DI water (18.1 MΩ-cm) was obtained using a Barnstead International DI water system (E-

pure D4641). All chemicals were used without further purification. Gold sputtering was carried 

out on a Bio-Rad gold sputtering and coating system, Polaron division (Agawan, MN). Dispersion 

of heterostructures into ethyl alcohol was done in a Branson 2510 Sonicator (Danbury, CT). Labnet 

centrifuge (Edison, NJ) was used to clean, wash, and separate nanoparticles. Wet samples were 

dried in a VWR vacuum oven (West Chester, PA). Growth and annealing of the Silicon nanowires 

were accomplished inside a GSL-1100X Tube Furnace (MTI Corporation) with a quartz tube from 

ChemGlass (Vineland, NJ). Gas flow rates of all chemical vapor deposition and annealing 

processes were controlled by Teledyne Hasting powerpod 400 mass flow controllers (Hampton, 

VA).  H2 (UHP grade, 40% balanced with Ar), N2, O2, SiH4 and Ar (all UHP grade) gas cylinders 
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were purchased from Airgas South (Tuscaloosa, AL). Low-pressure atmosphere inside the quartz 

tube was generated by the Gast (DOA-P74-AA) Vaccum Pump bought from GAST manufacturing 

inc. (Benton Harbor, MI). Oxygen plasma treatment was performed in a Nordson March Jupiter 

III Reactive Ion Etcher (Concord, CA). Syringe injector was obtained from Fisher Scientific 

(Suwanee, GA).  

Silicon nanowires growth: (111) silicon wafer was used as the substrate. Two strategies were 

applied to deposit gold catalyst on the substrate. In both strategies, the silicon wafers were first 

sonicated in acetone for 10 min. (1) The wafer was treated with 3:1 H2SO4: H2O2 piranha solution 

for 30 min at 100 'C, then sputtered with gold in a Bio-Rad gold sputtering and coating systems, 

Polaron division (Agawan, MN). (2) The silicon wafer was placed in BOE solution for 1 min to 

etch away the surface oxide layer. Galvanic deposition was then carried out at room temperature 

to prepare the gold catalyst film. The deposition solution is 1 mM KAuCl4 + 1% HF. The newly 

prepared catalyst substrate was placed in the center of a GSL-1100X (MTI Corporation) tube 

furnace. The nanowire growth was executed through a typical CVD process. The furnace was first 

heated to 850 'C in the protection of 5% H2 in Ar. The temperature was maintained for 10 minutes 

to convert the catalyst film to gold nanoparticles (Au nanoparticle). Then the temperature was 

decreased to the growth temperature. 2% SiH4 in He was pumped into the quartz tube as the silicon 

source, which was carried by 10% H2 in Ar. When the growth process was finished, the furnace 

was cooled ambiently in the protection of pure Ar. 

Preparation of silicon nanowire-gold heterostructures: Pristine silicon nanowires were treated 

with BOE solution for 5 s and then placed in a galvanic deposition solution (1 mM KAuCl4 + 1% 

HF) for different times to prepare silicon-gold core-shell nanostructures. Then the sample was 

annealed in the quartz furnace or oven box (as specified) for 10 min at different temperatures. This 
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process made silicon nanowire-gold nanoparticle heterostructures, which can be used as the 

surface enhanced Raman scattering (SERS) substrate for dye detection. 

Raman detection of Rhodamine 6G: Both pristine silicon nanowires and silicon nanowire-gold 

nanoparticle heterostructures were used as the SERS substrate for R6G detection. The 

nanostructures were first treated in BOE solution for 10 s to create surface Si-H bonds, which can 

largely increase the efficiency of R6G absorption on the SERS substrate. After being dried in 

flowing N2, the sample was kept in 10-6 M R6G solution for 10 h with slight agitation. Then the 

dyed nanostructures were washed with DI-water and dried in flowing N2. Raman measurement 

was carried out on the Bruker Senterra Raman System (Bruker Optics Inc. Woodlands, TX), where 

a Ne laser source with 785 nm wavelength was used. The applied laser power was 1 mW; the 

integration time was 10 s.  

Characterizations: Scanning Electron Microscopy (SEM) images were obtained using a FE-SEM 

JEOL-7000 equipped with energy dispersed X-ray spectroscopy (EDX). Tecnai F-20 was used to 

collect Transmission Electron Microscopy (TEM) images at 200 kV. TEM samples were prepared 

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

Inc. (Redding, CA). (XRD, UV-Vis, DSC). The average nanoparticle size was measured from 

TEM and SEM images, where more than 200 nanoparticles were counted and measured per 

sample. Diameter was measured for spherical nanoparticles and distances less than 20nm between 

two Au nanoparticles were taken into account for particle interval measurements. All the 

measurements were done using Nano-measurer 1.2 Software. High resolution TEM image for 

graphene encapsulated Au nanoparticles were also converted into FFT image using Digital 

Micrograph software. X-ray photoelectron spectra (XPS) were gathered by Kratos Axis 165 with 

mono-Aluminum gun at 160 eV pass energy for full range scan and 40 eV pass energy for detailed 
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scan. The analysis spot was set as “Slot” with >20 µm aperture and 19.05 mm iris setting. Raman 

spectra and SERS of samples were collected using Bruker Senterra system (Bruker Optics Inc. 

Woodlands, TX) equipped with 785 nm laser source at 10-25 mW laser powers and 100X 

objective. The integral time and co-additions were set as 15 seconds and 2, respectively. The 

Raman mapping conditions for map acquisition were set at the spectral resolution of 3 – 5 cm-1 in 

the range of 77 – 2658 cm-1 with 10 mW laser power. Samples for SERS were prepared by 

dispersing Rhodium 6G (R6G) dye over SNW samples at various stages: as-produced, as-

nucleated, annealed in different conditions, branched SNWs and graphene encapsulated Au 

nanoparticle on SNW (all these SNW were dispersed on a silica substrate before wetting them with 

dye).  Around 5-6 nanowires were randomly chosen and 5-6 points were taken on each nanowire 

to get SERS signal enhancement data (approximately 30 data points per sample). 

 

10.3. Results and discussion 

10.3.1 Silane-based CVD growth of Si nanowires 

Scheme 10.1 illustrated the process for the fabrication of Si nanowire – Au nanoparticle 

heterostructures for SERS-based chemical sensing. Si nanowires were grown through an 

atmospheric-pressure chemical vapor deposition (CVD) process, the growth mechanism can be 

described by the well-defined vapor-liquid-solid (VLS) principle. As shown in Scheme 1, gold 

film sputtering was first conducted on the silicon substrate. This was followed by a high-

temperature annealing process, which lead to the dewetting of gold film to result in island-like Au 

nanoparticles. These Au nanoparticles have been proved served as the catalysts during the initial 

stage of the silicon nanowire growth process. Due to the high solubility of silicon in gold, when 
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SiH4 was decomposed at the growth temperature, silicon atom diffused into liquid gold droplet 

and alloyed. As the silicon in gold reached the saturated state, solid silicon precipitated at the 

interface of gold droplet and substrate while the gold catalyst was lifted up and stayed on the top 

of the Si nanowires. In this study, various growth conditions including SiH4 flow rate, growth 

duration, temperature, and sputtering time were evaluated for their influence on the growth of Si 

nanowires, which leads to further understanding on the basic principle of the VLS growth process. 

The detailed experiment parameters were listed in Table 10.1.   

 

 

 
Scheme 10.1. Schematic showing the growth of silicon nanowires and synthesis of silicon 
nanowire-gold heterostructures for SERS detection 
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Table 10.1. Experimental parameters showing the optimization and control of Silicon nanowire 
growth on gold-sputtering substrates 

Sample 
# 

SiH4 flow 
rate 
(sccm) 

Time 
(min) 

Temperature(oC) 
Sputtering 

time 
(s) 

1A 10 1 625 60 

2A 20 1 625 60 

3A 30 1 625 60 

2A 20 1 625 60 

4A 20 2 625 60 

5A 20 5 625 60 

6A 20 10 625 60 

4A 20 2 625 60 

7A 20 2 675 60 

8A 20 2 725 60 

9A 20 2 625 15 

10A 20 2 625 30 

11A 20 2 625 45 

4A 20 2 625 60 
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Figure 10.1 shows the SEM images of the silicon substrate decorated with as-sputtered gold film 

or the dewetted Au nanoparticles after annealing. One can observed the sputtering process led to 

uniform dispersion of Au film on the substrate, where various cracks were also observed between 

different crystalline grains. These self-seperated crystalline grains have been found to take an 

important role during the following high-temperature annealing process. The resulted Au 

nanoparticles or islands were also uniformed dispersed with an inter-particle spacing of ~92.3 ± 

30.5 nm. The estimated average size for these nanoparticles are ~ 112.5 ± 20.6 nm and meanwhile 

their spatial density are ~9.5 × 108 per cm2.  

In the following, various growth parameters were used for the growth of Si nanowires. Silane flow 

rates of 10 sccm, 20 sccm and 30 sccm were first demonstrated. As shown in Figure 10.2A, when 

the flow rate is small, the decomposed silicon atoms diffused into these gold droplet and alloyed 

with them at high temperature. However, there is no enough silicon atoms for the saturation of 

gold-silicon alloy droplet. As a result, no nanowire was formed at this case but only led to an 

increase of the average size of the pristine Au nanoparticle (to ~230 ± 50 nm).  

 

Figure 10.1. SEM showing the as-sputtered gold film (A) and dewetted gold nanoparticle catalysts 
after annealing (B). 
 

A B 
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With a Silane flow rate of 20 sccm, the growth of Si nanowires was observed (Figure 10.2B and 

C). The inset in Figure 10.2B further shows a high-resolution SEM image of a single nanowire. 

Au nanoparticle tips with a slightly larger diameter than the diameter of Si nanowires was 

constantly observed due to the above mentioned VLS mechanism. The cross-section SEM image 

of the Si nanowires on the silicon substrate indicates that these as-grown nanowires present the 

well-defined “zig-zag” morphology. We approximately estimated that the average length of the Si 

nanowires is ~1.6 – 2.4 μm, suggesting a nanowire growth speed of ~27 - 40 nm/s. The nanowires 

obtained with a Silane flow rate of 30 sccm show increased overall length due to the fastened 

silicon precipitate speed. The morphology of the nanowires became relatively straight at this case 

while the zig-zag structure was still observed on some nanowires.  

In addition, it is worthy to mention that small Si nanowire branches were constantly observed on 

these main nanowires. The branch observed on the nanowires obtained at 20 sccm was blend and 

with high spatial density (Figure 10.2B). However, with increased flow rate (30 sccm), these 

branches became straight and less (Figure 10.2D). The VLS growth of Si nanowires were further 

schematically illustrated in Figure 10.2F.  The decomposition of SiH4 at high temperature resulted 

in silicon atoms vapor, which further diffused into the gold droplets and alloyed with gold. The 

interface of gold droplet and silicon substrate presented the lowest surface energy due to the 

mismatch of atom distributions at the two sides interface, as a result, silicon is preferred to 

precipitate at this interface and leads to the growth of silicon nanowires. The formation of surface 

branches is due to the non-uniform diffusion of gold droplet during the growth. The main droplet 

was lifted up by the precipitation of Si nanowire while a lot of small droplets were remained on 

the nanowire surface. These small gold droplet acted as the new catalyst center for the growth of 

nanowire branches according to the aforementioned VLS mechanism. The evolution of “zig-zag” 
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morphology has been attributed to the atmosphere growth environment. On one hand, at high 

temperature, the growth of nanoscale nanowires can be influenced by even a very weak gas flow 

as compared with that in the high-vacuum environment proposed by other authors. On the other 

hand, different from the growth using SiCl4 as the silicon source, the growth with SiH4 led to 

inevitable partial surface oxidation at atmosphere environment. These oxide sites have a negative 

influence on the surface diffusion of gold and silicon and thus led to the change of growth direction.  

Figure 10.2G-I show the TEM images of Si nanowires at various resolution. The main nanowire 

and the branches all show the “zig-zag” and branched structure. Gold tips were always observed 

on the branches, further indicating the growth of these branches also followed the VLS mechanism. 

High resolution image in Figure 10.2I indicates that the main nanowire and braches present the 

same crystal structure as a lattice spacing of ~0.31 nm for the (111) plane of silicon was observed 

for both.  The lattice structure was further confirmed by the FFT images (Figure 10.2 J) developed 

from the high resolution image (Figure 10.2 I). 

The influence of growth time on the structure and morphology of Si nanowires were demonstrated 

in Figure 10.3. Branched and “zig-zag” nanowires was also obtained when the growth was 

conducted for 2 min. However, as the growth continued for 5 min or 10 min, the nanowire become 

straight and branchless (see the insets in Figure 10.3C and D). This observation was further 

illustrated in Figure 10.3F. The disappearance of the Si branches was mainly due to the well-

defined Ostwald’s ripening effect, which indicated that the branches were slowly fused with the 

main nanowires at high temperature with the increase of growth duration. TEM images of the Si 

nanowire grown for 5 min were shown in Figure 10.3G-K. The nanowires straight and uniform in 

Morphology, with a thin SiO2 shell encapsulated on the surface of gold tops (Figure 10.3H). The 
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lattice evaluation by the high resolution image in Figure 10.3I indicate the gold (111) plane for the 

tips and the silicon (111) plane for the main nanowire.  

 

Figure 10.2. Silicon nanowire arrays grown on the gold-sputtered substrate by contralling different 
feeding rate of SiH4: (A) 10 sccm (Sample#1A); (B-C) 20 sccm (Sample#2A); (D-E) 30 sccm 
(Sample#3A). (F) Schematic showing the growth process of SNWA on gold-sputtering substrate. 
(G-J) TEM demonstration of as-grown SNWA corresponding to (D-E). (Baseline conditions: 
growth temperature 625 'C; carrier gas: 100 sccm 5% H2/Ar; growth duration: 1 min; gold 
sputtering 60 s.) 
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Figure 10.3. Silicon nanowires with high aspect ratio grown on the gold-sputtered substrate by 
controlling different grow time: (A-B) 2 min (Sample#4A); (C) 5 min (Sample#5A); (D-E) 10 min 
(Sample#6A); (F) Schematic showing the growth of long-aspect ratio Si NWs from nanowire 
arrays; (G-J) TEM demonstration of as-grown SNWA corresponding to (D). (Baseline conditions: 
growth temperature 625 'C; carrier gas: 100 sccm 5% H2/Ar; flow rate: 20 sccm; sputtering time: 
60 s.) 
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Figure 10.4 demonstrates the influence of temperature on the growth of Si nanowires. The growth 

at relatively lower temperature (Figure 10.4A and B) led to aforementioned “zig-zag” and 

branched nanowires. However, as the temperature was increased, straight nanowires with relative 

straight branches were obtained. The influence of temperature on the morphology of nanowires is 

mainly due their influence on the diffusion rate of silicon atoms in gold droplets. Higher 

temperature led to increased growth speed of Si nanowire, and as a result, the nanowire became 

straight and longer, as illustrated in Figure 10.4E.  

As we described above, the growth of Si nanowires is based on the alloying and saturation of gold 

droplets. Thus, the deposition and subsequent annealing process are of importance for the nanowire 

growth. This was further demonstrated in Figure 10.5. Sputtering of 15 s led to less deposition of 

gold film on the substrate, resulting small gold nanoparticles. At high temperature, these small 

gold droplets presented high surface energy and, rather than kept a completed gold tip, preferred 

to distribute at the defect site on the nanowires. This led to the pronounced growth of side branches. 

Thus on obvious large gold tips were observed on the main nanowires (Figure 10.5A). This 

principle was further confirmed by the growth of Si nanowires on gold droplets formed by long-

time sputtering (30 s and 45 s). In these cases, less branches was observed and the gold tips became 

large and round (Figure 10.5B and C). The insets in Figure 10.5A-C further demonstrated the high-

resolution images of the Si nanowires obtained at various gold sputtering conditions. Such 

parameter study on the growth of Si nanowires provides important knowledge for the VLS-based 

CVD process at atmosphere environment. As comparted with the frequently used high vacuum 

process for Si nanowire growth, this atmosphere process is much more feasible, cost effective and 

easier to be combined with current CMOS technologies.  
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Figure 10.4. Branched silicon nanowires obtained at different growth temperature: (A-B) 675℃ 
(Sample#7A); (C-D) 725 ℃ (Sample#8A); (E) Schematic showing the influence of growth 
temperature on the structure of silicon nanowires. (Baseline conditions: carrier gas: 100 sccm 5% 
H2/Ar; flow rate: 20 sccm; grow time: 2 min; grow time 60 s.) 
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Figure 10.5. Influence of gold sputtering time on the configuration of silicon nanowires and their 
ability in Raman enhancement: (A) 15 s (Sample#9A); (B) 30 s (Sample#10A); (C) 45 s 
(Sample#11A); (D) Schematic showing the influence of growth temperature on the structure of 
silicon nanowires. (Baseline conditions: growth temperature 625 'C; carrier gas: 100 sccm 5% 
H2/Ar; flow rate: 20 sccm; grow time: 2 min.) 

 

The Influence of various growth conditions on the average diameter of the main nanowire and the 

gold tips were further summarized in Figure 10.6. In general we can observed that the average 

diameter of the gold tips is larger than that of main nanowires. This is due to the low melting point 

of Au nanoparticles. At high temperature, the Au tips were melted and have to keep a spherical 

surface on the top of the solid nanowires. It is also worthy to mention that the consistent various 

trend in the diameter of gold tips and main nanowires as a function of growth condition was 

observed, indicating the gold tips have obvious guide effect on the growth of Si nanowires. 

Specifically, the diameter of gold tips and main nanowires were decreased with the increase of 
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SiH4 flow rate, which is due to the fast growth rate with large amount of silicon source. The 

diameters were first decreased with increase of growth time and then increased when the growth 

was prolonged. This can be well-explained by the appear and disappear of branches (Figure 10.3). 

 

Figure 10.6. Influence of growth conditions on the diameter of silicon nanowires: (A) flow rate 
set, (B) grow time set, (C) sputtering time set, (D) temperature set. 
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10.3.2. Surface decoration of Si nanowires 

Further surface decoration of Si nanowires with extraneous Au nanoparticles was conducted via a 

galvanic deposition – annealing process, as illustrated in Scheme 10.1. Three Si nanowire samples 

obtained in the parameter studies was selected (see Figure 10.7). The basic mechanism for the 

galvanic deposition of gold film (shell) on the Si nanowires was illustrated in Figure 10.7D. The 

deposition is due to the replacement reaction between silicon and Au3+ in HF solution. 

 

Figure 10.7. Galvanic deposition of gold film on preferred silicon nanowires selected from each 
set: (A) Sample#4A, (B) Sample#8A, (C) Sample#11A. (D) Schematic showing the galvanic 
deposition of gold shell on silicon nanowires. 
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The following annealing process and the resulting Si nanowire-Au nanoparticle heterostructures 

were demonstrated in Figure 10.8. As we observed, these deposited gold film was dewetted into 

Au nanoparticles that uniformly dispersed on the surface of Si nanowire. The influence of 

annealing environment including air and Ar was evaluated. As we observed, air-annealing led to 

slight surface oxidation of both main nanowire and gold nanoparticles after devetting. Thus 

diffusion between gold and silicon was weakened and Au nanoparticles on the nanowire surface 

presented spherical morphology.  However, when annealed in Ar, obvious inter-diffusion between 

gold and silicon was observed, rendering the Au nanoparticles gold/silicon core-shell structure. 

 

Figure 10.8. Si NWs-Au NPs heterostructures obtained by annealing above Si-Au core-shell 
nanowires (Sample#11A) at different temperatures: (A) 700 'C (Sample#11a), (B-D) 625 'C 
(Sample#11b); (C) 500 'C (Sample#11c), and at different environments: (A-C) in Ar, (D) in air 
(Sample#11d). (E) Schematic showing the influence of annealing on the structure of 
heterostructures. 
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Figure 10.9. TEM images of Si NW-Au heterostructures after (A-C) galvanic deposition 
(sample#11B) and further annealing in (D-F) Ar and (G-I) air environment, respectively. 

 

TEM images and analysis of the Si nanowire-Au nanoparticle heterostructures before and after 

annealing in air or Ar were presented in Figure 10.9. We observed that the as-deposited gold 

present a flake structure in high resolution images. These gold flakes were randomly dispersed on 

the surface of the main nanowires. However, after the annealing process both in air and Ar, 
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effective dewetting process happened and uniformly dispersed spherical nanoparticles were 

observed on the surface of Si nanowires. The estimated nanoparticle size is 25.4 ± 5.9 nm for the 

air-annealed heterostructures and 22.1 ± 4.6 nm for the Ar-annealed heterostructures. The slightly 

smaller size of the later is due to the inter-diffusion of gold into silicon nanowire during the 

annealing process. Lattice evaluation indicate that the as-produced Au flakes presented random 

distributed crystal structures. However, after annealing the standard low energy (111) plane was 

constantly observed for the Au nanoparticles. In addition, no obvious lattice variation was 

observed for the silicon nanowire before and after annealing, indicating the main nanowires are 

chemically and structurally stable enough to stand for these multi-step fabrication process. FFT 

images in Figure 10.9C, E and I further confirm the lattice distribution. 

 

10.3.3. Surface-enhanced Raman Spectroscopy 

In this study, we evaluated the Raman based organic sensing for the detection of trace amount of 

dyes contained in DI-water. Rhodamine 6G (R6G) was used as a Raman probe. The as-produced 

nanowires obtained at various growth conditions showing in Table 10.1 as well as the Si nanowire-

Au nanoparticle heterostructures before and after air- or Ar-annealing was evaluated. For 

reference, the initial blank oxidized Si substrate, Si substrate with gold film and the substrate with 

dewetted Au nanoparticles were also tested. The samples were immersed in 10-6 M R6G solution 

overnight to allow the absorption of R6G molecules on the nanostructures. The Raman signals of 

R6G were collected directly on these R6G-absorbed substrate. Figure 10.10A shows the schematic 

for Raman test conducted on the Au nanoparticles decorated Si substrate. The obtained Raman 

spectra were further shown in Figure 10.10B. No signal was observed on the blank Si substrate or 
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Au film decorated substrate even they were undergone the same dye absorption process. 

Significantly enhanced Raman signals were observed dewetted Au nanoparticle substrate. This has 

been attributed to the localized surface plasmon resonance (LSPR) generated on the surface of 

spherical Au nanoparticles.  

 

Figure 10.10. (A) Schematic showing the Surface Enhanced Raman Scattering (SERS) effect on 

pristine gold catalyst obtained by annealing of sputtered gold film. (B) Raman spectra of R6G 

obtained on: (a) oxidized silicon wafer, (b) sputtered gold film, and (c) gold island catalyst 

obtained by annealing of the gold film. 

 

Figure 10.11 further demonstrated the Raman sensing conducted on the as-produced Si nanowires. 

The Raman enhancement is mainly due to the Au nanoparticles distributed on the tips of Si 

nanowires. Especially, when two or more Si nanowires put their head together, significant Raman 

enhancement will be observed due to the overlapping of LSPR from both nanoparticles. This has 

been described as TERS and is schematically illustrated in Figure 10.11A. Figure 10.11B-E further 

show the Raman spectra of R6G obtained on various as-produced Si nanowire substrate. The 
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alloyed Si-Au particles dispersed on the silicon substrate show weak Raman signals. This is 

probably due to their large inter-particle spacing. However, the signals collected from the “zig-

zag” nanowires were significantly increased. The variation of Raman signal for nanowires 

obtained at different growth time were shown in Figure 10.11C. The samples obtained with 2 min 

of growth show the highest R6G signal due to high spatial density of gold nanoparticle tips. Further 

increase the growth temperature has no positive effect on the intensity of Raman signals. As shown 

in Figure 10.11C, the sample #7A and #8A presented depressed spectra. Variation of preliminary 

sputtering time has a significant influence on the morphology of Si nanowires, leading to a 

dominant influence on the Raman intensity. As shown in Figure 10.11E, Si nanowires with no tips 

or small tips shows weak signal for R6G. The highest Raman enhancement was observed on 

sample #11A due to the high spatial density of gold tips on these Si nanowires.  

Such TERS-based chemical sensing is interesting but still didn’t provide desirable Raman 

enhancement due to the less amount of Au nanoparticles. Thus it is important to study the SERS 

based sensing on the Si nanowire-Au nanoparticle heterostructures. The schematic for the sensing 

was shown in Figure 10.12A. The closely-packed Au nanoparticles on the body of Si nanowires 

presented multiple LSPR overlapping and thus the laser-induced electric field near the particle 

surface was significantly strengthened. This will to lead to orders of enhancement on the Raman 

signals. The Raman test was first conducted on the as-deposited Si-Au core-shell nanowires 

(Figure 10.12B). The obtained Raman signals were depressed due to the random lattice structure 

and shell shape of the as-deposited gold. However, the Raman intensity was significantly enhanced 

after the annealing process. As shown in Figure 10.12C, The Raman intensity of R6G obtained on 

the Si nanowire-Au nanoparticle heterostructures was enhanced by ~10 times.  
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Figure 10.11. (A) Schematic showing the Surface Enhanced Raman Scattering (SERS) effect of 
pristine Si NW arrays. (B-E) Raman spectra of R6G obtained on silicon nanowires grown at 
different conditions: (A) flow rate set, (B) grow time set, (C) temperature set, and (D) gold 
sputtering time set. (Note: Spectra (1-11) in B-E corresponds to the sample # in Table 10.1.) 
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Figure 10.12. (A) Schematic showing the Surface Enhanced Raman Scattering (SERS) effect of 
Si NWs-Au NPs heterostructures. (B-C) Raman spectra of R6G obtained on Si-Au core-shell 
nanowires (B) and Si NWs-Au NPs heterostructures. (Note: Spectra (A'~C') in B correspond to 

samples in Figure. 6, and spectra (A~D) in C correspond to samples in Figure. 7.) 

 

To evaluate the uniformity and reproductivity of TERS or SERS sensing based on the as-produced 

nanowires or the annealed Si nanowire-Au nanoparticle heterostructures, Raman mapping was 

conducted on these two nanostructure substrates after the same molecule absorption process. 

Figure 10.13A shows a representative optical images of the Si nanowire-Au nanoparticle 

heterostructures marked with numbers of points for conducting the Raman test on each. The 

obtained Raman mapping images on both the as-produced Si nanowires and the annealed Si 

nanowire-Au nanoparticle heterostructures were shown in Figure 10.13B and C. These two images 
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were generated using the indicative Raman signal of RG at 1360 cm-1. We can observe that the 

distribution of “hot-spot” was much more uniform and intensive on the annealed Si nanowire-Au 

nanoparticle heterostructures as compared with that observed on the as-produced Si nanowires.  

 

Figure 10.13. Raman mapping on Si NW array and Si nanowire-Au NPs heterostructures: (A) 
Optical images showing the Raman measurement, (B-C) distribution of Raman signal of R6G at 
1360 cm-1 for (B) Si nanowire arrays (Sample#11A) and (C) Si nanowire-Au nanoparticle 
heterostructures(Sample#11C). 
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The Raman sensitivity or detection limit of the TERS based on the as-produced Si nanowires and 

the SERS based on the annealed Si nanowire-Au nanoparticle heterostructures were further 

evaluated using R6G solution with various concentrations (Figure 10.14A and B). The 

nanostructure substrates were put in these R6G solutions (10-8 M, 10-10 M, and 10-12 M) for the 

same time. We observed that the detection limit of the as-produced Si nanowire is 10-8 M and that 

of the annealed nanowire heterostructures can reach 10-10 M (Figure 10.14C). 

 

Figure 10.14. Detection limit of (A) pristine nanowire and (B) nanowire-gold nanoparticle 
heterostructures; (C) Variation of Raman peak (at 1360 cm-1) intensity according to the 
concentration of target R6G solution. 
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10.4. Conclusions 

In summary, we study the growth of Si nanowires in a chemical vapor deposition (CVD) method 

employing silane/hydrogen as precursors and gold film as a nanowire growth catalyst. We 

fundamentally understand the growth mechanism of the Si nanowires and the surface migration of 

catalytic gold nanoparticle as a function of growth parameters. Different architectures of Si 

nanowires are produced such as branched, standing, and horizontally residing on the substrates. 

Morphology/structure (diameter, length, branches) of Si nanowires can be obtained by controlling 

the growth conditions during the CVD process. These Si nanowires with attached Au nanoparticles 

on it by virtue of CVD growth are further studied for SERS effect using Raman dyes. Molecule 

detection based on TERS largely depends on the structure and configuration of as-produced 

nanowires. The Raman enhancement as high as 104 in the dye signals are observed as compared 

to blank silicon substrate. Decoration of Au nanoparticles on Si nanowires results in effective red-

shift of Localized Surface Plasmon Resonance (LSPR), as well as the significant increase of 

extinction efficiency. The detection limit on these heterostructures can reach as high as 10-12 M. 

Such sensitive Raman nano-architectures are critical for scalable chemical sensing devices with 

high sensitivity and improved detection limits. 
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11.1. Introduction 

Surface-enhanced Raman Spectroscopy (SERS) has been considered as a powerful analytical tool 

allowing for significantly-enhanced Raman signals for the target molecules with even a single 

molecule sensitivity.310 In this regard, nanostructured gold and silver have been widely studied as 

the SERS substrate due to their excellent surface plasmonic properties (or localized surface 

plasmon resonance, LSPR).311 LSPR can be effectively modulated by controlling the size, shape, 

and arrangement of the nanostructures, 312 or by using suitable supporting materials. Direct 

dispersion or patterning of the nanostructures on a flat substrate, for instance, has been widely 

reported. 313  However, further development of such SERS substrates is limited by the poor 

nanostructure density, uncontrollable aggregation, and nonuniform distribution of the 

nanostructures. 314  Recently, heterostructures of one-dimensional nanowires integrated with 

extraneous nanoparticles were demonstrated to be of great interest due to their excellent detection 

sensitivity, reproducibility, stability, and biocompatibility.315 

Silicon (Si) nanowires have been utilized in bioelectronics, nanoelectronics, optical devices, and 

energy devices. 316  The pristine Si nanowires only exhibit moderate Raman sensitivity for 

molecular detection, and thus proper surface modification or heterostructuring of the nanowires 

are of particular interest for the purpose of SERS sensing. Surface decoration for Si nanowires 

have been well-studied and the decorating materials including metal nanoparticles, boron and 

magnesium, diamond-like carbon (DLC) and polymers.317 In regard to SERS, gold (Au) and silver 

(Ag) nanoparticles decorated Si nanowires have been fabricated and used for chemical and 

biological species detection. 318  Enhancement in Raman signals was observed on such 

heterostructures and was attributed to (1) the increase of specific substrate surface area, which 

resulted in increased absorption of target molecules per unit area, and (2) The modulation of 
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surface plasmonic properties of Au or Ag by integrating with supporting nanowires, which led to 

generation of more SERS “hot-spots”.319 To further increase the performance of SERS devices, 

Tip-enhanced Raman Spectroscopy (TERS) using the Au nanoparticles supported on the tips of Si 

nanowires have also been demonstrated.320 However, the aligned arrangement of nanowires and 

size of Au nanoparticle on the tips were normally hard to control and resulted in weak plasmonics 

or “hot-spots”. In addition, other hybridized configurations based on the surface decoration of Si 

nanowires (e.g., Au/C decorated Si nanowires) were also studied for SERS. 321 However, the major 

challenges are still lying in the control of morphology and distribution of plasmonic nanostructures 

on the one-dimensional nanostructures and lack of knowledge in understanding the structure-

processing-plasmonic performance relationships. With this regard, development of simple and 

facile fabrication routes for realizing complex plasmonic heterostructures becomes of interest and 

importance.  

Various approaches have been reported for growing Au nanoparticles on the Si nanowires. These 

including (1) wet-chemical reduction of the gold salt, (2) physical sputtering/evaporation of gold 

target, and (3) electroless deposition.322 In all these methods, Au nanoparticles can be directly 

deposited on the Si nanowires with very little damage to the pristine nanowires. However, since 

the active sites for particle nucleation are randomly dispersed on the nanowires, the resulting Au 

nanoparticles are normally non-uniform in shape and size. Meanwhile, their inter-particle spacing 

and density are hard to control. Thus, proper further treatment for these as-produced 

heterostructures is necessary to control the distribution and modulate the shape and size of these 

surface nanostructure. It is hypothesized in this paper that a controlled high-temperature treatment 

(annealing) process will significantly change the surface distribution, shape and size of the Au 

nanoparticles supported on Si nanowires. This annealing process allows for controlled surface 
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migration and material re-distribution on the surface of curvature Si nanowires, leading to the 

minimal surface energy configuration for the heterostructures, 323  and thus making annealed 

heterostructures perform as multifunctional and robust SERS substrates. 

The fabrication of Si nanowire-Au nanoparticle heterostructures in this paper is completed by 

combining a wet-chemical nucleation method with the post high-temperature annealing process. 

This led to the formation of uniformly distributed Au nanoparticles on the surface of Si nanowires 

with controlled shape, size and inter-particle spacing. The morphology, crystal structure, and 

chemical composition of the heterostructures before and/or after annealing was demonstrated using 

various microscopic and spectroscopic methods. The heterostructures were also studied for their 

surface migration or diffusion kinetics during the annealing at different conditions. Finally, we 

demonstrated the dependence of SERS enhancement (using R6G as Raman probe) on the 

configurations of the heterostructures obtained at various annealing conditions. This study 

provides fundamental understanding on the migration behaviors/kinetics of Au nanoparticles on 

the Si nanowires during high temperature annealing. The proposed surface decoration strategy of 

heterostructure fabrication also provides reliable reference for future development of SERS-based 

chemical sensors. 

 

11.2. Experimental section 

Materials and methods: N-type silicon wafers (100) were purchased from IWS (Colfax, CA). Gold 

(III) chloride trihydrate (HAuCl4∙3H2O, 99.9%) was purchased from Sigma-Aldrich (St. Louis, 

MO). Sodium borohydride (NaBH4, powder, 98%) was bought from Acros Organics (New Jersey, 

NJ). Acetone ((CH3)2CO) was purchased from VWR International (West Chester, PA). DI water 



 

246 

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

chemicals were used without further purification. Gold sputtering was carried out on a Bio-Rad 

gold sputtering and coating systems (Agawan, MN). Growth and annealing of Si nanowires were 

carried out in a GSL-1100X (MTI Corporation) with a quartz tube purchased from ChemGlass 

(Vineland, NJ).  

Chemical vapor deposition of Si nanowires: Atmosphere pressure chemical vapor deposition 

(CVD) method was used for the growth of Si nanowires. Briefly, the silicon substrate was treated 

in the piranha solution for 30 min at 100 oC. This was followed by sputtering of gold film (~20 

nm) for 1 min. The substrate was then placed in the center of the reactor tube for the growth of Si 

nanowires via the vapor-liquid-solid (VLS) mechanism. This CVD process was conducted at ~625 

oC with the flowing silane (SiH4, 30 sccm) as the silicon source and 10% H2/Ar (100 sccm) as the 

carrier gas. The growth was continued for 5 min and then the furnace was cooled down to room 

temperature with protection of Ar.  

Fabrication of Si nanowire-Au nanoparticle heterostructures: The as-produced Si nanowires were 

dispersed in ethanol by sonicating the substrate (1×1 cm2) for 10 min. This was followed by 

addition of ~30 µL as-prepared NaBH4 solution (60 g/L) into the nanowire dispersion. After 

slightly stirred for 1 min, ~50 µL of HAuCl4 (~5 x 10-3 M) was further added. The nucleation 

reaction was continued for 10 min. The product was washed with ethanol for 3 times and finally 

dispersed in ~1 mL ethanol. This process led to the preparation of the as-produced Si nanowire-

Au nanoparticle heterostructures. For the subsequent annealing process, the as-produced 

heterostructures were first dispersed on a surface oxidized silicon substrate (1×1 cm2) via the 

simple drop-casting method. In the following, the heterostructures containing substrates were 

annealed at various durations, temperatures, and environments as planned in Table 11.1.  
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Surface-enhanced Raman spectroscopy studies: Rhodamine 6G (R6G) was used as the Raman 

probe or model molecule to evaluate the enhancement of Raman signal on the Si nanowire-Au 

nanoparticle heterostructures. 50 µL of R6G solution (~10-4 M in ethanol) was drop-casted on the 

heterostructure-dispersed substrate. Single nanowire heterostructure was captured under the 

optical spectroscopy in the Raman system. Raman signal of R6G was collected at various spots 

along the heterostructures. Approximately ten nanowire heterostructures were selected on each 

substrate and similar Raman analysis was carried out to get the average intensity of Raman signals 

for various heterostructure samples.  

Characterization Methods: FE-SEM JEOL-7000 Scanning Electron Microscopy (SEM) and 

Tecnai F-20 Transmission Electron Microscopy (TEM) were used for the morphological analysis. 

TEM samples were prepared by drop-casting the heterostructures dispersion on the lacey carbon 

TEM grids. Nanoparticle density, size and inter-particle spacing were estimated according to the 

TEM analysis. Philips X’Pert-MPD X-ray Diffraction (XRD) System was used for the phase 

analysis. UV-vis absorbance spectra were collected using DH-2000 UV-VIS-NIR light source. 

Kratos Axis 165 X-ray photoelectron spectroscopy (XPS) with mono-aluminum gun was used for 

binding energy or chemical composition analysis. Raman spectra of R6G on various 

heterostructures were collected using the Bruker Senterra Raman system. The wavelength of the 

Raman laser is 785 nm and the diameter of the laser spot is 1 µm. The integration time was set as 

10 s with co-conditions of 2. 
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Table 11.1. Detailed experimental parameters for the annealing of Si nanowire-Au nanoparticle 
heterostructures. Note: Sample #2, #6 are the baseline samples (bold and italics) and were repeated 
in each set (shaded).  

Sample # Duration (min) Temperature(oC) Atmosphere 

1 15 625 Ar 

2 45 625 Ar 

3 75 625 Ar 

4 120 625 Ar 

5 45 300 Ar 

6 45 500 Ar 

2 45 625 Ar 

7 45 700 Ar 

8 45 800 Ar 

9 45 1000 Ar 

6 45 500 Ar 

10 45 500 5%O2/Ar 

11 45 500 Vaccum 

12 45 500 10%H2/Ar 

13 45 500 N2 
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11.3. Results and discussion 

Figure 11.1 shows the fabrication steps for Si nanowire-Au nanoparticle heterostructures as a novel 

substrate for SERS-based organic dye sensing. The following steps (Figure 11.1) were involved: 

(1) growth of Si nanowires in the CVD approach, (2) wet-chemical synthesis and direct nucleation 

of Au nanoparticles on the Si nanowires, (3) dispersion of the as-produced Si nanowire-Au 

nanoparticle heterostructures on the oxidized silicon substrate, (4) morphological evolution of Au 

nanoparticles on the Si nanowires in a controlled annealing process, and (5) correlation of 

heterostructure morphology with Raman signal enhancement effect for the organic molecules.  

 
Figure 11.1. Schematic representation of the process for fabricating Si nanowire-Au nanoparticle 
heterostructures and their application for SERS sensing. (1) CVD growth of Si nanowires, (2) 
direct and wet-chemical nucleation of Au nanoparticles on Si nanowires, (3) dispersion of the 
heterostructures on substrate, (4) thermal annealing, and (5) SERS-based organic dye detection. 
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11.3.1. Growth of Si nanowires and their surface decoration with Au nanoparticles 

Figure 11.2A and B show the SEM images of the as-produced Si nanowires. Au nanoparticle was 

always found at the tip of each Si nanowire, indicating the growth was governed by well-known 

VLS mechanism. 324  This growth process utilized sputtered and dewetted Au film on the Si 

substrate. The authors have thoroughly studied the dewetting of Au films to result in uniform 

dispersion of nanoparticles in their previous study.325 The resulting Au nanoparticles/islands were 

further served as the catalysts/seeds for the CVD growth of Si nanowires. The growth was 

conducted for 5 min and resulted in Si nanowires with a length of ~8 - 12 μm, suggesting a 

nanowire growth speed of ~27 - 40 nm/s. The diameter of Si nanowires was observed to be 

consistent with the size of Au nanoparticle tips on the nanowires. From Figure 11.2C, it can be 

estimated that the diameter of Si nanowire was ~172.44 ± 90 nm. Figure 11.2D-F shows the 

HRTEM images of the as-produced Si nanowires. A lattice spacing of ~0.31 nm was observed for 

silicon (111) planes. Gold (111) planes with a lattice spacing of ~0.23 nm was also observed for 

Au nanoparticle tips. The lattice structure of both gold and silicon present in the nanowires were 

further confirmed by the Fast Fourier Transform (FFT) image in the inset of Figure 11.2F. 

As the next step, Si nanowires were decorated with extraneous Au nanoparticles in a wet-chemical 

nucleation process. This approach involves the chemical reduction of metal salt (HAuCl4) in 

presence of NaBH4, allowing for direct nucleation of Au nanoparticles on the Si nanowires. Figure 

11.3A-C show TEM images of the as-produced Si nanowire-Au nanoparticle heterostructures. 

Significant nanoparticle aggregation on nanowires was observed. The Au nanoparticles exhibited 

lattice spacing of ~0.23 nm corresponding to the (111) planes. It is worthy to mention that this 

direct nucleation process has no significant damage the structure of Si nanowires, as the silicon 

(111) crystal planes with a lattice spacing of ~0.32 nm was also observed. XRD spectra of the as-
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produced Si nanowires and the Si nanowire-Au nanoparticle heterostructures further confirmed 

their crystal structure (Figure 11.3D). Figure 11.3E shows the estimation of size (average diameter 

~10.40 ± 3.59 nm) and inter-particle spacing (~6.19 ± 2.30 nm) for the as-nucleated Au 

nanoparticles on the Si nanowires. 

 

Figure 11.2. (A and B) SEM images of the as-produced Si nanowires. (C) The diameter 
distribution (~172.44 ± 90 nm) of Si nanowires. (D) TEM image of the as-produced Si nanowires. 
(E) HRTEM image indicating the lattice structure of the Si nanowire (marked as “1” in D). (F) 
HRTEM image indicating the lattice structure of the Au nanoparticle (catalyst/seed) at the tip of 
the Si nanowire (marked as “2” in D). Note: The inset in (F) show the corresponding FFT image 

for diffraction spots for silicon and gold. 
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Figure 11.3. (A-C) TEM images of the as-produced Si nanowire-Au nanoparticle heterostructures 
(before annealing). (D) XRD spectra of the as-produced Si nanowires and the Si nanowire-Au 
nanoparticle heterostructures before annealing. (E) Size and inter-particle spacing of the Au 
nanoparticle on Si nanowires. 
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found. Figure 11.4A-D show TEM images of the Si nanowire-Au nanoparticle heterostructures 

after annealing for various durations (15-120 min). As compared to the as-produced 

~0.23 nm

Au (111) 

2 nm

~0.32 nm

Si (111) 50 nm

 

A C 

200 nm

B 

D E 



 

253 

heterostructures (Figure 11.3A, B), the distribution of Au nanoparticles is much more uniform and 

with minimized aggregation on the Si nanowires. HRTEM images of the heterostructures (Figure 

11.4E-H) show the lattice spacing for both silicon and gold. It could be observed that after the 

annealing process, the lattice spacing increased at the outer edge of the Au nanoparticle as 

compared to the inner core, resulting a core/shell nanoparticle configuration on the surface of Si 

nanowire. This could be attributed to the formation of gold silicide (AuSix) at the interface of Au 

nanoparticle and Si nanowire, which was growing into a shell structure with increasing annealing 

duration.326 As shown in Figure 11.4E, 15 min annealing resulted in core/shell configuration of 

Au nanoparticles, where the core lattice spacing is observed to be ~0.20 nm (corresponding to Au 

(200) plane) and the outer shell region (marked with dotted circle) exhibited lattice spacing of 

~0.22 nm. The shell thickness was observed to increase with annealing duration. When beyond 75 

min, the whole nanoparticle exhibited a lattice spacing of ~0.25 nm. This indicates that prolonged 

annealing duration (>75 min) resulted in complete phase transformation of Au nanoparticles into 

gold silicide nanoparticles. The details on kinetics of this transformation are discussed later.  

It was also observed that the diameter of Au nanoparticles on Si nanowires increased as a function 

of annealing duration from 15 min to 75 min (Figure 11.4I). The as-produced heterostructures 

exhibited an Au nanoparticles diameter of ~10.4 nm, which was increased to ~16.2 nm, 18.7 nm, 

and 22.6 nm after annealing for 15 min, 45 min, and 75 min, respectively. This increase can be 

explained by the Ostwald’s ripening effect and surface migration of Au species, which resulted in 

growth of larger nanoparticle at the expense of smaller ones.325 However, when the annealing 

beyond 75 min, a sudden decrease in nanoparticle diameter (~15 nm) is observed. It has been 

reported for annealing of Au/Si thin film structure, the silicide formation takes place at much lower 

temperatures than that used for the annealing. It is proposed that the possibility of Au diffusing 
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towards Si or vice versa can lead to consumption of Au and result in shrinking of nanoparticle as 

observed in case of 120 min annealing. This further corroborates with the TEM observations that 

shows complete phase transformation of Au nanoparticles to gold silicide nanoparticles beyond 75 

min of annealing. In regard to inter-particle spacing on Si nanowires, the as-produced 

heterostructures exhibited inter-particle spacing of ~6.2 nm, which was increased to ~10.1 nm after 

annealing of 15 min and remained nearly the same beyond this duration. This is an interesting 

observation as it suggests that surface migration of Au nanoparticles at the annealing conditions 

used was restricted and the process allowed for the formation of thermally-stable or sinter-resistant 

nanoparticle dispersion on Si nanowires. Similar observation have been reported for other one-

dimensional heterostructures based on oxide nanowire-nanoparticle or carbon nanotube-

nanoparticle systems.327 

The microscopic observations were further utilized to develop contour maps correlating annealing 

duration and nanowire diameter with the nanoparticle diameter and spatial density (Figure 11.4J 

and K). This uniquely shows that Si nanowires with large diameter favored the growth of 

nanoparticles, resulting in largest nanoparticles dispersed on the heterostructures. On the other 

hand, nanowires with small diameter allowed for greater nucleation of nanoparticles and thus, 

resulted in highest spatial density of the coated nanoparticles. Figure 11.4J shows that annealing 

of 45 min resulted in largest nanoparticle diameters between ~45-50 nm coated on surface of Si 

nanowires with largest diameters between ~250-275 nm. This also suggests that higher the radius 

of curvature of nanowires, faster the surface migration of nanoparticles with enhanced Ostwald’s 

ripening effect.328 Meanwhile, Si nanowires with small radius of curvature present higher surface 

energy, resulting restricted surface migration and enhanced heterogeneous nucleation for the Au 
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nanoparticles. Thus, the highest nanoparticle spatial density (9-11 × 1010 per cm2) region observed 

at the intersection of 75 min duration and 50-100 nm diameter for Si nanowires (Figure 11.4K).  

 

Figure 11.4. TEM images and lattice structure of the Si nanowire-Au nanoparticle heterostructures 
after annealing for (A, E) 15 min, (B, F) 45 min, (C, G) 75 min, and (D, H) 120 min. (I) Average 
diameter and inter-particle spacing of Au nanoparticles on Si nanowires after annealing for 
different durations. Contour graphs showing the distribution of Au nanoparticle (J) diameter and 
(K) spatial density as a function of the Si nanowire diameter and the annealing duration. 
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The influence of annealing temperature on the morphology of Si nanowire-Au nanoparticle 

heterostructures was shown in Figure 11.5A-D. Figure 11.5E-H further show the corresponding 

HRTEM images. Annealing at 300 ˚C only resulted in slight morphology change (Figure 11.5A) 

of the heterostructures as compared to the as-produced. Meanwhile, no obvious formation of 

gold/gold silicide core/shell nanoparticles was observed on this sample and the nanoparticle lattice 

spacing (~0.23 nm) was similar to that of pristine Au nanoparticles (Figure 11.5E). However, 

significantly improved Au nanoparticle uniformity was observed on the heterostructures annealed 

at 500 ˚C. The core/shell structure for the nanoparticles was also observed with the lattice spacing 

increased from ~0.23 nm of the core to ~0.25 nm of the shell (Figure 11.5F). When the annealing 

temperature increased to 700 ˚C and 800 ˚C, the nanoparticles on the heterostructures show 

constant lattice spacing of ~0.25 nm (Figure 11.5G and H), indicating the phase transformation or 

gold diffusion process becomes more pronounced at high temperatures and the Au nanoparticles 

were completely converted to gold silicide. In addition, annealing at 1000 ˚C led to the partially 

fusion of Si nanowires and severe destruction of the heterostructures was observed. 

Figure 11.5I further summarized the variation of size and inter-particle spacing of Au nanoparticles 

on the heterostructures after annealing at various temperatures. Annealing at 300 ˚C showed 

obvious influence on the distribution of Au nanoparticle size (even not much on the morphology 

as shown in Figure 11.5A), which was increased from ~10.4 nm of the as-nucleated (Figure 11.3B) 

to ~16.8 nm (Figure 11.5A). Further increase the annealing temperature (from 500 ˚C to 800 ˚C) 

resulted in continuous increase of particle size. This is understandable since the diffusion 

efficiency of gold is increased at higher temperature, which is prone to the migration and merging 

of Au nanoparticles. The inter-particle spacing of Au nanoparticles increased from ~6.19 nm 
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(Figure 11.3B) to ~7.55 nm when annealed at 300 ˚C (Figure 11.5A) and to ~9.66 nm when 

annealed at 500 ˚C (Figure 11.5B). 

 

Figure 11.5. TEM images and lattice structure of the Si nanowire-Au nanoparticle heterostructures 
after annealing at (A, E) 300 ˚C, (B, F) 500 ˚C, (C, G) 700 ˚C, and (D, H) 800 ˚C. (I) Average 
diameter and inter-particle spacing of Au nanoparticles on Si nanowires after annealing for 
different temperatures. Contour graphs showing the distribution of Au nanoparticle (J) diameter 
and (K) spatial density as a function of Si nanowire diameter and the annealing temperature. Note: 

Baseline annealing conditions were 45 min duration and in Ar environment. 
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 Further increase the temperature showed little effect on the inter-particle spacing, which kept a 

constant value of ~10 nm (Figure 11.5C and D). Figure 11.5J and K show the correlation of particle 

size and spatial density with the annealing temperature and the diameter of Si nanowires. The 

largest Au nanoparticles were mainly distributed on the heterostructures with largest Si nanowire 

diameter and that treated with high temperature. This is due to the increase of gold migration rate 

on the low curvature nanowires and at high temperature. With this regard, one can understand that 

the lowest spatial density of Au nanoparticles was mainly observed on the small-diameter 

nanowires and the heterostructures annealed in low temperatures (Figure 11.5K).  

TEM images of the Si nanowire-Au nanoparticle heterostructures annealed in various 

environments were shown in Figure 11.6A-H. The aforementioned core/shell nanoparticles can be 

observed on the heterostructures that annealed in 5%O2/Ar and N2 environments (Figure 11.6E 

and G). Meanwhile, the lattice spacing of nanoparticles on the heterostructures annealed in 

10%H2/Ar and vacuum environment was increased from ~0.23 nm of the pristine to ~0.24 nm - 

~0.25 nm due to the formation of gold silicide. Figure 11.6I further summarized the variation of 

particle diameter and inter-particle spacing of the heterostructures. The heterostructures annealed 

in 5%O2/Ar environment show smaller average nanoparticle diameter (~16.3 nm) as compared 

with that annealed in pure Ar (~18.5 nm). This is because the outer layer of Si nanowires and Au 

nanoparticles was partially oxidized in the presence of O2. The oxide layers mitigated the direct 

diffusion of gold into Si nanowires as well as the surface migration of Au nanoparticles, leading 

to less changes in nanoparticle size during the annealing. 329 , 330  The average diameter of 

nanoparticles after annealing in 5%H2/Ar was ~16.8 nm (Figure 11.6B and I). This relatively 

smaller size is due to the presence of hydrogen, which removed the pristine surface oxide layer on 
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the Si nanowires and facilitated the diffusion of Au nanoparticles into Si nanowires.56 As a result, 

the surface migration and aggregation of Au nanoparticles was not significant. 

 

Figure 11.6. TEM images and lattice structure of the Si nanowire-Au nanoparticle heterostructures 
after annealing in various environments including (A, E) 5%O2/Ar, (B, F) 10%H2/Ar, (C, G) N2, 
and (D, H) vacuum. (I) Average diameter and inter-particle spacing of Au nanoparticles on Si 
nanowires after annealing for different environments. Contour graphs showing the distribution of 
Au nanoparticle (J) diameter and (K) spatial density as a function of Si nanowire diameter and the 
annealing environment.  
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Annealing in vacuum also resulted in a less increased nanoparticle diameter (~16.2 nm, Figure 

11.6D and I), which is probably due to the high diffusion rate of gold in silicon at low pressure.331 

In addition, heterostructures annealed in N2 environment (Figure 11.6C and I) show no significant 

difference on particle size and inter-particle spacing with that annealed in Ar.332 Contour images 

in Figure 11.6J-K show the distribution of particle size and spatial density according to various 

environments and nanowire diameter. Similar with that observed in previous duration and 

temperature study, nanoparticles with the largest diameter were observed on large Si nanowires 

while the region with highest spatial density were observed on small nanowires. In addition, the 

region with highest spatial density was observed on heterostructures treated in the H2/Ar 

environment owning to the mitigation of surface migration and merging of Au nanoparticles in the 

presence of hydrogen. 

Histograms summarized the size distribution and inter-particle spacing distribution of Au 

nanoparticles on the heterostructures before and after annealing at various conditions. Composition 

analysis for the heterostructures before and after annealing (at 500 ̊ C, 45 min and Ar environment) 

was conducted using STEM-mode EDS line profile. STEM images show different contrast of gold 

and silicon in the heterostructures, which were further identified by the EDS spectra 

(corresponding to spot “1” and “2”). Representative EDS line profiles of the nanowire 

heterostructures before and after annealing process were studied. These line profiles clearly show 

the elements present and their maps as a function of location on the nanowire. 
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11.3.3. XPS study for the formation of gold silicide 

Above TEM images clearly demonstrate a lattice spacing shift for nanoparticles on the 

heterostructures from ~0.23 nm to ~0.25 nm before and after annealing. This has been attributed 

to the formation of gold silicide according to the previous literatures. In order to make further 

quantitative conclusions, XPS was utilized to study the variation of chemical composition for the 

heterostructures annealed at various annealing conditions and further understand the surface 

migration/diffusion kinetics of Au nanoparticles on the Si nanowires. Wide-range XPS spectra and 

further deconvoluted Au 4f spectra show different elements such as Si, Au, O, C, and Na were 

observed for all the tested samples. The existence of Na is due to NaBH4 used in the Au 

nanoparticle nucleation process.333 However, this peak was only observed on the as-produced 

nanowire heterostructures and was almost disappeared after annealing. In addition, C and O are 

common contaminations resulted from the oxidized silicon substrate.  

The peaks observed at ~83.86 eV and ~87.50 eV were assigned to Au 4f7/2 and Au 4f5/2 of metallic 

Au nanoparticles that nucleated on the Si nanowires (Figure 11.7A).63 The further deconvolution 

fitting of this Au 4f spectrum shows nearly 100% pure metallic gold. This indicates that no gold 

oxide or Au3+ remaining on the heterostructures after Au nanoparticle nucleation. At the same 

time, the gold and silicon phases are chemically intact, which is consistent with the TEM images 

in Figure 11.3A-C and EDS line profile. The Au 4f spectrum for the heterostructures annealed for 

15 min (corresponding to sample #1) was shown in Figure 11.7B. The deconvolution resulted in 

two additional peaks in high binding energy region (~84.43 eV and ~88.55 eV) and the peak area 

of metallic gold (at ~86.65 eV and ~87.68 eV) became relatively small. The emergence of these 

two peaks was also observed by several authors before and was attributed to the chemical reaction 

of gold and silicon atoms owning to the formation of gold silicide.334-336 This observation is 
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consistent with the core/shell nanoparticles observed in the TEM image (Figure 11.4E) and will 

be a solid confirmation for statement of gold silicide formation. The same phenomenon was also 

observed on the spectrum obtained on the heterostructures annealed for 45 min (Figure 11.7C, 

corresponding to sample #2). Further decreased peak area for metallic gold (at ~83.53 eV and 

~87.68 eV) was observed on this sample. After annealing the heterostructure for 75 min (sample 

#3) and 120 min (sample #4), no peaks for the metallic gold was observed in the deconvoluted 

spectra. This further confirmed the lattice variation observed in Figure 11.4G and H since no 

metallic gold core was observed on these heterostructures (Sample #3 and #4). 

Since XPS is a surface characterization technique with the detection depth of ~8 nm,63 and 

meanwhile the diameter of Au nanoparticles on the annealed heterostructures was varying from 

~15 nm to ~20 nm, the metallic gold detected by the photoelectrons will be only from part of the 

nanoparticles. Thus, it is necessary to establish a theoretical model to calculate the accurate molar 

fraction of metallic gold and thickness of the gold silicide shell. This will also lead to further 

understanding on the kinetics of the gold silicide formation process. The model was schematically 

shown in Figure 11.7D. Here we assume the nanoparticles on Si nanowires are spherical and 

composed of a concentric gold core and gold silicide shell. The incident X-ray is from the top of 

the core/shell structure with a penetrating depth of 8 nm. Accordingly, one can realize that the 

molar fraction (FAu) directly calculated by the area ratio from the XPS spectra is only for the 

spherical cap in Figure 11.7D (photoelectron region). The volume of this spherical cap (V) being 

detected by XPS was given by  

F = "�G� −
�

�
"G�,                                                             (11.1)               
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where R is the outside radius of the core/shell structure, H is the photoelectron emission depth and 

was assumed to be 8 nm.  Thus, according to Figure 11.7D, FAu calculated from the area ratio of 

XPS spectra can be written as  

�HI =
(JEKLM)N∙(�JLKEM)

MN∙(�KEM)
                                                       (11.2) 

where r represents the radius of the metallic gold core. It needs to mention here that Eq. (11.2) is 

only suitable for the core/shell nanoparticles with � − P ≥ G (these show metallic gold peaks in 

XPS spectra). Furthermore, knowing FAu from the XPS spectra, the real molar fraction (FAu,real) of 

the core/shell nanoparticles can be calculated by 

�HI,J��S = (P/�)�                                                                 (11.3) 

The obtained molar fraction values were summarized. It has been reported that diffusion of silicon 

atoms in the gold at the elevated temperature is a thermodynamically feasible process due to its 

high solubility in gold and the low eutectic temperature of gold and silicon (~363 ˚C).324 It can be 

observed that annealing the heterostructures at 625 ̊ C for 15 min resulted in a metallic gold content 

of 19.23% (Sample #1). When the annealing was conducted for 45 min, the remaining metallic 

gold is 4.10%.  
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Figure 11.7. (A-C) Deconoluted XPS spectra (Au 4f) of the Si nanowire-Au nanoparticle 
heterostructures (A) before and after annealing for (B) 15 min and (C) 45 min. (D) Schematic 
showing the formation of gold Silicide (AuSix) shell on Au nanoparticles and the geometrical 
model for the XPS analysis. (E) Variation of AuSix shell thickness as a function of annealing 
duration at different temperature. (E) Linear plot showing the relationship between the diffusion 
coefficient and temperature for the AuSix formation activation energy calculation.  

 

XPS spectra of Au 4f for the nanowire heterostructures annealed at various temperatures and 

environments (sample #5-#13) were also deconvoluted. The peak locations were further 

summarized. For all these annealed samples, two addition gold silicide peaks were observed in the 

positive direction (with a binding energy shift of ~1 eV compared to the metallic gold). Metallic 

gold peaks were only observed on heterostructures annealed at 300 ˚C and 500 ̊ C, but not on these 

annealed at 700 ˚C, 800 ˚C and 1000 ˚C. This is because the diffusion rate of silicon in gold is 

much higher at high temperature, resulting complete phase transformation from gold to gold 

silicide. In the environment set, we observed the metallic gold peaks on the heterostructures 

A B C 

D E F 
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annealed in Ar, N2, and 5% O2/Ar but not on the samples annealed in 5%H2/Ar and vacuum 

environments. This is consistent with the TEM observations in Figure 11.6 and further confirmed 

above reasoning that the presence of hydrogen or low pressure facilitated the diffusion and alloying 

of silicon and gold.  

 

11.3.4. Kinetics for the formation of gold silicide 

Considering that the formation of gold/gold silicide core/shell nanoparticles on the heterostructures 

during the annealing fundamentally involves the diffusion of Si atoms in Au nanoparticles, one 

can apply the Fick’s second law (Eq. (11.4)) to this process and further study the formation kinetics 

of gold silicide. 

T�

T�
= 6

TN�

T�N                                                               (11.4) 

where c is the concentration of Si in Au nanoparticles, t is the time and D is the chemical 

interdiffusion coefficiency and only depends on temperature. Solving Eq. (11.4) with the following 

boundary conditions: c = c0 at t = 0 and c = cs at x = 0, we can get:  

�(�,�)E��

�UE��
= 1 − erf(

�

�√Z�
),                                       (11.5) 

where x can be considered as the thickness of gold silicide shell, ( rRx −= , the values for various 

samples were shown), erf is the Gauss error function and can be express as erf([) =
�

√�
\ ]E�N

^_
�

�
. 

Further consider c(x,t) = cs, the following equation can be obtained,   

[ = 2√6_                                                                    (11.6) 

Accordingly, we were able to calculate D at various temperatures according to the slopes of x ~ 

t1/2 plots (Figure 11.7E). 337 These linear plots further indicate that the formation of AuSix is 
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controlled by the Si diffusion process and thus the following Arrhenius equation can be used to 

describe the activation energy (Ea) of this diffusion process.338 

6(`) = 6�exp(−
%c

de
)                                                  (11.7) 

where T is the temperature, D0 is pre-exponential factor and k is the Boltzmann’s constant. The 

plot of lnD(T) ~ 1/T was further shown in Figure 11.7F and the calculated activation energy is 1.23 

eV. This value is slightly lower than the previously calculated activation energy for the formation 

of platinum silicide,71-73 which can be explained by the high solubility of silicon atoms in gold.  

 

11.3.5. SERS-based chemical sensing 

Controlled annealing of the heterostructures resulted in uniform dispersion of Au nanoparticles on 

the Si nanowires with specific size, inter-particle spacing and density, which further opens a great 

opportunity for reproductive and sensitive organic detection based on the Surface-enhanced 

Raman Spectroscopy (SERS). Various heterostructure samples were dispersed on the oxidized 

silicon substrate. This was followed by anchoring R6G molecules on the heterostructures as 

Raman probe. As shown in Figure 11.8A, Raman tests were conducted at various locations along 

the heterostructures to evaluate their reproducibility and sensitivity. Figure 11.8B further shows 

the representative optical image of the heterostructures dispersed on the oxidized silicon substrate. 

The colored spots marked on the nanowire heterostructure represents various locations for Raman 

test. The resulting Raman signal intensity (estimated for Raman peak of R6G at ~1360 cm-1) for 

the as-produced Si nanowires, Si nanowire-Au nanoparticle heterostructures before and after 

annealing at different duration were shown in Figure 11.8C. The columns with different colors for 

each sample are corresponding to the spots marked in Figure 11.8B. The same test were conducted 
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on ten nanowires for each sample to evaluate the Raman detection sensitivity. The average 

intensity values for all the tested spots on these nanowires/heterostructures were summarized in 

Figure 11.8D.  

Representative Raman spectra of R6G for various samples were further shown in Figure 11.8E. 

No signal of R6G was observed on the blank substrate (without any nanowire heterostructure), 

indicating the substrate is nearly insensitive for this Raman probe molecules. The as-produced Si 

nanowires show weak signals for R6G while the signals on the as-produced Si nanowire-Au 

nanoparticle heterostructures were significantly increased. As described above, such Raman 

enhancement has been attributed to the presence of localized surface plasmon resonance (LSPR) 

on Au nanoparticles.3-6 The heterostructures annealed at 625 ̊ C for 15 min (sample #1) and 45 min 

(sample #2) show further enhanced Raman signal of R6G due to the reconfiguration (size, inter-

particle spacing, and density, see Figure 11.4) of surface nanoparticles. However, the Raman 

signals on the heterostructures annealed for 75 min (sample #3) and 120 min (sample #4) were 

decreased as compared with that for 45 min. This can be attributed to the increase of inter-particle 

spacing (Figure 11.4I) and decrease of particle density (Figure 11.4K) on the Si nanowires. 

Another possible reason is that after annealing for a long duration (>45 min), most of these Au 

nanoparticles have been converted to gold silicide and the Au core was nearly disappeared.  
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Figure 11.8. (A) Schematic showing the collection of Raman signal along the Si nanowire-Au 
nanoparticle heterostructures. (B) Optical images of the heterostructures and corresponding spots 
for the Raman measurement. (C) Intensity of Raman signal for R6G at various spots along the Si 
nanowires or Si nanowire-Au nanoparticle heterostructures. (D) Average Raman intensity for 
various samples corresponding to (C). (E) Raman spectra of R6G on samples corresponding to 
(C). The same Raman test was conducted on samples in the temperature and environment study 
and the results were shown in (F-H, temperature set) and (I-K, environment set).  
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The same Raman tests were also conducted on the Si nanowire-Au nanoparticle heterostructures 

annealed at various temperatures and environments (sample #5-#13). The heterostructures (sample 

#5) annealed at 300 ˚C show no obvious enhancement of Raman signal since the size and inter-

particle spacing of this sample (Figure 11.5A and I) was not significantly changed as compared 

with the as-produced heterostructures. The highest Raman enhancement was observed on the 

heterostructures annealed at 500 ˚C. This is consistent with that observed in Figure 11.5K, where 

the highest particle density was observed on the sample annealed at this temperature. These closely 

located nanoparticles have high possibility to overlap their surface electrical field, which will 

significantly enhance the Raman spectra of the anchored molecules. 339  The heterostructures 

annealed at 700 ˚C and 800 ˚C show weakened Raman signals than these annealed at 500 ˚C and 

625 ˚C. This is because the diffusion of silicon in gold nanoparticles was facilitated at high 

annealing temperature (>700 ˚C) and most of the particles have converted to silicide.   

The heterostructures annealed in the oxygen and hydrogen environments show weak enhancement 

on the Raman signal while these annealed in inert environments (Ar, N2, and vacuum) show 

significant signal improvement (Figure 11.8I). These observations can be explained by the particle 

configuration (size, inter-particle spacing, and density) showing in Figure 11.6. The 

heterostructures annealed in oxygen environment resulted in formation of surface SiO2 and this 

might shadow the surface plasmon resonance effect of Au nanoparticles. 340  For the 

heterostructures annealed in the hydrogen environment, the existence of H2 facilitated the diffusion 

between gold and silicon, resulting Au nanoparticles partially diffused into the Si nanowires. As a 

result, the particle size becomes small and the Raman enhancement was not significant. The 

heterostructures annealed in N2 environment show similar enhancement with that annealed in the 

Ar environment. Further improved Raman enhancement was observed on these heterostructures 
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annealed in the vacuum environment. This can be attributed to the relatively small inter-particle 

spacing of surface nanoparticles that formed during the annealing at low pressure.  

 

11.4. Conclusions 

In this paper, we report a facile approach for the fabrication of Si nanowire-Au nanoparticle 

heterostructures using a wet-chemical nucleation – annealing approach. The surface migration 

behaviors (including variation of chemical composition and phase transformation kinetics) of Au 

nanoparticles on the Si nanowire during annealing were further studied in detail. The results 

indicate that the surface dispersion (size, inter-particle spacing and spatial density) of Au 

nanoparticles has a significant dependence on the annealing conditions including duration, 

temperature and environment. TEM and XPS study further show that such high temperature 

annealing led to significant migration/diffusion of Au nanoparticles and further resulted in the 

formation of gold silicide in the nanoparticles. Kinetics analysis indicates that this silicide 

formation process was controlled by the diffusion of silicon atoms in Au nanoparticles. The 

activation energy for this process is ~1.23 eV. For the SERS-based organic detection, Raman 

enhancement showed a significant dependence on the distribution and chemical state of Au 

nanoparticles on the heterostructures. Highest Raman enhancement was observed on the 

heterostructures annealed at 500 ˚C in Ar for 45 min. This study provides fundamental knowledge 

on the surface migration and diffusion behavior of Au nanoparticles on Si nanowire at high 

temperature process and leads to reliable guidance for future development of SERS-based 

chemical sensors. 
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Abstract 

In this paper, we reported a facile cost-effective approach for the fabrication Si substrate supported 

highly ordered assembly of graphene-encapsulated gold nanoparticles (GNPs) as the SERS 

substrate. In the first step, gold (Au) nanoparticles with controlled size and inter-particle spacing 

were uniformly coated on Si substrate through a galvanic deposition – annealing process. 

Graphene shells with a pristine thickness of ~3 nm were further encapsulated on the Au 

nanoparticles via the well-defined xylene-based chemical vapor deposition method. The influence 

of GNPs size and density on the SERS sensitivity was demonstrated. GNPs with optimized size 

and density were further used to evaluate the detection limit by utilizing R6G solution with 

different concentration. Moreover, mixture of R6G and MB solution was used to demonstrate the 

SERS selectivity. To demonstrate the reproducibility of such GNP substrate, electric current was 

applied to remove the absorbed molecules and the substrate was recycled for further continuous 

SERS detection. 

 

Keywords: patterned assembly, multilayer graphene shell encapsulated gold nanoparticles, 

galvanic deposition, annealing, chemical vapor deposition (CVD), surface enhanced Raman 

spectroscopy (SERS) 

 



 

273 

12.1. Introduction 

Surface enhanced Raman spectroscopy (SERS) has been considered to be one of promising 

techniques in molecular detection. By exciting the surface plasmon resonance on noble metal 

nanoparticles, the Raman signal for low concentration molecular can be significantly increased. It 

is reported that the enhancement factor (EF) of SERS molecular detection can be as high as 1014-

1015. Coinage metals such as gold, silver, and copper were usually used as the preferred Surface 

Enhanced Raman Scattering (SERS) substrate in the form of rough surface and nanoscale 

structures341. The enhancement of Raman signal is believed to be originated from the interaction 

between metallic substrate and absorbed target molecules under the electromagnetic field 

generated by Raman laser, which is normally called Localized Surface Plasmon Resonance 

(LSPR). 342  LSPR can be simply tuned by controlling the size, shape, and distribution of 

nanoparticles,343 as well as using effective supporting substrate.  

The major challenge in practical application of surface enhanced Raman scattering (SERS) sensing 

lies in the low uniformity, poor reproducibility and limited selectivity. Recently graphene was 

proposed as a promising substrate for uniformly dispersing the coinage metal nanoparticles for 

SERS sensing. Graphene itself was also demonstrated as an effective SERS substrate due to the 

ability to absorb and concentrate target molecules. The abundant graphene-molecule interactions 

result in significantly increased sensitivity based on the chemical enhancement mechanism and 

further give such graphene-based Raman sensor good molecule selectivity.  

Herein we proposed a facile cost-effective approach to fabricate Si substrate supported highly 

ordered assembly of graphene-encapsulated gold nanoparticles (GNPs) as the SERS substrate. The 

gold nanoparticles (Au nanoparticles) with controlled size and inter-particle spacing were 

uniformly coated on Si substrate through a galvanic deposition – annealing process. Graphene 
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shells with a pristine thickness of ~3 nm were further encapsulated on the Au nanoparticles via the 

well-defined xylene-based chemical vapor deposition method. The influence of GNPs size and 

density on the SERS sensitivity was demonstrated. GNPs with optimized size and density were 

further used to evaluate the detection limit by utilizing R6G solution with different concentration. 

Moreover, mixture of R6G and MB solution was used to demonstrate the SERS selectivity. To 

demonstrate the reproducibility of such GNP substrate, electric current was applied to remove the 

absorbed molecules and the substrate was recycled for further continuous SERS detection. 

 

12.2. Experimental section   

Materials and Methods: Silicon (Si) wafers (111) were purchased from IWS (Colfax, CA). 

Potassium gold (III) chloride was purchased from Sigma-Aldrich (St. Louis, MO). Hydrogen 

fluoride (50%) was purchased from VWR (Atlanta, GA). Ammonium fluoride was purchased from 

Alfa Aesar (Ward Hill, MA). Xylene used for CVD growth of graphene was purchased from Fisher 

Scientific (Pittsburg, PA). Rhodamine 6G (R6G) and Methylene blue (MB) were purchased from 

Alfa Aesar (Ward Hill, MA ). All chemicals were used without further purification. Buffered oxide 

etch (BOE) solution was prepared by mixing 40% NH4F and 50% HF in DI-water at a volume 

ratio of 6:1. DI water (18.1 MΩ-cm) was obtained using a Barnstead International DI water system 

(E-pure D4641). High-temperature annealing was done using a CMF 1100 oven furnace (MTI 

Corporation). Graphene growth was carried out in in a Lindberg blue three-zone tube furnace 

(Watertown, WI) with a quartz tube from ChemGlass (Vineland, NJ). The gas flow rates were 

controlled by Teledyne Hasting powerpod 400 mass flow controllers (Hampton, VA).  H2 (10% in 

Ar), N2, and Ar gas cylinders were purchased from Airgas South (Tuscaloosa, AL). Plasma 

treatment was performed in a Nordson March Jupiter III Reactive Ion Etcher (Concord, CA). 
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Gold (Au) nanoparticles dispersion on Si wafer: A layer of gold film was first deposited onto the 

Si wafer by a typical galvanic deposition process as reported before. [344,345] Briefly, Si wafers 

were cleaned in acetone for 10 min with sonication. The wafer was further treated in BOE solution 

for 30 s to remove the surface oxide layer. This was followed by directly putting the wafer in the 

galvanic deposition solution (1 mM KAuCl4 + 1% HF) for 1 min. The film was rinsed with DI-

water and dried in flowing N2. Continuously, the sample was put in an oven box and annealed for 

10 min at 850 ˚C to form dewetted Au nanoparticles. 

Graphene growth on Au nanoparticles: Growth of graphene on the Au nanoparticles was 

conducted using a xylene-based Chemical Vapor Deposition (CVD) process as reported before 

[346,347]. Briefly, the Au nanoparticles dispersed on the Si wafer were oxidized under oxygen 

plasma for 15 min to produce a gold oxide layer (power: 160 W; oxygen pressure: 600 mTorr). 

The samples after plasma oxidation were put in the center of the quartz tube furnace. The growth 

process was carried out at 675 ˚C for 1 h. Xylene was used as the carbon source with a feeding 

rate of 10 mL/h, which was carried by 10% H2/Ar with a total flow rate of 1.15 SLM. To create 

carboxyl groups on the surface of graphene shell, the as-produced graphene was either treated with 

oxygen plasma for 15 s (power 120 W, oxygen pressure 300 mTorr) or treated in 3 M HNO3 

solution for 5 h at 80 ˚C. 

Dyes anchoring on Au nanoparticles and GNPs: The pristine Au nanoparticles and GNPs 

dispersed on Si wafer were used as the SERS substrate for MB and R6G detection. The 

nanostructures were first treated in BOE solution for 10 s to create surface Au-H bonds, which can 

largely increase the efficiency of MB/R6G absorption on the SERS substrate. After being dried in 

flowing N2, the sample was kept in MB or R6G solution with different concentration overnight 

(10 h) with slight agitation. Then the nanostructures were washed with DI-water and dried in N2.  
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Characterization methods: FE-SEM (JEOL-7000) and Tecnai F-20 TEM were used to characterize 

the morphology and structure of Au nanoparticles, GNPs and that after plasma treatment. Raman 

spectra were collected using a BrukerSenterra system (Bruker Optics Inc. Woodlands, TX) 

equipped with a 785 nm laser source at 10 mW laser power. The integral time and co-additions 

were set as 15 seconds and 2, respectively. XRD 

 

12.3. Results and discussion 

12.3.1. Fabrication and pattering of Au nanoparticles and GNPs on the silicon substrate 

The fabrication and pattering of Au nanoparticle and GNPs on the Si substrate were conducted via 

the process described in Figure 12.1A, which shows the procedures for the fabrication of assembly 

of multilayer graphene shells encapsulated on gold (Au) nanoparticles for Surface-enhanced 

Raman Spectroscopy (SERS): (1) galvanic deposition, (2) annealing, (3) chemical vapor 

deposition (CVD) of multilayer graphene shells, (4) oxygen plasma treatment. (b-d) Schematic 

showing the basic principle of (b) galvanic deposition, (c) CVD, (d) molecule detection using 

SERS. The Au film or nanostructures obtained at various fabrication stages were characterized for 

their morphology, structure and chemical composition. The sample labeling was further shown in 

Table 12.1. Figure 12.1B further shows the basic principle for the galvanic deposition process, 

which involves the replacement reaction between the silicon substrate and the Au3+ in the HF-

containing solution. Figure 12.1C illustrated the xylene based chemical vapor deposition process 

for the growth of multilayer graphene shell on the surface of Au nanoparticles and Figure 12.1D 

shows the Surface-enhanced Raman Spectroscopy (SERS)-based Raman sensing on these 

patterned GNP substrate.  
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Figure 12.1. (a) Schematic showing the procedures for the fabrication of assembly of multilayer 
graphene shells encapsulated on gold (Au) nanoparticles for Surface-enhanced Raman 
Spectroscopy (SERS): (1) galvanic deposition, (2) annealing, (3) chemical vapor deposition 
(CVD) of multilayer graphene shells, (4) oxygen plasma treatment. (b-d) Schematic showing the 
basic principle of (b) galvanic deposition, (c) CVD, (d) molecule detection using SERS. 

 

Table 12.1. Labeling of various samples in this study according to different galvanic deposition 
time for preparation of Au film. 

Samples 
Galvanic deposition time (min) 

0.5 1 3 5 7 

Au film A1 A2 A3 A4 A5 

Au nanoparticles B1 B2 B3 B4 B5 

As-produced 
GNPs 

C1 C2 C3 C4 C5 

Plasma-treated 
GNPs 

D1 D2 D3 D4 D5 

A B 

C 

D 



 

278 

 

Figure 12.2. SEM images of Au film prepared by galvanic deposition at various deposition times: 
(A) 0.5 min, (B) 1 min, (C) 3 min, (D) 5 min, and (E) 7 min.  

 

SEM images of the Au film prepared by the galvanic deposition process were shown in Figure 

12.2. Various Au films with different thickness were obtained by varying the duration of galvanic 

deposition. Figure 12.2 illustrates that the Au film with a flat surface were uniformly deposited on 

the surface of silicon substrate. Short galvanic deposition time such as 0.5 min and 1 min lead to 

small crystal grains with little interstice or cracks between them. When the galvanic deposition 

time was increased to 5 min or 7 min, the grain size obviously increased, with large cracks 
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E 

500 nm 500 nm 

500 nm 500 nm 
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observed among these crystal grains. These cracks have been demonstrated to play a critical role 

during the following high temperature annealing or dewetting process.  Figure 12.3A shows the 

XRD spectra of the Au films according to their galvanic deposition time. The dominant Au (111) 

peak was observed consistently for all the samples while a small Au (200) peak was also observed. 

The increased of the Au peaks with the increase of galvanic deposition time is due to the increased 

of film thickness, which is further demonstrated in Figure 12.3B. The film thickness was evaluated 

by the equivalent volume estimated from the size and spatial density of Au nanoparticles obtained 

in the following annealing process. A linear trend of film thickness as a function of galvanic 

deposition time was observed in Figure 12.3B, indicating the formation of Au film have no 

significant effect on the contact of electrolyte and the silicon substrate due to the existence of inter-

grain cracks and this wet-chemical deposition process is continued uniformly with 7 min. This is 

critical for the control of particle size by simply varying the galvanic deposition time. 

 

Figure 12.3. (A) XRD patterns for the as-deposited Au films corresponding to Figure 12.2. (B) 
Au film thickness calculated according the density and size of Au nanoparticle in Figure 12.4. 
 

A B 
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Figure 12.4A-E show the SEM images of the Au nanoparticles patterned on the silicon substrate. 

The size and spatial density control of these Au nanoparticle samples were achieved by varying 

the galvanic deposition time as we stated above. From these SEM images we can observe that the 

Au nanoparticles are uniformly dispersed on the substrate with equally increased size and spatial 

density, indicating such galvanic deposition – annealing approach is a simple and effective method 

for patterning Au nanoparticle on the Si substrate. The following graphene growth on the Au 

nanoparticles were conducted via a xylene based chemical vapor deposition process. Briefly, the 

Au nanoparticles were first surface-oxidized in an oxygen plasma chamber. These surface oxide 

layer has been considered to take a function of catalysis for the formation of initial carbon layers. 

The resulting graphene shell encapsulated Au nanoparticles (referred as graphene nanoparticle or 

GNPs) patterned on the silicon substrate were shown in Figure 12. 4F-J.  

The corresponding high resolution SEM images were also shown in these insets. We observed that 

GNPs were also uniformly patterned on the substrate and a carbon shell is closely encapsulated on 

the surface of Au nanoparticles. High resolution TEM images were collected for the as-produced 

GNPs, as shown in Figure 12. 5A-E. Low energy Au (111) plane was consistently observed for 

the Au nanoparticles and lattice spacing of 0.37~0.38 nm was estimated for these graphene shells. 

This lattice spacing is slightly larger than the c-axis spacing of graphite (~0.34 nm), indicating the 

curvature structure of graphene shell introduced extra strain between the lattice and changed the 

atom arrangement. It needs to mention here that the as-produced GNPs is highly hydrophobic and 

lack of surface functionality for further surface decoration or anchoring probe molecules. 

Meanwhile, extra amorphous carbon was always produced as by-product during the CVD process 

and the as-grown graphene is relatively too thick, which may hinder the optical properties of the 

Au core. As a result, the subsequent plasma treatment process is essential (Figure 12. 5F-J).
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Figure 12.4. SEM images of Au nanoparticles obtained by annealing various Au films 
corresponding to Figure 12.1: (A) 0.5 min, (B) 1 min, (C) 3 min, (D) 5 min, (E) 7 min. SEM images 
of multilayer graphene shells encapsulated Au nanoparticles (GNPs) with different size 
corresponding to Figure 12.3: (F) 0.5 min, (G) 1 min, (H) 3 min, (I) 5 min, (J) 7 min. Note: The 

insets in (B) and (E) show the representative SEM images for a single GNP (scale bar: 20 nm). 
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Figure 12.5. TEM images of the as-produced (A-E) GNPs and (F-J) plasma-treated GNPs. These 
samples are corresponding to various galvanic deposition time: (A,F) 0.5 min, (B,G) 1 min, (C,H) 
3 min, (D,I) 5 min, (E,J) 7 min. 
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The variation of size, inter-particle spacing and spatial density as a function of the initial galvanic 

deposition time for the Au nanoparticles and GNPs were summarized in Figure 12.6A-C. The size 

of Au nanoparticles and GNPs presents a linear increase trend with the increase of galvanic 

deposition time, indicating the galvanic deposition of Au film was uniformly continued within 7 

min. The average size of Au nanoparticles is larger than the corresponding GNPs, which is due to 

the inevitable evaporation of Au nanoparticles during the high-temperature CVD process. The 

trend observed for the inter-particle spacing is consistent with that for size. As shown Figure 12.6C, 

the spatial density of Au nanoparticles decreased as the increase of galvanic deposition time, 

indicating the dewetting of Au film during the annealing has a large dependence on the film 

thickness. This is mainly due to the inter-grain cracks formed during the galvanic deposition, 

which actually divided the Au film into numerous of micro islands, and finally decided the size of 

Au nanoparticles. The spatial density of GNPs decreased as compared with the corresponding Au 

nanoparticles. Since the size of GNPs also decreased as compared with pristine Au nanoparticle, 

we can’t simply attributed the loss of density to the merge of Au nanoparticle during the CVD 

process. The density loss is actually a comprehensive result of particle merge and evaporation.  

The variation of graphene shell thickness before and after plasma treatment was demonstrated in 

Figure 12. 6D. We observed that with the increase of particle size, the graphene shell thickness 

presents an increase general trend. This phenomenon can also been explained by the curvature 

structure of graphene shell. Large curvature shell on the small Au nanoparticles introduced high 

strain energy within the graphene shells. As a result, large lattice mismatch presented within the 

graphene layers, which will make the deposition of further graphene layer difficult and rendering 

a thin shell. However, large particles shows small curvature, leading to less lattice mismatch and 

is favorable for the continuous deposition of graphene layers.   
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Figure 12.6. (A-C) Variation of particle size (A), inter-particle spacing (B), and particle density 
(C) for the Au nanoparticles and GNPs according to the galvanic deposition time. (D) Variation 
of thickness of the multilayer graphene shells before and after oxygen plasma treatment. 

 

12.3.2. SERS sensing on the pattered substrate 

To evaluate the Raman detection efficiency of these Au nanoparticles and plasma-treated GNPs 

samples, R6G and MB were used as the Raman probes, which were first dispersed in DI-water 

with a concentration of 10-6 M. The Au nanoparticles or GNPs decorated substrates were then 

immersed in this dye-containing solution overnight for the absorption of these probe molecules 

onto the Au nanoparticle or GNP targets. Raman spectra were collected directly in the washed and 

dried Au nanoparticle or GNP substrate. The representative Raman spectra were shown in Figure 

A B 

C D 
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12.7. As shown in Figure 12.7A and B, small Au nanoparticle substrate (sample #B1) shows no 

obvious signals for R6G and MB. However, the intensity of Raman signals increased as the 

increase of particle size (Sample #B2 and #B3). This have been approved by the theoretical 

modeling of plasmonic properties of the Au nanostructures previous completed by our group. Such 

plasmonic modeling indicates that the electric field generated on or near the surface of 

nanostructures has a large size dependence. With the increase of particle size, the electric field 

generated on the particle surface was significantly improved.  

Another reason for the Raman enhancement is the overlapping of electric field, which resulted in 

significantly enhanced localized surface plasmon resonance (LSPR). Since the basic Raman 

enhancement mechanism is based on the LSRP, the overlapping of electric field will be a direct 

contribution to the signal capture and magnification. Further increase of the particle size leads to 

the decrease of Raman signals (sample #B4 and #B5), which is mainly due to the larger inter-

particle spacing between the Au nanoparticles and GNPs, resulted in less overlapping of electric 

field for the plasmon enhancement. Almost the same trend was observed for the signals of R6G 

and MB on the GNPs substrate. As shown in Figure 12. 7C, small GNP substrate only shows the 

G-band and D-band for graphene shells. The highest Raman enhancement was observed on sample 

#D3. Further increased GNP size gives much weakened Raman signals similar to what we 

described above. However, for the detection of MB using the GNP substrate (Figure 12.7D), 

sample #D3 exhibited the highest Raman signal but equivalent Raman enhancement was also 

observed for the other samples. This is mainly due to the effective absorption of MB molecules on 

the graphene shells. In addition, the overall Raman signals observed on the GNP substrate is much 

weaker than that on the Au nanoparticle substrate mainly due to the less absorbed dye molecules. 
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Figure 12.7. (A, B) SERS spectra of R6G (A) and MB (B) on the Au nanoparticle samples 
corresponding to various galvanic deposition time. (C, D) SERS spectra of R6G (C) and MB (D) 
on the GNP samples corresponding to various galvanic deposition time. (E) Average Raman 
intensity of R6G and MB corresponding to A and B. (F) Average Raman intensity of R6G and MB 
corresponding to C and D. Note: The peak locations (cm-1) were mark on the top of these spectra. 
The Raman intensity of R6G was estimated to the peak centered at ~1360 cm-1 and that of MB was 

estimated using the peak centered at 1390 cm-1. 
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The influence of dye concentration in DI-water was further demonstrated. Various concentrations 

of MB were prepared and the same Raman process was conducted. The obtained spectra were 

shown in Figure 12.8A and B for Au nanoparticles and GNPs, respectively. The average Raman 

intensity (Figure 12.8C) was estimated using the peak located at 1390 cm-1. We observed that the 

Raman intensity presented a linear trend as a function of concentrations. Such linear trend will be 

of great importance for the application of SERS device for real molecule detection. 

 

Figure 12.8. (A,B) SERS spectra of MB. These spectra correspond to the Au nanoparticle (A) and 
GNP (B) samples immersed in MB solution with various concentration. The peak locations (cm-1) 
were mark on the top of these spectra. (C) Average Raman intensity MB corresponding to A and 
B. Note: The Raman intensity of MB was estimated using the peak centered at 1390 cm-1. 

A B 
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12.3.3. Evaluation of selectivity and enhancement factor 

The selectivity of Au nanoparticle and GNP substrate was demonstrate using a mixture of 10-6 MB 

and 10-6 R6G. The substrates were immersed in the mixture overnight for the competitive 

absorption of R6G and MB molecules. Since Au nanoparticle sample #B4 and GNP sample #B3 

exhibited the highest Raman enhancement for both R6G and MB, the selectivity test was 

conducted on sample #B3, #B4, #D3 and #D4. The Raman spectra for R6G and MB were shown 

in Figure 12.9A. As we can observe, the main signals observed are for MB while the signal of 

R6G are very weak. The corresponding Raman intensity was further summarized in Figure 12.9B. 

Both Au nanoparticle and GNP substrates exhibited much higher Raman enhancement for MB 

than that for R6G. As shown in the inset, the selectivity of GNP is much high than that of Au 

nanoparticles. This is mainly attributed to the structure of MB molecules, which are much easier 

to be absorbed on the substrate with proper orientation. Moreover, the hexagonal structure of MB 

is similar to that of graphene structure, making it is prone to be absorbed on GNPs. 

 

Figure 12.9. (A) SERS spectra of MB and R6G obtained on Au nanoparticles and GNPs immersed 
in a mixture of 10-6 M R6G and 10-6 M MB. (B) Average Raman intensity MB and R6G 
corresponding to A. The inset further shows the intensity ration of MB and R6G.  

 

A B 
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The evaluation of enhancement factor (EF) are based on the well-defined equation as follows: 

#� =
fghig

jghig
/

fklmn

jklmn
                                                          (12.1) 

where ISERS and Ibulk indicate the Raman intensity obtained on the nanostructures decorated 

substrate and that obtained on the bulk MB solution, respectively, meanwhile, NSERS and Ibulk 

indicate the number of molecules used for the generation of Raman signal, respectively. Figure 

12.10A shows the digital image of the 10-6 M MB solution before and after the absorption of Au 

nanoparticle and GNP substrates. The color of solution (2) after the absorption of Au nanoparticle 

for overnight become light, indicating the intensive absorption of MB molecules on this substrate. 

Meanwhile, the absorption on the GNP substrate is much less since no significant color change 

was observed for solution (3) as compared with the pristine MB solution (1). This was further 

confirmed by the UV-vis spectra in Figure 12.10B. As the peak intensity for solution (2) is much 

weaker than that of the other two. The Raman signal of the bulk MB solution was shown in Figure 

12.10C, where very weak signals were observed for the bulk MB solution. This is another contrast 

for above observed Raman enhancement. Using this spectra we calculated the enhancement factor 

according to above EF equation. The result for sample #B3 and #D3 were shown in Figure 12.10D. 

The estimated EF for #B3 is 4.88 × 105 and for #D3 is 6.87 × 105, respectively. This EF data is of 

importance since they indicate that GNPs naturally show better Raman enhancement than the Au 

nanoparticles. The higher experimental Raman intensity observed for Au nanoparticle substrate is 

mainly due to the large amount of molecules absorbed on their surface. This study provides unique 

approach for the fabrication and patterning of Au nanoparticles as well as GNPs on the substrate 

and fundamental understanding of SERS effect of graphene encapsulated Au nanoparticles. 
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Figure 12.10. (A) Digital image showing (1) pristine MB solution (10-6 M), (2) MB solution after 
immerse Au nanoparticle sample (B3) for 10 h, and (3) MB solution after immerse GNPs sample 
(D3) for 10 h. (B) UV-vis spectra of MB solution corresponding to (A). (C) Representative Raman 
spectra of 10-6 M MB in DI-water. (D) Calculated enhancement factor for Au nanoparticles (B3) 
and GNPs (D3). 
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12.4. Conclusions  

To sum up, we reported a facile cost-effective approach to fabricate Si substrate supported highly 

ordered assembly of graphene-encapsulated gold nanoparticles (GNPs) as the SERS substrate. The 

gold nanoparticles (Au nanoparticles) with controlled size and inter-particle spacing were 

uniformly coated on Si substrate through a galvanic deposition – annealing process. Graphene 

shells with a pristine thickness of ~3 nm were further encapsulated on the Au nanoparticles via the 

well-defined xylene-based chemical vapor deposition method. The influence of GNPs size and 

density on the SERS sensitivity was demonstrated. GNPs with optimized size and density were 

further used to evaluate the detection limit by utilizing R6G solution with different concentration. 

Moreover, mixture of R6G and MB solution was used to demonstrate the SERS selectivity. The 

Au nanoparticle and GNP substrates show preferred Raman selectivity of MB instead of R6G. The 

estimated enhancement factor for these samples are around 105. GNPs naturally show better 

Raman enhancement than the Au nanoparticles. The higher experimental Raman intensity 

observed for Au nanoparticle substrate is mainly due to the large amount of molecules absorbed 

on their surface. This study provide unique approach for the fabrication and patterning of Au 

nanoparticles as well as GNPs on the substrate and fundamental knowledge to the SERS sensing 

based on the patterned Au nanoparticle and GNPs.  
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Abstract 

In this paper, we reported a fundamental study on morphological and structural evolution of gold 

nanoparticles onto silicon nanowires by combining chemical vapor deposition method with wet-

chemical synthesis followed by high temperature treatment. The latter step led to controlled spatial 

densities, inter-particle spacing, and diameters of gold nanoparticles on high curvature silicon 

nanowires. The encapsulation of multilayer graphene shell the decorated gold nanoparticles were 

further achieved via a xylene-based chemical vapor deposition process. This lead to the preparation 

of graphene nanoparticles (GNPs) decorated silicon nanowire heterostructures with unique 

plasmonics, chemical and electronic properties. These nanowire heterostructures were 

characterized using high-resolution electron microscopy, X-ray photoelectron spectroscopy, and 

Raman spectroscopy. Raman active organic molecules were further studied for Raman signal 

enhancement using the developed silicon nanowire-gold nanoparticle or GNP heterostructures, 

and improved sensitivity and detection limits were observed. Such controlled nanowire 

heterostructures with significant plasmonic activities hold promise for the future of analytical 

devices as well as NEMS/MEMS architectures. 

 

Keywords: Si nanowires, multilayer graphene shell encapsulated gold nanoparticles, surface 

decoration, surface-enhanced Raman spectroscopy (SERS) 
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13.1 Introduction 

Understanding the nucleation and growth of nanoparticles on high curvature nanowire surfaces is 

necessary to develop controlled assemblies with enhanced multifunctionality. Coinage metals such 

as gold, silver, and copper were usually used as the preferred Surface Enhanced Raman Scattering 

(SERS) substrate in the form of rough surface and nanoscale structures.348 The enhancement of 

Raman signal is believed to be originated from the interaction between metallic substrate and 

absorbed target molecules under the electromagnetic field generated by Raman laser, which is 

normally called Localized Surface Plasmon Resonance (LSPR). LSPR can be simply tuned by 

controlling the size, shape, and distribution of nanoparticles, 349  as well as using effective 

supporting substrate. However, the further developed is thought to be confined by the limited 

maximum particle density, uncontrollable aggregation, and nonuniform distribution of Raman 

signal.350 

Silicon nanowire has been studied for several decades due to their excellent electronic/ mechanical 

properties, convenient surface tailoribility and industrial compatibility, which make it a promising 

material in field-effect transistors, solar cells, and sensors.351 Among these applications, using 

silicon nanowires as chemical sensors are of particularly important due to their biocompatibility, 

vast surface-to-bulk ratio, fast response, good reversibility and oxide-coated or H-terminated 

surface.352 However, it is now widely accepted that as-produced pristine silicon nanowires only 

exhibit moderate sensitivity in chemical detection. As a result, appropriate surface modification is 

definitely needed and well developed. Towards this end, coating silicon nanowires with gold 

nanoparticles is of particular interest as it leads to an interesting Schottky device geometry. In 

addition, silicon nanowire-gold nanoparticle heterostructures have been of recent interest for 

Raman active substrates. The significant enhancement on silicon nanowire based heterostructures 
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was attributed to (1) the enlargement of specific substrate area, which is capable to absorb more 

target molecule per unit area; and (2) the appropriate distribution of nanoparticles on the nanowire, 

which is able to generate more hot-spots for Raman detection. For instance, silver nanostructures 

decorated silicon nanowires have been intensively studied as ultrasensitive SERS substrate in the 

detection of R6G, CV, DNA, as well as amoxicillin.353 

Graphene was demonstrated as an effective SERS substrate due to the ability to absorb and 

concentrate target molecules. The abundant graphene-molecule interactions result in significantly 

increased sensitivity based on the chemical enhancement mechanism and further give such 

graphene-based Raman sensor good molecule selectivity. It is critical to evolve knowledge of gold 

nanoparticles with controlled morphologies and spacing on such nanowire substrates, and this 

remains a significant challenge to date. Here, we report a detailed fundamental study on 

morphological and structural evolution of gold nanoparticles onto silicon nanowires by combining 

chemical vapor deposition method with wet-chemical synthesis followed by high temperature 

treatment. The latter step led to controlled spatial densities, inter-particle spacing, and diameters 

of gold nanoparticles on high curvature silicon nanowires. Interestingly, it was observed that 

diffused interfaces between gold and silicon existed, which could potentially alter the plasmonics, 

chemical and electronic properties of such heterostructures. These nanowire heterostructures were 

characterized using high-resolution electron microscopy, X-ray photoelectron spectroscopy, and 

Raman spectroscopy. Raman active organic molecules were further studied for Raman signal 

enhancement using the developed silicon nanowire-gold nanoparticle heterostructures, and 

improved sensitivity and detection limits were observed. Such controlled nanowire 

heterostructures with significant plasmonic activities hold promise for the future of analytical 

devices as well as NEMS/MEMS architectures. 
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13.2 Experimental section 

Materials and Methods: Silicon (Si) wafers (<100>, n-type) were purchased from IWS (Colfax, 

CA). Gold (III) chloride trihydrate (HAuCl4∙3H2O, 99.9%) was purchased from Sigma-Aldrich 

(St. Louis, MO). Sodium borohydride (NaBH4, powder, 98%) was purchased from Acros Organics 

(New Jersey, NJ). Acetone ((CH3)2CO) was purchased from VWR International (West Chester, 

PA). DI water (18.1 MΩ-cm) was obtained using a Barnstead International DI water system (E-

pure D4641). All chemicals were used without further purification. Gold sputtering was carried 

out on a Bio-Rad gold sputtering and coating system, Polaron division (Agawan, MN). Dispersion 

of heterostructures into ethyl alcohol was done in a Branson 2510 Sonicator (Danbury, CT). Labnet 

centrifuge (Edison, NJ) was used to clean, wash, and separate nanoparticles. Wet samples were 

dried in a VWR vacuum oven (West Chester, PA). Growth and annealing of the Silicon nanowires 

were accomplished inside a GSL-1100X Tube Furnace (MTI Corporation) with a quartz tube from 

ChemGlass (Vineland, NJ). Gas flow rates of all chemical vapor deposition and annealing 

processes were controlled by Teledyne Hasting powerpod 400 mass flow controllers (Hampton, 

VA).  H2 (UHP grade, 40% balanced with Ar), N2, O2, SiH4 and Ar (all UHP grade) gas cylinders 

were purchased from Airgas South (Tuscaloosa, AL). Low-pressure atmosphere inside the quartz 

tube was generated by the Gast (DOA-P74-AA) Vaccum Pump bought from GAST manufacturing 

inc. (Benton Harbor, MI). Oxygen plasma treatment was performed in a Nordson March Jupiter 

III Reactive Ion Etcher (Concord, CA). Syringe injector was obtained from Fisher Scientific 

(Suwanee, GA).  

Growth and decoration of Si nanowires: (111) silicon wafer was used as the substrate. Two 

strategies were applied to deposit gold catalyst on the substrate. In both strategies, the silicon 

wafers were first sonicated in acetone for 10 min. (1) The wafer was treated with 3:1 H2SO4: H2O2 



 

297 

piranha solution for 30 min at 100 'C, then sputtered with gold in a Bio-Rad gold sputtering and 

coating systems, Polaron division (Agawan, MN). (2) The silicon wafer was placed in BOE 

solution for 1 min to etch away the surface oxide layer. Galvanic deposition was then carried out 

at room temperature to prepare the gold catalyst film. The deposition solution is 1 mM KAuCl4 + 

1% HF. The newly prepared catalyst substrate was placed in the center of a GSL-1100X (MTI 

Corporation) tube furnace. The nanowire growth was executed through a typical CVD process. 

The furnace was first heated to 850 'C in the protection of 5% H2 in Ar. The temperature was 

maintained for 10 minutes to convert the catalyst film to gold nanoparticles (Au nanoparticle). 

Then the temperature was decreased to the growth temperature. 2% SiH4 in He was pumped into 

the quartz tube as the silicon source, which was carried by 10% H2 in Ar. When the growth process 

was finished, the furnace was cooled ambiently in the protection of pure Ar. Pristine silicon 

nanowires were treated with BOE solution for 5 s and then placed in a galvanic deposition solution 

(1 mM KAuCl4 + 1% HF) for different times to prepare silicon-gold core-shell nanostructures. 

Then the sample was annealed in the quartz furnace or oven box (as specified) for 10 min at 

different temperatures. This process made silicon nanowire-gold nanoparticle heterostructures, 

which can be used as the surface enhanced Raman scattering (SERS) substrate for dye detection. 

Graphene growth on the heterostrctures: Growth of graphene on the GNPs was conducted using 

a typical Chemical Vapor Deposition (CVD) process as reported before. Briefly, the GNPs 

dispersed Si wafer were oxidized under oxygen plasma for 15 min to produce a gold oxide layer 

(power: 160 W; oxygen pressure: 600 mTorr). The sample after plasma oxidation were put in the 

center of the quartz tube furnace. The growth process was carried out at 675 ˚C for 1 h. Xylene 

was used as the carbon source with a feeding rate of 10 mL/h, which was carried by 10% H2/Ar 

with a total flow rate of 1.15 SLM. To create carboxyl groups on the surface of graphene shell, the 
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as-produced graphene was either treated with oxygen plasma for 15 s (power 120 W, oxygen 

pressure 300 mTorr) or treated in 3 M HNO3 solution for 5 h at 80 ˚C. 

Raman detection of Rhodamine 6G: Both pristine silicon nanowires and silicon nanowire-gold 

nanoparticle heterostructures were used as the SERS substrate for R6G detection. The 

nanostructures were first treated in BOE solution for 10 s to create surface Si-H bonds, which can 

largely increase the efficiency of R6G absorption on the SERS substrate. After being dried in 

flowing N2, the sample was kept in 10-6 M R6G solution for 10 h with slight agitation. Then the 

dyed nanostructures were washed with DI-water and dried in flowing N2. Raman measurement 

was carried out on the Bruker Senterra Raman System (Bruker Optics Inc. Woodlands, TX), where 

a Ne laser source with 785 nm wavelength was used. The applied laser power was 1 mW; the 

integration time was 10 s.  

Characterizations: Scanning Electron Microscopy (SEM) images were obtained using a FE-SEM 

JEOL-7000 equipped with energy dispersed X-ray spectroscopy (EDX). Tecnai F-20 was used to 

collect Transmission Electron Microscopy (TEM) images at 200 kV. TEM samples were prepared 

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

Inc. (Redding, CA). (XRD, UV-Vis, DSC). The average nanoparticle size was measured from 

TEM and SEM images, where more than 200 nanoparticles were counted and measured per 

sample. Diameter was measured for spherical nanoparticles and distances less than 20nm between 

two Au nanoparticle were taken into account for particle interval measurements. All the 

measurements were done using Nano-measurer 1.2 Software. High resolution TEM image for 

graphene encapsulated Au nanoparticles were also converted into FFT image using Digital 

Micrograph software. X-ray photoelectron spectra (XPS) were gathered by Kratos Axis 165 with 

mono-Aluminum gun at 160 eV pass energy for full range scan and 40 eV pass energy for detailed 
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scan. The analysis spot was set as “Slot” with >20 µm aperture and 19.05 mm iris setting. Raman 

spectra and SERS of samples were collected using Bruker Senterra system (Bruker Optics Inc. 

Woodlands, TX) equipped with 785 nm laser source at 10-25 mW laser powers and 100X 

objective. The integral time and co-additions were set as 15 seconds and 2, respectively. The 

Raman mapping conditions for map acquisition were set at the spectral resolution of 3 – 5 cm-1 in 

the range of 77 – 2658 cm-1 with 10 mW laser power. Samples for SERS were prepared by 

dispersing Rhodium 6G (R6G) dye over SNW samples at various stages: as-produced, as-

nucleated, annealed in different conditions, branched SNWs and graphene encapsulated Au 

nanoparticle on SNW (all these SNW were dispersed on a silica substrate before wetting them with 

dye).  Around 5-6 nanowires were randomly chosen and 5-6 points were taken on each nanowire 

to get SERS signal enhancement data (approximately 30 data points per sample). 

 

13.3 Results and discussion 

13.3.1. Silane-based CVD growth of Si nanowires 

Silicon nanowires (Si nanowires) were grown through an atmospheric-pressure chemical vapor 

deposition (CVD) process, the growth mechanism can be described by the well-defined vapor-

liquid-solid (VLS) principle. As shown in Figure 13.1, galvanic deposition was first carried out on 

Si wafer, the replacement reaction between Au and Si will rendering a layer of gold film. Followed 

with high-temperature annealing, the gold film were dewetted into island-like gold nanoparticles, 

which served as the catalyst during the silicon nanowire growth process. Due to the high solubility 

of silicon in gold, when SiH4 was decomposed at the growth temperature, silicon atom diffused 

into liquid gold droplet and alloyed. As the silicon in gold reached the saturated state, solid silicon 
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precipitated at the interface of gold droplet and substrate while the gold catalyst was hold up and 

kept on the top of silicon nanowire. In this study, various growth conditions were used to the 

growth of Si nanowire for understanding the basic principle of the CVD growth. The experiment 

parameters were listed in Table 13.1.   

It was widely proposed that in the typical VLS growth process, the diameter of Si nanowires will 

be dominated by the size of Au catalysts. As a result, different galvanic deposition time was applied 

to control the thickness of gold film (as shown in Figure 13.2A-E). As a result, controllable Au 

nanoparticles size was obtained after high-temperature annealing (Figure 13.2F-J). XRD was used 

to characterize the crystal structure of the gold film, as shown in Figure 19K, the as-deposited 

films were mainly existed in (111) structure. The variation of particles size according to different 

galvanic deposition time was shown in Figure 19L-M. Linear relationship between galvanic 

deposition time and particle size was observed.  

 

 

Figure 13.1. Schematic showing the galvanic deposition of gold film on Si substrate and CVD 
growth of silicon nanowires. 
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Table 13.1. Experimental parameters showing the optimization and control of Silicon nanowire 
growth on substrates prepared by galvanic deposition. 

Sample 
# 

Galvanic 
deposition 

(min) 

Temperature 
(oC) 

Time 
(min) 

SiH4 flow 
rate 

(sccm) 

1A 0.5 725 5 30 

2A 1 725 5 30 

3A 3 725 5 30 

4A 5 725 5 30 

5A 7 725 5 30 

6A 5 675 5 30 

4A 5 725 5 30 

7A 5 775 5 30 

8A 5 725 1 30 

4A 5 725 5 30 

9A 2 725 15 30 

10A 2 725 30 30 

11A 2 725 60 30 

12A 2 725 30 20 

10A 2 725 30 30 

13A 2 725 30 40 

14A 2 725 30 50 
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Figure 13.2. Au film and corresponding Au nanoparticles prepared by galvanic deposition under 
different times: (A, F) 0.5 min, (B, G) 1 min, (C, H) 3 min, (D, I) 5 min, (E, J) 7 min. (K) XRD 
pattern of Au films.  (L-M) Variation of particle size according to the galvanic deposition time. 

 

All of these Au nanoparticles were used as catalyst to grow Si nanowires. The corresponding SEM 

images of Si nanowires were shown in Figure 13.3A-F. The structure obtained at different catalysts 

were summarized in Figure 13.3G. When the catalysts size was small (0.5 min, 1 min), no gold tip 

can be found on the silicon rods and diameter of the rods was very large (~1 μm). The CVD growth 

is an atom diffusion process, so the small amount of gold catalyst will distributed in Si nanowire. 

Only when the amount of catalyst increased, the Au nanoparticles appeared at the tips of Si 

nanowires, and most important is the diameter of Si nanowires was approximately the same as the 

tip size.  In addition, small diameter (~10 nm) silicon branches were instantly observed on the Si 

nanowires. This is because even at high temperature, the diffusion of gold in solid silicon was 

inefficient. Some gold remained on the surface of Si nanowires will act as the new catalyst for the 
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growth of silicon branches. TEM images showing the structure of Si nanowires and the branches 

were presented in Figure 13.3G-I. The diameter of Si nanowires was around ~200 nm. A silica 

shell can be observed to encapsulate on the surface of the nanowires and the tips. Small Au 

nanoparticles catalyst (~10 nm) can be found to distribute in the braches. 

 

 

Figure 13.3. (A-C) SEM images showing the Si nanostructures obtained on different Au 
nanoparticles catalysts. (D-F) HRTEM images showing the morphology of gold tip (E) and 
branches (F). (G) Schematic showing the CVD products obtained on different substrates. 
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The Si nanowires obtained at different temperature were shown in Figure 13.4. At higher 

temperature, the length of the nanowire decreased while the length of branches largely increased. 

Gold catalysts can be observed to distribute uniformly in these branches. This is because at higher 

temperature the diffusion rate of gold in silicon was increased and the gold catalysts become more 

active. As a result, more gold was distributed on the surface Si nanowires. The length and diameter 

of the branches were both increased. Under this principle, we can understand that the Si nanowires 

obtained at lower temperature present increased length and decreased diameter. Also, less branches 

were found on these low temperature Si nanowires. Their TEM characterizations were shown in 

Figure 13.4C-E.   

 

Figure 13.4. (A-B) Silicon nanowire arrays obtained at different temperatures: (A) 675 ºC, (B) 
775 ºC. (C-E) TEM image corresponding to (A). (F) Schematic showing the structure of Si 
nanowires obtained at different temperature.   
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Studying the growth of Si nanowires at different duration provide an important chance to 

understand the formation principle of Si nanowires at the initial stage and the continuous growth 

period. The Si nanowires obtained at different growth time were shown in Figure 13.5 (A-F). The 

schematic showing the growth process were presented in Figure 13.5 (J). At the very early stage 

of the growth, Si atoms became saturate and precipitate on the surface of gold catalyst as a shell 

(Figure 13.5A). With increased growth time, more silicon atoms precipitated. The place with 

lowest surface energy will be the most preferred region. Due to the mismatch of crystal structures 

of gold and silicon, plenty of defects existed between the interface of gold catalyst and (111) silicon 

substrate, making the interface the most preferred region for the growth of Si nanowires. The Si 

nanowires obtained at 60 min present a diameter of ~150 nm with of length of 3~5 μm. The 

estimated average growth rate was around 800 nm/min. 

Si nanowires growth at different silane flow rate was also carried out. As shown Figure 13.6A-C, 

the silane flow rate can definitely control the growth rate of Si nanowires, which will directly result 

in a different length. In addition, at higher flow rate, less amount of branches can be found on the 

Si nanowires. In addition, it is worthy to mention that small Si nanowire branches were constantly 

observed on these main nanowires. The branch observed on the nanowires obtained at 30 sccm 

was blend and with high spatial density (Figure 13.5B). However, with increased flow rate (40 

sccm and 50 sccm), these branches became straight and less (Figure 14.6D and E). The VLS 

growth of Si nanowires were further schematically illustrated in Figure 14.6H.  The decomposition 

of SiH4 at high temperature resulted in silicon atoms vapor, which further diffused into the gold 

droplets and alloyed with gold. The interface of gold droplet and silicon substrate presented the 

lowest surface energy due to the mismatch of atom distributions at the two sides interface, as a 

result, silicon is preferred to precipitate at this interface and leads to the growth of silicon 
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nanowires. The formation of surface branches is due to the non-uniform diffusion of gold droplet 

during the growth. The main droplet was lifted up by the precipitation of Si nanowire while a lot 

of small droplets were remained on the nanowire surface. These small gold droplet acted as the 

new catalyst center for the growth of nanowire branches according to the aforementioned VLS 

mechanism. Thus, we demonstrated the growth of Si nanowire in atmosphere environment 

(without vacuum) by optimizing the growth conditions and finally straight, branchless and free-

standing Si nanowires were grown on the Si substrate. This parameter study is of importance since 

it provide fundamental knowledge for the VLS growth of Si nanowire at atmosphere environment 

and a feasible approach for growth of high-quality Si nanowires. 

 

Figure 13.5. (A-C) Silicon nanowires obtained at different growth times: (A) 1 min, (B) 15 min, 
(C) 60 min. (D-E) HRTEM image showing the gold tip-silicon nanowire-silica shell interface and 
branch structure. (I) Schematic showing the Si nanowires obtained at different growth times. 
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Figure 13.6. (A-C) Silicon nanowires obtained at different SiH4 flow rates: (A) 20 sccm, (B) 40 
sccm, (C) 50 sccm. (D) TEM image corresponding to (A). (E) TEM image corresponding to (B). 
(I-J) HRTEM and FET image showing the silicon branch structure. (K) Schematic showing the Si 
nanowires obtained at different SiH4 feed rates.  

 

13.3.2. Surface decoration of Si nanowire with Au nanoparticles and GNPs  

Further surface decoration of Si nanowires with extraneous Au nanoparticles was conducted via a 

galvanic deposition – annealing process, as illustrated in Scheme 13.7A. Three Si nanowire 

samples obtained in the parameter studies was selected. The basic mechanism for the galvanic 

deposition of gold film (shell) on the Si nanowires was illustrated in Figure 10.7D. The deposition 

is due to the replacement reaction between silicon and Au3+ in HF solution, which led to the 

formation of Au film or shell on the surface of Si nanowires. In the following annealing process, 

the Au film was dewetted and converted to Au nanoparticles decorated on the nanowire surface. 

The further graphene growth was completed via a well-defined chemical vapor deposition process. 

The Au nanoparticles were used as the supporting materials, which were first subjected to a plasma 
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oxidation process to crease surface oxide layer. This surface gold oxide layer on Au nanoparticles 

have been proved to be of importance for the formation of initial graphene layers on the Au 

nanoparticles. These surface decorated Au nanoparticle standing on the Si substrate was further 

used for the SERS-based chemical sensing, as illustrated in Figure 13.7B and C. 

 

 

Figure 13.7. (A) Schematic showing the surface decoration of Si nanowires with Au nanoparticles 
and GNPs. (B) Representative low-resolution SEM image of the Si nanowire based heterostructure 
substrate for SERS sensing. (C) Schematic showing the SERS sensing on the molecule attached 
Si nanowire-GNP heterostructures. 
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SEM images of the Si nanowires after gold deposition were shown in Figure 13.8A-C. The 

following annealing process and the resulting Si nanowire-Au nanoparticle heterostructures were 

demonstrated in Figure 13.8D-F. As we observed, these deposited gold film was dewetted into Au 

nanoparticles that uniformly dispersed on the surface of Si nanowire. As we observed, air-

annealing led to slight surface oxidation of both main nanowire and gold nanoparticles after 

devetting. Thus diffusion between gold and silicon was weakened and Au nanoparticles on the 

nanowire surface presented spherical morphology. 

TEM images and analysis of the Si nanowire-Au nanoparticle heterostructures before and after 

annealing in air were presented in Figure 13.8G-L. We observed that the as-deposited gold present 

a flake structure in high resolution images. These gold flakes were randomly dispersed on the 

surface of the main nanowires. However, after the annealing process both in air, effective 

dewetting process happened and uniformly dispersed spherical nanoparticles were observed on the 

surface of Si nanowires. The estimated nanoparticle size is 28.9 ± 5.3 nm for the air-annealed 

heterostructures. Lattice evaluation indicate that the as-produced Au flakes presented random 

distributed crystal structures. However, after annealing the standard low energy (111) plane was 

constantly observed for the Au nanoparticles. In addition, no obvious lattice variation was 

observed for the silicon nanowire before and after annealing, indicating the main nanowires are 

chemically and structurally stable enough to stand for these multi-step fabrication process. FFT 

images in Figure 13.9I and L and E further confirm the lattice distribution. This annealed Si 

nanowire-Au nanoparticle heterostructures were further used as the supporting materials for the 

decoration of graphene. This is according to the xylene based chemical vapor deposition process 

for the growth of multilayer graphene shell on the decorated Au nanoparticles. 
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Figure 13.8. (A-C) Si nanowire-Au core-shell structures obtained by galvanic deposition of gold 
film on silicon nanowires: (A) sample 6B, (B-C) sample 13B. (D-F) Si nanowire-Au nanoparticle 
heterostructures obtained by annealing the core-shell structure: (D) sample 6C and (E-F) sample 
13C. (G) Representative TEM image corresponding to (A). (H-I) HRTEM and FET images 
corresponding to (G). (J) Representative TEM image corresponding to (D). (K-L) HRTEM and 
FET images corresponding to (J). (Note: Galvanic deposition solution: 1mM KAuCl4 + 1% HF, 

deposition time: 2 min, annealing temperature: 625 ºC, time: 10 min, environment: air.) 
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Figure 13.9A-D show the TEM and HRTEM images of the Si nanowire-GNP heterostructures. 

One can observe that the chemical vapor deposition process has no significant influence on the 

structure and distribution of Si nanowires and Au nanoparticles. The GNPs were uniformly 

dispersed on the Si nanowire with average size of 22.54 ± 10.32 nm and inter-particle spacing of 

28.22 ± 12.54 nm. The average diameter of GNPs was slightly decreased as compared with Au 

nanoparticle due to the inevitable diffusion of gold into Si nanowires during the chemical vapor 

deposition process. High resolution images in Figure 13.9C and D further demonstrated the lattice 

structure of Au nanoparticle and graphene shell. Lattice spacing of 0.25 nm was observed for Au 

nanoparticle core (111) and spacing of 0.37 nm were estimated graphene shell. Raman spectra of 

the Si nanowire-Au nanoparticle heterostructures were shown in Figure 13.9E and further 

magnified in F, when  the well-defined G-band and D-band were demonstrated for GNPs. 

 
Figure 13.9. Growth of graphene on the gold nanoparticles decorated on the silicon nanowires: 
(A-D) TEM/HRTEM images of the Si nanowire-GNP heterostructures. (E-F) Raman spectra 
obtained on the as-produced Si nanowires and the Si nanowire-GNP heterostructures. 
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13.3.3. SERS sensing on the Si nanowire-GNP heterostructures 

We evaluated the Raman based organic sensing for the detection of trace amount of dyes contained 

in DI-water. Rhodamine 6G (R6G) was used as a Raman probe. The test was conducted on several 

Si nanowire and Si nanowire-Au nanoparticle or GNP heterostructure samples. The samples were 

immersed in 10-6 M R6G solution overnight to allow the absorption of R6G molecules on the 

nanostructures. The Raman signals of R6G were collected directly on these R6G-absorbed 

substrate. The obtained Raman spectra were shown in Figure 13.10. The Au nanoparticle decorated 

Si nanowires presented obviously increased Raman intensity as compared with the previous Au 

nanoparticles on the Si substrate and the as-grown Si nanowires. This Raman enhancement is 

mainly due to the overlapping of electric field between various Au nanoparticles dispersed on the 

Si nanowires, which led to significantly increased Localized Surface Plasma Resonance (LSPR). 

Further increase Raman enhancement was observed on the Si nanowire-GNP heterostructures, 

which can be attributed to both electromagnetic and chemical mechanism.  

 
Figure 13.10. (A) Raman spectra of R6G (1×10-6 M) obtained on different substrates: (a) Annealed 
Au nanoparticle catalysts, (b) pristine Si nanowire arrays (Sample 6A), (c-d) Si nanowire-Au 
nanoparticle heterostructures (sample 6C, 11C). (B) Raman spectra obtain on the Si nanowire-
GNP heterostructure with or without R6G. 
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13.3.4. Discrete Dipole Approximation modeling 

Based on the calculation of diameters of Si nanowires and Au nanoparticles, we constructed four 

types of targets for calculation of extinction spectra (scattering and absorption) and mapped 

normalized electric field at the peak extinction wavelength. Since the targets are anisotropic, two 

incident directions (X: radial and Y: axial, Figure 13.11A) were considered. Figure 13.11B-E show 

four targets: (a) Si nanowire, (b) Si nanowire-Au nanoparticles heterostructure, (c) a section of Si 

nanowires-Au nanoparticles heterostructure from (b), and (d) Si nanowires-GNP heterostructure 

corresponding to section in (c) and with 2 nm thick graphene shells. Due to much thinner graphene 

shells compared with diameters of Au nanoparticles and Si nanowire, only sections of 

heterostructures were considered, where numbers of dipoles are less than a million and enough 

dipoles were allocated to 2 nm graphene shells. This could significantly reduce the computation 

time and improve the accuracy. As seen in Figure 13.11F and G, Si nanowire for X and Y 

directions showed extinction peaks at 512 nm. For Si nanowires-Au nanoparticles heterostructures, 

plasmonic peak red-shifted to ~674 nm for X direction and ~597 nm for Y direction. This is from 

the electromagnetic coupling between Au nanoparticles and Si nanowire. Peak intensity also 

differed for different orientations of incoming wave vectors. Extinction peak intensity in X 

direction for Si nanowire decorated with nanoparticles is 2.3 times higher than intensity in Y 

direction. This indicates that electromagnetic field effects are stronger when incident wave 

propagates in the radial direction rather than axial direction. When only a section of heterostructure 

was considered (Figure 13.11D), peaks shifted toward lower wavelength (557 nm at X direction 

and 545 nm at Y direction). The shift of peaks and change of intensity indicated that geometry of 

Si nanowires and distribution density of Au nanoparticles is critical for plasmonic properties. 

However, Si nanowires-GNP heterostructures (with 2 nm shell thickness), extinction spectra at 
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both directions diminished sharply. Only a broad peak at ~535 nm was observed in Y direction but 

scattering dominated in X direction. The reduction in peak intensity could be attributed to the 

thickness of graphene shells. Overall, it shows that optical properties after graphene shell 

encapsulation can be spatially resolved and depend on incident wave vector direction. It is also 

anticipated that to retain optical properties of encapsulated Au nanoparticles, the shell thickness 

should be lower than 2 nm. 

 

Figure 13.11. Schematics showing (A) two directions of incident lights (X: radial to nanowire, Y: 
axial to nanowire), (B) Si nanowire, (C) Si nanowire-Au nanoparticles, (D) a section of Si 
nanowire-Au nanoparticles, (E) a section of Si nanowire coated with GNPs (shell ~2 nm 
thickness), (F) and (G) comparison of extinction spectra for two directions for k vectors (X and Y) 
and peak locations.  
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Normalized electric field distributions were mapped using extinction results (Figure 13.12). Three 

major conclusions could be derived. (1) The field or plasmon are concentrated at the interface 

between Si and Au. This is also observed by others and is mainly caused by induction of image 

charge on the substrate surface as well as multiple scattering and reflection by nanoparticles.354 (2) 

Normalized electric field could be enhanced by decoration of Au nanoparticles. However, the 

increment is depending on incident wave vector direction (increase from 30.7 in X direction to 

37.9 in Y direction). (3) Graphene shells (~2 nm) greatly depressed the intensity for both directions 

(75% drop in X direction and 72.5% decrease in Y direction) but enhanced the distribution of 

plasmon over larger surface area of GNPs as compared to only interfacial hot spots in case of Si 

nanowire-Au nanoparticle heterostructures. 

 

Figure 13.12. Distribution of normalized electric field in X direction for (A) Si nanowire, (B) Si 
nanowire-Au nanoparticles, (C) a section of (B), (D) Si nanowire-GNP heterostructures and in Y 
direction for (E) Si nanowire, (F) Si nanowire-Au nanoparticles, (G) a section of (F), (H) Si 
nanowire-GNP heterostructures. 
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13.4 Conclusions 

CVD approach is demonstrated to grow Si nanowires, which were subsequently utilized to 

nucleate Au nanoparticles to result in Si nanowires-Au nanoparticles heterostructures. These 

heterostructures were further surface plasma oxidized to allow for the selective growth of graphitic 

shells encapsulating Au nanoparticles while the exposed regions of Si nanowires were 

encapsulated within an amorphous carbon. Such hybrid combinations based on Si nanowires were 

further studied for their optical properties using DDA calculations. It was estimated that the bare 

Si nanowires showed an extinction efficiency peak at ~512 nm, which was significantly red shifted 

to ~674 nm after decorating with Au nanoparticles. However, this activity is suppressed when 

encapsulated inside graphene shells. At the same time presence of graphene shells make the 

heterostructures spatially-resolved with a broad extinction efficiency peak at ~535 nm when the 

incident wave vector is in the nanowire axial direction and no peak in case of wave vector in 

nanowire radial direction. In addition, normalized electric field of plasmons were distributed over 

larger surface of GNPs in Si nanowire-GNP heterostructures as compared to only limited to 

interfaces in Si nanowire-Au nanoparticles heterostructures. Overall, incident light wavelength, 

morphologies of components, distribution density, and the encapsulating shell thickness strongly 

influence the intensity, peak location of extinction spectra, and distribution of normalized electric 

field. Results also indicate strong field intensity mainly concentrated at the Si-Au interface and 

quenched sharply as well as broadly distributed by ~2 nm graphene shells.  
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Abstract 

Nitrogen (N)-doped and un-doped MWCNTs grown using a chemical vapor deposition (CVD) 

process were studied for their surface chemical modification and thermal characteristics. Various 

surface functional groups developed through acid purification or controlled plasma oxidation of 

MWCNTs were analyzed using X-ray photoelectron spectroscopy (XPS). High resolution electron 

microscopy was used to understand the structure and morphology of the surface-

modified/unmodified MWCNTs. Thermal conductivities of surface-modified/unmodified 

MWCNT films were estimated using the shifts in Raman peaks for MWCNTs as a function of 

incident laser power (1 – 50 mW) and film temperature (60 – 120 oC). The thermal conductivity 

of pristine un-doped MWCNT films was much higher (~70 W/m-K) than that of N-doped 

MWCNT films (~16-27 W/m-K). Plasma oxidation or acid treatment further reduced the 

conductivity (~8-14 W/m-K). Thermal maps or temperature distribution profiles for MWCNT 

films were theoretically evaluated. Finally, different combinations of doped/un-doped and 

plasma/acid-treated MWCNTs were stacked and impregnated within a polystyrene matrix to result 

in a gradient of thermal conductivity across the thickness direction of the nanocomposite. 

Temperature distribution profiles within these nanocomposites were studied using the hot wire 

method.  

 

Keywords: carbon nanotubes; nitrogen-doping; oxygen plasma; acid treatment; thermal 

conductivity; nanocomposite 
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14.1. Introduction 

Thermal management using carbon nanotubes (CNTs) is of significant interest [355]. Individual 

single-walled or multi-walled CNT (SWCNT or MWCNT) exhibit thermal conductivities as high 

as 2000 W/m-K to 6000 W/m-K [355]. This is nearly 10 times higher than that of copper and silver 

[356]. Additionally, random network/mesh of CNTs, CNT mats, buckypaper, and vertically-

aligned CNT arrays are of interest for integrated circuits, flexible or transparent substrates, gas and 

biosensing, optoelectronics, and thermal interface layers for heat dissipation [357]. Although such 

CNT architectures have bulk thermal conductivities (10-220 W/m-K) much lower than single-

walled and individual CNTs, they are still useful for controlled enhancement in thermal 

conductivities of polymers [358]. Lower thermal conductivity of bulk CNTs could be attributed to 

the presence of amorphous carbon, multiple walls (MWCNTs), defects, impurities and inter-tube 

junction resistance, all resulting in phonon scattering [359].  

Surface chemical modification or doping (e.g., boron, phosphorus, and nitrogen) of pristine CNTs 

could influence their electrical conductivity and electrochemical properties [ 360 ]. Surface 

modification methods such as acid and plasma treatment [361] can alter the surface morphology 

and defect-density of CNTs. Furthermore, strong acid treatment can effectively purify CNTs by 

removing metal catalyst and amorphous carbon as well as derivatizing CNT surface with 

carboxylic (-COOH) groups. Gas-phase plasma oxidation allows greater control over CNT surface 

modification [362]. This approach is solvent-free, time-efficient, tunable, and provides a wide 

range of functional groups depending on the plasma conditions [363]. In addition, such treatments 

for tailoring CNT thermal conductivity hold great potential for realizing thermally-

anisotropic/graded films or nanocomposites. However, such knowledge in regard to chemically-

modified CNTs remains limited due to the lack of understanding on the thermal transport behavior 
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and the resulting temperature profiles across bulk CNT networks [364]. Overall, CNT fillers in 

polymer matrix can result in enhanced properties of the nanocomposite [358] and if thermal 

anisotropy is observed it is attributable to the arrangement of CNTs within the polymer matrix and 

distinct radial/axial phonon transport [365] across CNTs. The alignment of thermally conductive 

CNTs or carbon fibers within a polymer matrix is a critical challenge and calls for simplified 

approaches to impart thermal anisotropy/gradient in such nanocomposites [366]. 

To overcome the issues related to the arrangement/orientation of CNTs [367], a promising 

approach is to stack films of CNTs with variable thermal conductivity within the matrix. In this 

regard, the authors hypothesize that careful control of dopant and functional group density in CNTs 

or their surface modification will allow for easy manipulation of their thermal conductivities. 

Furthermore, stacking layers of such modified CNTs will lead to the development of a novel 

approach for thermally-graded nanocomposite design. The major goal is to develop 

multifunctional CNT-polymer nanocomposites with thermal conductivities varying across the 

direction of thickness of the nanocomposites. The use of MWCNTs for such a nanocomposite 

fabrication will be a cost-effective and simple approach for bulk thermal management applications. 

In this article, un-doped and nitrogen-doped MWCNTs (N-MWCNTs) grown via chemical vapor 

deposition (CVD) were acid-treated or plasma-oxidized. They were further characterized for their 

crystallinity, morphology, and surface functionality using microscopic and spectroscopic methods. 

Raman spectroscopy and microscopy methods [368] were used to understand the relationship 

between the G band location, laser power (Q) and film temperature (T). This further allowed for 

the estimation of the thermal conductivities of un-doped and N-doped MWCNTs before and after 

plasma or acid treatment. Fundamental thermal transport theory was utilized to understand 

temperature distribution profiles in the fabricated MWCNT films. Further, films comprised of 
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stacked layers of differently-treated or doped MWCNTs were impregnated within a polystyrene 

matrix by coupling drop casting and spin coating methods. The resulting nanocomposites exhibited 

controlled thermal conductivity gradient in the cross-thickness direction with a constant thermal 

conductivity for a specific MWCNT film. These nanocomposites were studied for temperature 

distribution profiles or thermal gradient using the hot wire method.  

 

14.2. Experimental details 

Materials and Methods: Silicon (Si) wafers ((100), n-type) were purchased from IWS (Colfax, 

CA). Xylene, pyridine, acetonitrile and ethyl alcohol were purchased from Fisher Scientific 

(Pittsburgh, PA). Polystyrene and toluene were bought from Acros Organics (New Jersey, USA). 

A-B glue was purchased from Walmart Inc. (Tuscaloosa, AL). Silver paint was purchased from 

SPI supplies (West Chester, PA). DI water (18.1 MΩ-cm) was obtained using a Barnstead 

International DI water system (E-pure D4641). All chemicals were used without further 

purification. Dispersion of MWCNTs in ethanol was done in a Branson 2510 Sonicator (Danbury, 

CT). Labnet centrifuge (Edison, NJ) was used to clean, wash, and separate nanostructures. Oxygen 

plasma treatment was performed in a Nordson March Jupiter III Reactive Ion Etcher (Concord, 

CA). ATC ORION sputtering system (AJA international, Inc., North Scituate, MA) was used. ITO 

and copper targets (both 99.999% purity) were purchased from AJA International, Inc. MWCNT 

growth was conducted in a Lindberg blue M 3-zone tube furnace (Watertown, WI). Quartz tube 

was purchased from ChemGlass (Vineland, NJ). Syringe injector was obtained from Fisher 

Scientific (Suwanee, GA). Gas flow rates during the CVD process were controlled by Teledyne 

Hasting powerpod 400 mass flow controllers (Hampton, VA). Thermocouples and temperature 
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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). 

Synthesis of un-doped and N-doped MWCNTs: The synthesis of N-MWCNTs (or doped 

MWCNTs) and un-doped MWCNTs were described in previous reports [369]. Briefly, N-doped 

MWCNTs and un-doped MWCNTs were synthesized in a floating-catalyst CVD process, using 

ferrocene as the catalyst. The feed precursor used was pyridine-ferrocene for 2.6% N-doped 

MWCNTs (2.6%N-MWCNTs), acetonitrile-ferrocene for 5% N-doped MWCNTs (5%N-

MWCNTs), and xylene-ferrocene for un-doped MWCNTs.  For un-doped MWCNTs, the carrier 

gas was comprised of Ar mixed with 10% H2.  

Surface modification of un-doped and N-doped MWCNTs: Un-doped MWCNTs, 2.6%N-doped 

MWCNTs, and 5% N-doped MWCNTs were purified by sonication in 3:1 H2SO4:HNO3 for 6 h at 

70 oC. This was followed by centrifuging at 6000 rpm for 60 min. Supernatant was removed and 

fresh DI-water was added to the remaining MWCNTs and centrifuged again. This washing process 

was repeated until the pH of the supernatant reached ~7.  The purified MWCNTs were dispersed 

in ethanol (~1 mg/mL) and stored. In regard to surface modification of MWCNTs by plasma 

treatment, un-doped and N-doped MWCNTs without acid treatment were plasma oxidized for 30 

s or 5 min at 100 W and oxygen pressure of 300 mTorr.   

Dispersion of MWCNTs on silicon (Si) wafer and preparation of polymer nanocomposites: Si 

wafer was oxidized at ~1000 oC in air for 12 h to produce the surface oxide layer. Pristine 

MWCNTs, as well as the acid/plasma-treated MWCNTs were dispersed in ethanol (~1 g/L) and 

~4 mL solution was drop-casted on the oxidized Si wafer (2 cm × 2 cm). This substrate was dried 

at ~60 oC overnight to result in uniform MWCNT films. Such films were prepared for pristine as 
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well as acid/plasma-treated MWCNTs, resulting in 12 samples as shown in Table 14.1 (Sample #: 

a1-4, b1-4, and c1-4). Thermal conductivities of these samples were estimated using the Raman 

spectroscopy and microscopy method [355,370-372]. A similar approach of drop-casting was 

utilized to fabricate multi-layer MWCNT films, where different combinations of pristine and/or 

plasma/acid treated MWCNTs were stacked on the oxidized Si wafer. The stacking sequence is 

shown in Table 14.2. Finally, these MWCNT films were spin-coated with polystyrene solution 

(~50% w/w in toluene) at 2500 rpm for 60 s. The excess polystyrene was removed by spin coating 

neat toluene solvent at 2500 rpm for 30 s. The samples were dried in a vacuum oven for 48 h (~60 

oC) to eliminate air bubbles from the nanocomposite. 

 

Table 14.1. Average diameters for pristine and acid- or plasma- treated MWCNTs and the 
corresponding sample #.  

Samples Pristine Acid-treated 
Plasma-treated  

for 30s 
Plasma-treated  

for 5min 

 # Diameters # Diameters # Diameters # Diameters 

Un-doped 
MWCNTs 

a1 85.2 ± 33.10 a2 55.79 ± 45.38 a3 65.82 ± 46.17 a4 38.09 ± 29.25 

2.6%N-
MWCNTs 

b1 25.81 ± 5.69 b2 23.03 ± 6.99 b3 25.04 ± 6.23 b4 23.67 ± 6.30 

5.0%N-
MWCNTs 

c1 38.93 ± 12.85 c2 38.25 ± 8.11 c3 38.68 ± 9.33 c4 37.08 ± 11.41 
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Thermal conductivity and temperature distribution profile measurements for MWCNT films: 

Thermal conductivities of the un-doped and doped MWCNTs, before and after acid/plasma 

treatment, were measured using Raman spectroscopy method [372]. The following experimental 

steps were employed: 1) ITO film with a thickness of ~200 nm was sputtered on the back of the 

oxidized Si wafer, 2) Copper contact pads (~300 nm thick) were sputtered under same conditions 

for 60 min on the two sides of ITO film, 3) Copper wire (~0.5 mm diameter) was connected to the 

copper contact pads using silver paint, 4) This substrate with the ITO heat source was affixed to a 

piece of Teflon® substrate using insulating and sealing A-B glue, 5) MWCNT films comprised of 

only one kind of MWCNTs (pristine, acid-treated, or plasma-treated) were deposited on the Si 

wafer as described. This set-up was connected to a DC power source and Raman measurements 

were recorded (G band peak analysis at 785 nm laser wavelength). The integration time of 10 s 

and 2 co-additions were utilized for these studies and the measurements were repeated for six times 

on each sample to obtain the average values of G band location. The relationship between G band 

position and temperature (G vs. T) was obtained by heating the sample to different temperatures. 

The temperature was controlled by the DC current flow through the ITO heater. The relationship 

between G band position and laser power (G vs. Q) was obtained through Raman spectra at 

different laser powers (1 mW, 10 mW, 25 mW, 50 mW). Finally, thermal conductivity (K) of the 

MWCNTs was estimated (Eq. (14.1) - (14.11)). The steady-state temperature distribution for 

MWCNT films was simulated for Raman laser-based optical heating using Eq. (14.4) using 

Matlab® programing. The estimated thermal conductivities were used for various MWCNT films. 

The un-doped MWCNT films were evaluated for temperature distribution profiles as a function of 

Raman laser power (1 – 50 mW) and distance from the center of the laser spot (r, Eq. (14.4)). From 

this, low incident laser power of ~1 mW was further selected to study temperature distribution 
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profiles for all the remaining MWCNT films (doped, un-doped, acid-treated, and plasma-treated) 

as a function of r. 

Temperature distribution or thermal map for MWCNT-polymer nanocomposites: The 

nanocomposites (Sample #1-5, Table 14.2) were peeled from the Si substrate and placed between 

two polystyrene insulators. A chromium (Cr) wire with diameter ~0.5 mm was used as the Joule 

heating source on one side of the nanocomposite. For all the measurements, a power of ~0.4 W 

was applied to the Cr wire, which resulted in a constant temperature of ~80 oC after 30 min of 

stabilization. The temperature distributions in-plane and through-thickness were obtained by the 

attached thermocouples arranged in equal spacing (~2 mm apart) both at the bottom and top of the 

nanocomposite. The obtained temperature distributions were utilized as the boundary conditions 

for the MATLAB®-based simulations in estimating the temperature distribution or thermal maps 

within the films  

 

Table 14.2. Various nanocomposites prepared by stacking films of doped and/or un-doped 
MWCNTs (with/without acid/plasma treatment). These stacked MWCNTs layers were 
impregnated within polystyrene to result in various samples (#1 - #5). 

Sample # Bottom layer Middle layer Top layer 

1 Pristine un-doped MWCNTs  Pristine 2.6%N-MWCNTs Pristine 5.0%N-MWCNTs 

2 
Acid-treated un-doped 
MWCNTs 

Acid-treated 2.6%N-
MWCNTs 

Acid-treated 5.0%N-
MWCNTs 

3 
un-doped MWCNTs  
plasma-treated for 30 s 

2.6%N-MWCNTs plasma  
treated for 30 s 

5.0%N-MWCNTs  
Plasma-treated for 30 s 

4 
un-doped MWCNTs  
plasma-treated for 5 min 

2.6%N-MWCNTs  
Plasma-treated for 5 min 

5.0%N-MWCNTs  
Plasma-treated for 5 min 

5 Pristine un-doped MWCNTs Pristine 5%N-MWCNTs 
Acid-treated 5%N-
MWCNTs 
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Characterization methods: Scanning Electron Microscopy (SEM) images were obtained using FE-

SEM JEOL-7000 equipped with energy dispersed X-ray spectroscopy (EDX). Tecnai F-20 was 

used to collect Transmission Electron Microscopy (TEM) images. TEM samples were prepared 

by dispersing the 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 mono-Aluminum gun at 160 eV pass energy for a full range scan and 40 eV pass energy for 

a detailed scan. The analysis spot was set as “Slot” with >20 µm aperture and 19.05 mm iris setting. 

Raman spectra were collected using Bruker Senterra system (Bruker Optics Inc. Woodlands, TX) 

equipped with 785 nm laser source at 10-25 mW laser powers and 50X objective. Multiple 

measurements were performed on each sample indicated average values with standard deviation. 

The MWCNT diameters were estimated using Nano Measure software (version 1.2). More than 

200 MWCNTs were included to obtain the average values. Temperature profiles were estimated 

using Matlab 7.1 (MathWorks, Inc.). 

 

14.3. Results and discussion 

14.3.1 Synthesis and surface modification of doped and un-doped MWCNTs 

MWCNTs were grown in a hydrocarbon-based floating catalyst CVD process. Hydrocarbon-

catalyst precursors such as xylene-ferrocene, pyridine-ferrocene, and acetonitrile-ferrocene were 

used to synthesize un-doped MWCNTs, 2.6%N-doped MWCNTs, and 5%N-doped MWCNTs, 

respectively. Pristine MWCNTs were treated with either acid for 6 h or oxygen plasma for 30 sec 

and 5 min to result in surface modification. The treated MWCNTs were drop-casted onto a Si 

wafer to result in a random mesh film with a thickness of ~2.5 ± 0.3 µm. Figure 14.1 shows the 
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front and cross-section of pristine MWCNT films. Similar films were fabricated for acid- or 

plasma-treated MWCNTs corresponding to all the samples described in Table 14.1, and 

additionally indicates the average diameters of the MWCNTs. TEM images of doped and un-doped 

MWCNTs (before and after acid or plasma treatment) are shown in Figure 14.2. All MWCNTs 

exhibited wall spacing of ~0.34-0.35 nm (Figure 14.2), which is consistent with the c-axis spacing 

of the graphite. A well-defined bamboo-like structure was observed for the doped MWCNTs 

similar to earlier reports [373]. Catalytic Fe nanoparticles were observed within the cores of 

MWCNTs from the ferrocene precursor. Acid- or plasma-treated MWCNTs (Figure 14.2B-D, F-

H, J-L) led to damaged structure (e.g., stress marks, amorphous carbon, uneven edges/sidewalls) 

compared to pristine MWCNTs (Figure 14.2A, E, and I). Un-doped MWCNTs were more 

damaged than doped MWCNTs and amorphous carbon deposits after acid or plasma treatment 

were observed on the latter (arrows in Figure 14.2). 

The presence of N atoms inhibits the growth of MWCNTs because N atoms tend to occupy the 

growing edges of the nanotubes rather than the hexagonal lattices [374]. The edges of MWCNTs 

are most likely saturated with N atoms and hinder the incorporation of incoming carbon atoms into 

the growing MWCNTs [375]. This possibly led to the growth inhibition of doped MWCNTs 

resulting in smaller diameters as compared to un-doped MWCNTs (Table 14.1). The average 

diameter after acid or plasma treatment was further reduced for un-doped MWCNTs (sample # a1-

4, Table 14.1). Reduction in un-doped MWCNT diameters from ~85 nm to ~55 nm after acid 

treatment was observed. However, plasma oxidation (a dry oxidation method) resulted in 

controlled etching of MWCNTs. For example, the average diameter of un-doped MWCNTs 

reduced from ~85 nm to ~65 nm and ~38 nm after 30 sec and 5 min of plasma oxidation, 

respectively. The greater decrease in MWCNT diameters within 5 min plasma oxidation suggests 
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that this process is more intense as compared to acid treatment. Interestingly, it was observed that 

doped MWCNTs (sample # b1-4 and c1-4) were most stable during acid or plasma treatments as 

indicated by the minimal changes in the average diameters before and after. This could be 

attributed to the graphite CNx structure [376]. 

 

Figure 14.1. (A-C) SEM images showing the morphology and dispersion of pristine MWCNT 
films (sample #a1, #b1, #c1) comprised of (A) un-doped MWCNTs, (B) 2.6%N-MWCNTs, and 
(C) 5%N-MWCNTs. (D) A representative SEM image of the cross-section of drop-casted 
MWCNT film (pristine and un-doped) on the oxidized Si wafer. Note: The sample # are detailed 

in Table 14.1. 
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Figure 14.2. TEM images of the un-doped and N-doped MWCNTs before and after acid or plasma 
treatment. (A-D) Un-doped MWCNTs, (E-H) 2.6%N-MWCNTs, and (I-L) 5%N-MWCNTs. 
Note: Insets show the lattice or inter-wall spacing for MWCNTs. The dotted rings indicate the 

defects and stress marks while arrows indicate amorphous carbon. 
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To further understand acid or plasma oxidation of MWCNTs, XPS studies were conducted to 

estimate the percentage of carboxylic (-COOH) and other surface groups. Thus, C 1s and N 1s 

spectra for MWCNTs before and after acid or plasma treatment were analyzed. Un-doped 

MWCNTs N-based surface functionalities were absent on un-doped MWCNTs due to the absence 

of N 1s signals in XPS (sample #a1-4). Pristine MWCNTs (doped or un-doped) showed 4-10% of 

–COOH groups on the surface (Figure 14.3A), which could be attributed to air oxidation of 

defective sites in these MWCNTs [377]. With acid treatment,–COOH group percentages (~11-

15%) increased for both doped and un-doped MWCNTs. Plasma oxidation for 30 sec resulted in 

–COOH groups percentages similar to acid-treated samples but 5 min plasma oxidation led to an 

increase by ~12-17%. This confirms that 5 min plasma treatment was more intense than 6 h acid 

treatment. On the other hand, doped MWCNTs (sample #b1-4 and c1-4) resulted in additional 

surface groups such as pyrindinic-N, pyrrolic-N, quaternary-N, and N oxides (Figure 14.3B) [378]. 

Based on XPS results (Figure 14.3B), the pristine and doped MWCNTs exhibited pyrindinic-N, 

pyrrolic-N, and quaternary-N groups. Pyrindinic-N refers to N atoms at the outside layer, each of 

which is bonded to two carbon atoms and donates one π-electron to the aromatic π system. 

Pyrrolic-N refers to N atoms that are bonded to two carbon atoms and contributes to the π system 

with two p-electrons. Quaternary-N is also called "graphite nitrogen", in which N atoms are 

incorporated into the nanotube, represented as the bamboo-like layers. N-oxides of pyrindinic-N 

are bonded to two carbon atoms and one oxygen atom. The high percentages of pyrrolic-N in the 

pristine and doped MWCNTs indicated defective structure due to N atom incorporation in the 

carbon ring [379]. This also explains the lower diameter of doped MWCNTs as compared to un-

doped MWCNTs because such heteroatom insertion in carbon ring must have inhibited the growth 

of MWCNTs [374].  
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Figure 14.3. Surface groups on the MWCNTs and their percentage (mol%). (A) -COOH and (B) 
N-containing groups on the MWCNTs before and after acid or plasma treatments. Note: The 

sample # and the corresponding treatments are detailed in Table 14.1. 
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After 30 sec of plasma treatment, pyrindinic-N, pyrrolic-N, and quaternary-N groups remained. 

However, the percentages of pyrindinic-N and quarternary-N groups decreased and pyrrolic-N 

increased due to the etching of MWCNTs and further creation of amorphous structure. With acid 

treatment, quarternary-N groups disappeared and only pyrindinic-N and pyrrolic-N groups 

remained, indicating that the quarternary graphitic structure of MWCNTs was largely broken. No 

N-oxide groups were observed for pristine, acid-treated, and 30 sec plasma-treated samples. 

However, after 5 min plasma treatment, only N-oxides and pyrrolic-N groups remained, suggesting 

that all the other surface groups (quaternary-N and pyrindinic–N) were completely converted into 

the former two. Overall, pyrrolic-N groups were estimated to be highest in percentage for doped 

MWCNTs and could be attributed to CVD growth process and treatment conditions. A major 

difference between acid and 5 min plasma treatment was that the former could not result in N-

oxides while the latter can. Both treatments did not allow for the formation of quaternary-N groups 

except for very short (30 sec) plasma treatment. The latter assisted in reducing the pyrindinic-N 

groups. Overall, this unique study demonstrates that plasma oxidation could result in controlled 

surface modification of doped or un-doped MWCNTs. 

 

14.3.2 Thermal conductivity analysis for MWCNT films 

Raman spectra of pristine doped or un-doped MWCNTs showed G and D band peaks centered 

around ~1580 cm-1 and ~1312 cm-1,  (Figure 14.4A) [380]. G band is related to the in-plane bond-

stretching motion of pairs of sp2 carbon atoms from the graphitized structure [380]. D band 

(disordered band) is the breathing mode of sp3 rings that is related to bond-angle disorder, bond-

length disorder, and hybridization. These can be caused by heteroatom (nitrogen/oxygen) doping 
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or structural defects. As shown in Figure 14.4A, only un-doped MWCNTs resulted in 2D band 

located at ~2623 cm-1, indicating zone-boundary phonon scattering in the MWCNTs [381]. The 

2D band is a second-order harmonic of the D band, which is highly dispersive and is usually 

associated with the degree of crystallinity of MWCNTs. The disappearance of 2D band from the 

doped MWCNTs is due to the introduction of heteroatoms (N). Apart from fundamental 

information about defects, phonon modes, and graphitic/amorphous content of MWCNTs, Raman 

spectroscopy can be utilized for the estimation of thermal conductivity [355]. The measurement 

for thermal conductivity is based on the relationship between the G band shift, temperature (T), 

and laser power (Q). Digital image and schematic representation of the substrate with MWCNT 

film and in-situ ITO heater for performing the described Raman measurements is shown in Figure 

14.4B and C. The incident Raman laser on the sample can be considered as an optical heat source 

and by varying Q, it is possible to manipulate the sample temperature (T) and observe shifts in G 

band peak in the corresponding Raman spectra [382]. Similarly, by using a low laser power (~1 

mW) and controlling the temperature of the MWCNT films through ITO heater, G band peak 

locations as a function of T were evaluated. Raman spectra for various samples (a1-4, b1-4, and 

c1-4) as a function of laser power (Q ~1 – 50 mW) was collected. For un-doped MWCNTs (with 

or without treatment), there was a minor decrease in ID/IG ratio with increasing Q. However, 

increasing trends in ID/IG ratio as a function of Q was observed for doped MWCNTs. This indicated 

that Raman laser influenced the MWCNT structure, altered the disordered carbon content, and 

etched/burnt MWCNTs. The lowering of this ratio, for un-doped MWCNTs, with increasing Q 

indicated that under higher Q, it was possible to remove amorphous carbon content. On the other 

hand, increase of this ratio with increasing Q for doped MWCNTs suggested that graphitic content 

or more defects were created in these under intense Raman laser exposure. Similarly, G band peak 
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location was also studied as a function of T and temperature showed minimal influence on the 

ID/IG ratios. 

An infinitesimally-small ring of radius (r= r) is considered for the MWCNT film was created. The 

heat transfer take place across the areas given by rtA π21 = and tdrrA )(22 += π . The 

infinitesimal volume is given by rtdrV r π2= . As per heat conservation across this volume results 

in:  
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If we consider dr→0, then the second-order differential equation for heat transfer in cylindrical 

coordinates is given by )exp(
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Figure 14.4. (A) Raman spectra of pristine un-doped and doped MWCNTs (sample #a1, b1, c1). 
(B) Digital image and (C) schematic representation of the sample-heater geometry for the thermal 
conductivity measurement. (D) Histogram showing the thermal conductivities for un-doped and 
N-doped MWCNTs before and after acid or plasma treatment. 
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where T is the steady-state temperature, r is the radial position measured from the center of the 

laser spot, r0 is the radius of laser spot, q’’ is the maximum absorbed laser power per unit area at 

the center of the spot, K is the thermal conductivity, and t is the film thickness. Assuming the 

boundary conditions as: 0|/ 0==rdrdT  and 0)( TRrT == , where R is the radius of the location at 

which the temperature is room temperature (T0). Further integrating Eq. (14.3) using Matlab®, the 

temperature profile (Figure 14.5) could be estimated using:  
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where Ei(x) is the exponential integral, T0 is the edge temperature, R is the radial edge of MWCNT 

film, Q represents the Raman laser power absorbed by the MWCNT film. Considering the 

thickness of MWCNT film, we assumed that the laser power was completely absorbed in this 

study. The temperature rise in the MWCNT film (Tm = T(r) - T(R)) measured by the Raman 

microscope is given as follows: 
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The relationship between Tm and Q was obtained by integrating Eq. (14.5) in a Matlab® 

programing and resulted in Eq. (14.6): 
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The estimation of K was based on Eq. (14.7), where S is a constant depends on r0 and R. 

Experimentally, we obtained the linear relationship for G band position (G) and incident laser 

power (Q), 

11 nQmG += ,                                                                                   (14.8)  

Linear relationship for G band position and MWCNT film temperature (T), 

22 nTmG += ,                                                                                  (14.9) 

Combining Eq. (14.8) and (14.9), a relationship between T and Q is derived as follows: 

33 nQmT +=                                                                                              (14.10) 

As shown in Table 14.3, further combining Eq. (14.7) and Eq. (14.10) allow for estimating the 

thermal conductivity (K) (Figure 14.4D): 

32 tm

S
K

π
=                                                                                                (14.11) 

With the help of estimated thermal conductivity (K), Matlab® was used to derive the temperature 

profiles at various Raman laser powers (Q) using Eq. (14.4). A mesh of 1000×1000 was built in a 
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2 mm diameter from the center of laser spot. The temperature profiles were estimated as a function 

of Raman laser power (Q), thermal conductivity of the MWCNT film (K), and distance from the 

center of the laser spot (r). 

 

Table 14.3. G vs. Q, G vs. T, and T vs. Q obtained using the Raman spectroscopy and microscopy 

method. G represents the G band peak location in the Raman spectra. 

 Methods Un-doped MWCNT 2.6%N-MWCNT 5.0%N-MWCNT 

G vs. Q 

Pristine G=-0.17Q+1583.46 G=-1.01Q+1593.02 G=-1.20Q+1592.80 

Acid-treated G=-0.46Q+1585.61 G=-1.78Q+1599.11 G=-1.63Q+1603.27 

Plasma-treated 
for 30s 

G=-0.38Q+1583.18 G=-1.60Q+1593.76 G=-1.36Q+1591.59 

Plasma-treated 
for 5min 

G=-0.74Q+1579.40 G=-1.57Q+1594.22 G=-1.62Q+1592.51 

G vs. T 

Pristine G=-0.023T+1588.48 G=-0.050T+1609.02 G=-0.037T+1602.46 

Acid-treated G=-0.040T+1597.95 G=-0.037T+1608.69 G=-0.033T+1623.08 

Plasma-treated 
for 30s 

G=-0.018T+1588.42 G=-0.032T+1602.01 G=-0.032T+1599.99 

Plasma-treated 
for 5min 

G=-0.025T+1589.48 G=-0.031T+1601.62 G=-0.027T+1598.42 

T vs. Q 

Pristine T=7.39Q+218.26 T=20.20Q+320.00 T=32.43Q+261.08 

Acid-treated T=11.50Q+308.50 T=48.11Q+258.92 T=49.39Q+279.01 

Plasma-treated 
for 30s 

T=21.11Q+291.11 T=50.00Q+257.81 T=42.50Q+262.50 

Plasma-treated 
for 5min 

T=29.60Q+403.2 T=50.65Q+238.71 T=60.00Q+218.89 
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The Raman shifts corresponding to the G band peak for various MWCNT samples were plotted as 

a function of Q and T. A linear trend (negative slope) with increasing Q and T was observed. 

However, in some cases (for G band vs. Q), this linear trend of the plot was not observed at higher 

laser powers (>25 mW). This could be due to the burning/damage of MWCNTs and is addressed 

later. This deviation from linearity was significant for doped MWCNTs as compared to un-doped 

ones and this could be attributed to the presence of heteroatoms and greater extent of defects in 

doped MWCNTs [383]. Thus, for thermal conductivity measurements, linear fit of G vs. Q was 

considered for MWCNT samples. Finally, using G vs. Q and T plots, it is possible to find a 

relationship between T and Q and this allowed for estimating thermal conductivity (Eq. (14.1)-

(14.11)). Thermal conductivities of various MWCNT samples are shown in Figure 14.4D. 

Irrespective of doping, it was observed that with increasing defects in MWCNTs after acid or 

plasma treatment, a significant drop in thermal conductivities was observed with respect to the 

pristine MWCNTs. Since doped MWCNTs were inherently more defective than un-doped 

MWCNTs, the thermal conductivities for the former (as high as ~27 W/m-K) were smaller than 

the latter (as high as ~74 W/m-K). In addition, acid treatment for 6 h on MWCNTs was less 

intensive and deteriorating in terms of thermal conductivity as compared to plasma treatment. The 

lowest thermal conductivity of MWCNTs was observed after 5 min plasma oxidation irrespective 

of doping of MWCNTs. Un-doped MWCNTs resulted in ~81% drop in thermal conductivity after 

5 min plasma treatment. Similarly, a drop of ~63% and ~48% was observed for 2.6%N-doped and 

5%N-doped MWCNTs, respectively. Even though the thermal conductivities dropped 

significantly, acid or plasma treatment of MWCNTs and their N-doping were critical for precisely 

modulating their bulk thermal conductivities. It is known that thermal transport in carbon 

nanomaterials is dominated by phonon diffusion in the hexagonal carbon lattice with strong sp2 
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bonding [384]. N-containing functional groups [385] further led to defects and modified covalent 

bond structure of hexagonal carbon lattice, which lowered (as low as 8-11 W/m-K) bulk thermal 

conductivities. The N substitution also resulted in crystal distortion and acted as the phonon 

diffusion barrier [386] introducing greater thermal resistance. This was enhanced due to the acid 

or plasma treatment and poor thermal conductivity of amorphous carbon (~0.02 W/m-K) [387]. 

 

14.3.3 Temperature distribution profiles for MWCNT films 

The thermal conductivities of various MWCNT films (Figure 14.4D) were further utilized for 

deriving temperature profiles or thermal maps for the MWCNT films. There were two reasons to 

perform these calculations: a) to develop understanding of temperature distributions within doped 

or un-doped MWCNTs before and after acid or plasma treatment and b) to evaluate the role of Q 

in damaging the MWCNT structure. The latter also explained the reason for the observed 

deviations from linear trends for G band peaks. For the temperature distribution profiles (Eq. 

(14.4)), it was assumed that the Raman laser was the only source of heat and the MWCNT films 

rapidly reached steady state temperatures. In addition, the oxidized Si wafer was considered as 

thermally insulating [388] and thus, the MWCNT films provided the dominant heat transport path. 

Figure 14.5A shows estimated temperature distribution profiles for un-doped MWCNTs as a 

function of Q (1 – 50 mW) and the distance from the center of the Raman laser spot (diameter ~2 

µm). It is critical to analyze short distance (~6 μm spot diameter) and long distance (~2 mm spot 

diameter) temperature distribution profiles or thermal maps (Figure 14.5B and 5C). As Q changed, 

the temperature profile of pristine un-doped MWCNT films also changed. A stable temperature 

profile within these MWCNTs was observed for ~1 mW laser power. These results indicate that 
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understanding peak temperature (T(r = 0), Eq. (14.4)) and the slope of the temperature profiles 

(gradient) for various MWCNT films is important.        

Peak temperatures as a function of Q (~1 mW, 10 mW, 25 mW, 50 mW) are shown in Figure 

14.6A. Un-doped MWCNT films with higher thermal conductivity led to improved heat transport 

and resulted in lower peak temperatures (Figure 14.6A). However, MWCNTs with defects showed 

significantly high peak temperatures (calculated to be ~2800 oC) due to poor heat transport 

characteristics. Representative SEM images of pristine 2.6%N-doped MWCNTs showed the 

burning of MWCNTs at 25 mW (peak temperature ~520 oC) and 50 mW (peak temperature ~1015 

oC) (Figure 14.6B-E). It was found that 1 mW laser power resulted in lowest peak temperatures 

for un-doped MWCNTs before and after acid or plasma treatment (<87 oC). This is also consistent 

with a previous study on thermal stability of un-doped MWCNTs corroborating their sustainability 

until 400 oC [389]. Such low peak temperatures for MWCNT films for various laser powers also 

explained the linear correlation between G band and Q for un-doped MWCNTs. 

Higher peak temperatures estimated for doped MWCNTs before and after acid or plasma treatment 

and microscopic evidence of their burning explains the deviation of G band vs. Q from linear 

trends at higher Q.  This further re-confirms increasing trends for ID/IG ratios as a function of Q 

for doped MWCNTs. Further differentiation of the obtained temperature profiles gives dT/dr as a 

function of the distance from the center of the laser spot. An inflection point was observed around 

r = 1.12 μm, irrespective of incident Q and MWCNT sample type. MWCNT films with low 

thermal conductivity resulted in large dT/dr at r = 1.12 μm, indicating that the heat transfer process 

was difficult in such films. Overall, this fundamental knowledge is critical to fill the knowledge 

gap regarding surface-modified MWCNTs and their applications in bulk thermal nanocomposites 

as discussed next. 
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Figure 14.5. Theoretical estimation of temperature distribution profiles for the MWCNT films 
(sample #a1). (A) Representative profile for the pristine and un-doped MWCNT film as a function 
of Q. (B) Detailed thermal map for the pristine and un-doped MWCNT film at 1 mW and (C) 
corresponding to different Q. 
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Figure 14.6. (A) Calculated peak temperatures at the center of Raman laser spot on the MWCNT 
films corresponding to laser power of 1 mW and 10 mW. (B-E) SEM images of 2.6%N-MWCNT 
film (sample #b1) after exposure to Raman laser with Q fixed at (B, C) 25 mW and (D, E) 50 mW.  
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14.3.4 MWCNT-polystyrene nanocomposites and their thermal behavior  

A schematic of the nanocomposite studied is shown in Figure 14.7A. Individual MWCNT films 

were drop-casted on the substrate or on previously laid MWCNT film(s) to result in a three-layered 

stack. This stack was further impregnated within a thermally-insulating polystyrene matrix in a 

spin coating process. The aim was to enhance thermal conductivity of the polystyrene with 

MWCNTs as nanofillers. Importantly, stacking MWCNT films of different kinds (doped, un-

doped, acid- or plasma-treated) allowed for a controlled variation (or gradient) in the thermal 

conductivity of nanocomposites leading to distinct in-plane and cross-thickness heat transport. 

Thus, five different kinds of nanocomposites (Table 14.2), each having three layers of different 

kinds of MWCNTs, were fabricated. Figure 14.7B shows the digital image of flexible 

nanocomposite (15 mm × 13 mm × 0.03 mm) peeled from the substrate. SEM images show the 

top, bottom, and cross-sectional view of the stacked MWCNT films within the polystyrene matrix 

(Figure 14.7C and D). MWCNTs were present as a random mesh with each layer ~10 µm thick. It 

must be noted that treatment of polystyrene impregnated MWCNT films in a vacuum oven allowed 

for elimination of air bubbles and resulted in a compact nanocomposite with thickness ~30 μm. 

Finally, a hot wire method was utilized for understanding heat transport and temperature 

distribution within and on the surface of the nanocomposites (Figure 14.7E). Cr wire was used as 

a Joule heating source to maintain a stable temperature at bottom side of the nanocomposite. 

Temperature at various locations (uptil ~10 mm planar distance) on the top (TT) and bottom (TB) 

surface of the nanocomposite were measured by inserting five equally-spaced thermocouples. 

Figure 14.7F shows the location of hot wire and thermocouples. A power of ~0.4 W was applied 

to the Cr wire and steady state was reached within 30 min. A blank polystyrene film was also 
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prepared, as a control, in a similar spin coating method to result in thickness consistent with the 

nanocomposites.  

For various nanocomposites, temperature vs. distance plots are shown in Figure 14.7G-K. It was 

observed that TT and TB were different for all the nanocomposites, which is due to thermal 

conductivity gradient in the cross-thickness direction of nanocomposite. The temperature 

difference (TB – TT) between the top and bottom surface of nanocomposites as a function of 

distance from the Cr wire was estimated. The temperatures along the x-axis exponentially 

decreased and also indicate the temperature differences generated for similarly-treated MWCNT 

films impregnated within polystyrene matrix (sample #1-5). Sample #5 is the one with maximum 

thermal conductivity difference between the stacked MWCNT films. The temperature difference 

between the top and bottom surface of the nanocomposites strongly depended on the thermal 

conductivity of the individual MWCNT film stacked within the polystyrene matrix [390]. The 

trend in temperature difference between the top and bottom surface of nanocomposite, for 

distances less than 5 mm from the hot wire, is in the following order: sample #2 < sample #3 < 

sample #1 < sample #4. In addition, a sharp decrease in the temperature difference was observed 

within 5 mm from the hot wire. For the bottom MWCNT films in the stack, sample #2 had higher 

thermal conductivity than sample #3. Thus, sample #2 had lower difference between the top and 

bottom surface temperatures than that for sample #3. On the other hand, sample #4 had lowest 

thermal conductivities of all the stacked MWCNT films and thus is difficult to spread heat leading 

to greater top-to-bottom temperature difference. Sample #1 exhibited the highest thermal 

conductivity for the bottom MWCNT film while much lower for the top MWCNT film. This 

resulted in moderate temperature distributions, placing sample #1 between sample #3 and #4. 

Finally, sample #5 was fabricated by stacking MWCNT films with the largest difference of thermal 
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conductivities resulting in the largest difference between the top and bottom surface temperature 

of the nanocomposite. A blank polystyrene film with similar thickness (~30 μm) was also studied 

and interestingly showed even higher (than sample 5) temperature difference due to thermally 

insulating characteristics [391]. An important observation for the blank polystyrene film was in 

regard to the drop in temperature difference as a function of the distance from the hot wire. Thus, 

for approximately 10 mm distance, the temperature difference was minimal between the top and 

bottom surface of the blank polystyrene film. Sample #5 showed a similar trend but did not result 

in higher temperature difference than the blank polystyrene film. This could be attributed to 

enhanced thermal conductivity of sample #5 and gradient in the cross-thickness direction. In regard 

to samples #1, 2, 3, and 4, for distances beyond 5 mm from the hotwire, the temperature difference 

stabilized. However, it remained higher than both the blank polystyrene film as well as sample #5. 

In sample #1, due to the higher thermal conductivity of the bottom MWCNT film resulted in lower 

temperature for bottom as compared to that in the case of blank polystyrene films. In addition, 

larger temperature difference was observed for blank polystyrene film. 

To further evaluate the temperature distribution within nanocomposites, Matlab® programing was 

used to derive thermal maps in the cross-thickness of the nanocomposites. Each MWCNT layer 

within the polymer matrix was considered to be homogeneous and the thermal conductivity of a 

specific MWCNT layer was constant. The heat transfer in x direction, which is along the plane of 

a specific CNT layer and y direction (cross-thickness of the film). The top (TT) and bottom surface 

(TB) temperatures for the nanocomposites was obtained using experimental observation via hot 

wire experiment and by fitting (R2 ~99.5%) the data (OriginLab program, Figure 14.6G-K). The 

fitted equation is given by: 

')/exp( 0TbxcT += ,                                                                 (14.12) 
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where c, b, and T0΄ are constants depending on the Joule heating and the effective thermal 

conductivity of the nanocomposite. Since the thickness of the nanocomposite is very small (~0.005 

times) as compared to the planer dimensions, Fourier law for 1D steady state heat conduction (Eq. 

14.13) through a specific MWCNT layer, in y-direction, can be applied: 

dy

dT
AKq e= ,                                                                               (14.13) 

where q, Ke, and A represent the heat flux, effective thermal conductivity of the nanocomposite, 

and area relevant to the y-direction. For 1D steady heat conduction, Eq. (14.13) can be integrated 

to result in linear equation (Eq. 14.14), 

''' 0TycT +=                                                                              (14.14) 

where c΄ and T0΄΄ are constants depending on the Joule heating and the effective thermal 

conductivity of a specific MWCNT film within the nanocomposite. Thus, combining Eq. (14.12) 

and Eq. (14.14), it is possible to estimate the temperature distribution profile or thermal map within 

the nanocomposite [392].  

'''')/exp( 0TycbxcT ++= .                                                        (14.15) 

Following assumptions were made in regard to Eq. (14.15): (1) MWCNTs were uniformly 

dispersed in the polymer matrix and thermal conductivity of a specific MWCNT film in the stack 

was constant. (2) Interfacial thermal resistance due to the MWCNT films and interfaces present 

was negligible. The effective medium theory [393] was utilized to estimate the effective thermal 

conductivity of the nanocomposite is as follows: 

m

mC

e K
f

KKf
K ⋅

−

⋅+
=

23

/3
                                                        (14.16) 
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where Ke represents effective thermal conductivity of the nanocomposite, KC and Km (~0.03 W/m-

K) represent the thermal conductivity of MWCNTs and polystyrene, and f represents the volume 

fraction. The volume fraction f was estimated using the SEM images. Each MWCNT film was 

fabricated in a similar approach, incorporated same amount of MWCNTs, and resulted in f ~0.43.  

The calculated/fitted parameters for Eq. (14.12) – Eq. (14.16) are listed. Finally, Matlab® 

programing was utilized to solve Eq. (14.12) and Eq. (14.15) to obtain the thermal maps for various 

nanocomposites (Table 14.2).  

Nanocomposite #1: 

TB=63.71×e(-x/3.52)+32.67 

TT=60. 75×e(-x/3.82)+29.34 

Bottom layer (①→②): T=63.71 ×e(-x/3.52)+32.67-42.73y-(68.34-68.34) 

Middle layer (②→③): T=63.71 ×e(-x/3.52)+32.67-2.69*42.73(y-0.01)-(68.34-67.19) 

Top layer (③→④): T=63.71 ×e(-x/3.52)+32.67-42.73*4.36(y-0.02)-(68.34-65.33) 

Nanocomposite #2: 

TB=57.93×e(-x/4.23)+30.31 

TT=56.71×e(-x/4.88)+26.58 

Bottom layer (①→②): T=57.93×e(-x/4.23)+30.31-31.29y-(66.41-66.41) 

Middle layer (②→③): T=57.93×e(-x/4.23)+30.31-3×31.29(y-0.01)-(66.41-66.10) 

Top layer (③→④): T=57.93×e(-x/4.23)+30.31-3×31.29(y-0.02)-(66.41-64.22) 

Nanocomposite #3: 

TB=64.62×e(-x/3.17)+33.85 

TT=63.3×e(-x/3.28)+31.27 

Bottom layer (①→②): T=64.62×e(-x/3.17)+33.85-61.1y-(68.23-68.23) 
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Middle layer (②→③): T=64.62×e(-x/3.17)+33.85-1.51×61.1(y-0.01)-(68.23-67.62) 

Top layer (③→④): T=64.62×e(-x/3.17)+33.85-1.68×61.1(y-0.02)-(68.23-66.7) 

Nanocomposite #4: 

TB=64.31×e(-x/3.32)+33.74 

TT=58.6×e(-x/3.74)+30.29 

Bottom layer (①→②): T=64.31×e(-x/3.32)+33.74-51y-(68.94-68.94) 

Middle layer (②→③): T=64.31×e(-x/3.32)+33.74-3.79×51(y-0.01)-(68.94-68.43) 

Top layer (③→④): T=64.31×e(-x/3.32)+33.74-3.68×51(y-0.02)-(68.94-64.62) 

Nanocomposite #5: 

TB=64.79×e(-x/4.05)+32.34 

TT=61.77×e(-x/3.74)+30.04 

Bottom layer (①→②): T=64.79×e(-x/4.05)+32.34-38.77y-(71.88-71.88) 

Middle layer (②→③): T=64.79×e(-x/4.05)+32.34-4.37×38.77(y-0.01)-(71.88-71.49) 

Top layer (③→④): T=64.79×e(-x/4.05)+32.34-8.43×38.77 (y-0.02)-(71.88-69.8) 

All the nanocomposite samples (#1 - #5) showed temperature gradient in the cross-thickness 

direction (Figure 14.8A-E), which is based on the variations of thermal conductivities of the 

stacked MWCNT films. Since the bottom MWCNT films for all the nanocomposite samples 

exhibited higher thermal conductivity than any other stacked MWCNT film for a specific 

nanocomposite, the heat transfer was dominant through these bottom layers. 
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Figure 14.7. (A) Schematic of stacked multi-layered MWCNT films impregnated within 
polystyrene matrix (sample details in Table 14.2). (B) Digital image and (C, D) SEM image of a 
nanocomposite (sample #1). (E) Hot wire measurement set-up for nanocomposites showing the 
MWCNT film thickness (y-axis, F) and thermocouple locations (x-axis, F). Hot wire is located at 
x = 0 and y = 0. (G-K) Temperature distribution profiles on the top and bottom surface of the multi-
layer nanocomposites (sample #1-#5, Table 14.2). 
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Figure 14.8. Temperature distribution profiles or thermal maps for various nanocomposites 
(sample #1-#5, Table 14.2). (A) Sample #1, (B) Sample #2, (C) Sample #3, (D) Sample #4, and 
(E) Sample #5.  Note: Color bar unit: ℃ and each figure shows expanded temperature distribution 

profile for distances less than 2.1 mm.  
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14.4. Conclusions 

Un-doped and N-doped MWCNTs were grown using a CVD method. It was observed that N-

doped MWCNTs were much smaller in diameter (~25-40 nm) than un-doped MWCNTs (~85 nm). 

This was attributed to the incorporation of the N atoms in the hexagonal carbon lattice and 

inhibiting the growth of doped MWCNTs. Surface chemical modification of un-doped and N-

doped MWCNTs (2.6% or 5% N) was performed in an acid or plasma oxidation. The treated 

MWCNTs were characterized for their morphology, defects, and average diameters. In addition, 

it was observed that doped MWCNTs were more resistant to acid or plasma treatment as compared 

to un-doped MWCNTs. The surface groups developed on MWCNTs after these treatments were 

thoroughly studied using XPS, which indicated 12-17% (mol%) of –COOH surface 

functionalization during the 5 min plasma treatment and this was higher than 6 h acid treatment of 

MWCNTs. On the other hand, pyrindinic-N, pyrrolic-N, quaternary-N, and N oxide groups were 

observed for N-doped MWCNTs. As a next step, thermal conductivities of differently-treated 

MWCNT films was studied using Raman spectroscopy and microscopy method. The study showed 

that a fine tuning of the bulk thermal conductivities of MWCNT films was possible by controlled 

surface chemical treatments. The thermal conductivities of defective and doped MWCNTs (as high 

as ~27 W/m-K) were lower than the un-doped MWCNTs (as high as ~74 W/m-K). Un-doped 

MWCNTs resulted in ~81% drop in thermal conductivity after 5 min plasma treatment while a 

drop of ~63% and ~48% was observed for 2.6%N-doped and 5%N-doped MWCNTs, respectively. 

Thermal conductivity values were utilized further to derive temperature distribution profiles of 

MWCNTs as a function of Q and distance from the center of the Raman laser spot. Finally, 

differently-treated MWCNT films were stacked together and impregnated within a polystyrene 

matrix to fabricate nanocomposites with thermal conductivity gradient. The temperature 
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distribution within such nanocomposites were studied. It was observed that the gradient in thermal 

conductivity within the nanocomposite allowed for controlled heat transport and temperature 

distribution with varying surface temperatures of the nanocomposite. Furthermore, this represents 

a unique approach to modulate the heat transfer and temperature distribution within an insulating 

polymer matrix, which can be envisioned as a coating, paste, or lining for a system, where heat 

losses are necessary to be controlled. Through this approach, it is also possible to control the 

direction or path of heat transport by way of thermal conductivity gradient within a nanocomposite, 

where this gradient is achieved by a simple, scalable, reproducible, and facile processing of 

defective and doped MWCNTs. 
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CHAPTER 15 

CONCLUSIONS AND FUTURE PROSPECTS 

 
In summary, studies in this dissertation were mainly focused on the structural evolution and 

fundamental understanding of the surface and interface interactions of nanoscale hybrids and 

heterostructures composed of Si nanowires, graphene nanoparticles (GNPs), semiconducting 

quantum dots and complex ceramics. This was achieved by combining multi-step fabrication 

approaches including chemical vapor deposition (CVD), sputtering, chemical/thermal synthesis, 

plasma etching, galvanic deposition, annealing, and/or nano-carbon surface chemistry, leading to 

the evolution of multifunctional nanoscale heterostructures with novel thermal, chemical, 

mechanical, electrical and optical performances for future applications in chemical sensors, SERS, 

photocatalysis, electrocatalysis and thermal transport management. 

The main achievements or conclusions are summarized as follows: 

Multilayer graphene shell encapsulated gold nanoparticles (GNPs) were prepared via a xylene-

based CVD process, resulting graphene shell with a thickness of ~3.8 nm encapsulated on gold 

nanoparticle of ~20 nm. Their subsequent structure modification was carried out using oxygen 

plasma treatment, which was found to be effective to remove the natural amorphous carbon, reduce 

the graphene thickness (to 0.8 nm) and create the surface functionalities (16% of -COOH, 18% of 

-COH). This opens the possibility of further bio-functionalization via the well-defined 

carbodiimide chemistry. The resulting Au nanoparticles-attached GNPs heterostructures (surface 

coverage of ~22%) exhibit excellent SERS sensitivity in the detection of trace amount of R6G and 
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MB in water with an enhancement factor of 106. Highly-ordered assembly of GNP-DNA 

architectures were also obtained with this manner. Such combination may of importance in the 

future DNA detection/recognition and other bio-compatible device applications. Heterostructures 

composed of plasma-treated GNPs and semiconducting quantum dots were also obtained in this 

approach, which were demonstrated to be a promising material in light-driven energy harvesting 

and plasmon-enhanced photocatalysis. The photocatalytic efficiency of ~40% and a rate constant 

of ~0.25 h-1 were estimated for the photodegradation of organic phenol. 

Free-standing Co3O4 nanowires with controlled size, crystallization, and spatial density on the 

substrate were obtained via a water-vapor assisted thermal oxidation approach. Detailed parameter 

study were carried out for optimizing the growth process. This was followed by sputtering 

deposition of tungsten oxide and further annealing process to result in polycrystalline 

WO3/CoWO4 composite nanostructures supported on the Co3O4 nanowires. The heterostructures 

were studied for their crystal structure evolution and lattice variation across the interface. Various 

phase transformations were observed along the heterostructure diameter. Interesting p-n junctions 

were formed between Co3O4 and WO3 or between WO3 and CoWO4, which is of importance for 

the excited charge separation during a photocatalysis process. As we observed, the final annealed 

nanowire heterostructures show improved photocatalytic activity in the degradation of water-

containing phenol. The photocatalytic efficiency was improved by ~42% for the visible 

illumination and by ~25% for the UV illumination as compared with the Co3O4 nanowires. Such 

novel nanowire heterostructures can be interesting and promising for future solar-driven devices 

and catalytic applications.  

Si nanowire-Au nanoparticle heterostructures were fabricating via a wet-chemical nucleation or 

galvanic deposition – annealing approach. The surface migration behaviors (including variation of 
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chemical composition and phase transformation kinetics) of Au nanoparticles on the Si nanowires 

during annealing were further studied in detail. The results indicate that the surface dispersion 

(size, inter-particle spacing and spatial density) of Au nanoparticles has a significant dependence 

on the annealing conditions including duration, temperature and environment. Kinetics analysis 

indicates that this silicide formation process was controlled by the diffusion of silicon atoms in Au 

nanoparticles. The activation energy for this process is ~1.23 eV. For the SERS-based organic 

detection, Raman enhancement showed a significant dependence on the distribution and chemical 

state of Au nanoparticles on the heterostructures. Detection limit of 10-10 was obtained on the final 

Si nanowire-Au nanoparticle heterostructures in the chemical sensing of water-containing organic 

dyes. The estimated enhancement factor was around 106 to 108. The plamonic modeling indicates 

that such Raman enhancement is attributed to the interfacial interaction of optical properties 

between Si nanowire and Au nanoparticles. 

Carbon nanotubes (CNTs) network films were used for the thermal transport management. Raman 

spectroscopy was used for the thermal conductivity evaluation. Surface chemical modification of 

un-doped and N-doped MWCNTs (2.6% or 5% N) was performed in an acid or plasma oxidation., 

The study showed that a fine tuning of the bulk thermal conductivities of MWCNT films was 

possible by controlled surface chemical treatments. The thermal conductivities of defective and 

doped MWCNTs (as high as ~27 W/m-K) were lower than the un-doped MWCNTs (as high as 

~74 W/m-K). Un-doped MWCNTs resulted in ~81% drop in thermal conductivity after 5 min 

plasma treatment while a drop of ~63% and ~48% was observed for 2.6%N-doped and 5%N-

doped MWCNTs, respectively. Differently-treated MWCNT films were stacked together and 

impregnated within a polystyrene matrix to fabricate nanocomposites with thermal conductivity 

gradient. The gradient in thermal conductivity within the nanocomposite allowed for controlled 
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heat transport and temperature distribution with varying surface temperatures of the 

nanocomposite. It was demonstrated that the thermal transport efficiency was ~120 times higher 

in the horizontal direction as compared with the vertical direction. Furthermore, this represents a 

unique approach to modulate the heat transfer and temperature distribution within an insulating 

polymer matrix, which can be envisioned as a coating, paste, or lining for a system, where heat 

losses are necessary to be controlled.    
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