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ABSTRACT

Noble metal nanoparticles were synthesized by either nucleation in solution or dewetting from
thin metal films, and further oxidized to create a thin surface oxide shell. A detailed analysis of
suface oxidation of noble metal nanoparticlespiesentedin this dissertation. This study
allowed for utilizing these nanoparticles with controlled surface oxide to result in the growth of
graphene shells around noble metal nanoparticles in a chemicat daposition process.
Oxidation kinetics of noble metal nanoparticles was studied by combining electron microscopy
and xray photoelectron spectroscopy techniques. This was further correlated with the growth of
graphene shells and thicker oxide shell iteslin larger number of graphene layers. In regard to
explore their applicationgraphene shellencapsulated nanoparticles were demonstrated as a
unique plasmonic substrates and catalytic subst@tasmonic modeling was done by discrete
dipole approimation, simulated and explored the optical propertiesgaphene shells
encapsulated noble metal nanostructuféss approach of graphene skajfowth around noble

metal nanoparticles was further exploited to understand the role of catalytic noble meta
morphology and thus, detailed investigation of the CVD growth of graphene shells around
segmented nanowire system was conducted. It was observed that graphene shells were grown
around metal nanowires. However, the melting of the nanowires durirsthé¢hgrowth process

must be carefully controlled. This further lead to complex nanowire heterostructures and their

incorporation into polymer for biapplications as demonstrated in this dissertation.
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CHAPTER 1 INTRODUCTION

1.1 NobleMetal Nanopaticles-GrapheneHeterostructure

A particular interest imanomaterialheterostructur@s encapsulatingranoparticlesn a thin

shell or cage of other components. The purpose of growing shell can be protection of core
materials or aim to furthdunctionalzation® And the shell materials vary from polymer, metal,

to carbon oroxide materials™* Thin shellis needed for noble metal nanoparticles to prevent
nanoparticleaggregation, meanwhikhellshould no hinder the core materials to be optically or
electronically active® The problem to encapsulatanoparticlesn polymers and oxide shells is
attributed to permeability and stability of encapsulating materials, as well as the requirement of
precise combl over the pH andbnic strength ofnanoparticlesolution®’ A promising approach

is the encapsulation of noble metal nanoparticles in a single crystalline graphene or carbon shell
that will uniquely combine properties of both components in one sySeah a graphitic shell

can act as a superior surface passivant, and the shell with appropriate thickness may enable the

core materials exhibit their unique propertiesaniousapplications.

1.1.1 Dewetting of gold film into gold islands

Gold nanoparti@ds have various applications ranging from cancer cell imaging to low
temperature oxidation of C& Size and shape of gold nanoparticles are critical for their
applications, therefore the morphology control of gold nanopatrticles are of great technological
interests. Monolayer of nanoparticles/islands on substrates can be obtained upon annealing of

thin metal films, which is referred to as solid state dewetting process and driven by minimization



of surface and strain energy. The optical properties of gamt@particles/islands formed by this
dewetting process were studied Rybinsteinand his ceworkers'®*? They prepared gold island

films by vapor deposition on transparent substrates (glasses), analyzed the 3D morphology of
gold islands by scanning eleah microscopy (SEM), crossectional transmission electron
microscopy (TEM), and atomic force microscopy (AFM) crsesstional profilometry. One
particular interest oR u b i n sgtoepi imshudying the localized plasmon properties of gold
island film onglass. The variability of size and shape of gold islands, as well as distance between
them are provides effective means of tuning the localized surface plasmon resonance (LSPR).
Meanwhilethe stability of gold islands was increased by partially embeddim tin the glass.

At the beginning of dewetting, voids forms by various mechanisms such as thermal grooving at
grain or twin boundaries, vacancy nucleation at the interface of film/substrate, or due to
heterogeneities in the substrate (dust particles loeroimpurities). As annealing continues,
cavity is expected to grow along the area of high stress such as grain boundaries. During the
growth of hole the removal of material fronmole-border took place and formed pig
materials around the hole. Sincem materials need to be moved during growfthole if it
remains circular, growth of branchédle was more often observed, which preferably takes
place at the tips of holes. Given enough time and temperature, the metal film will reshape

continuously taminimize surface energy.

1.1.2Methods for synthesizing carbgnaphene encapsulated noble metal nanoparticles
Past research has indicated significant interest in encapsulation of transt@innanoparticles
with carbon shells using a chemical vapopatgtion (CVD) approacft However, it has been

observed thain the CVD method, transitiemetal nanoparticles not only catalyze growth of a
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graphene shell but also of carbon nanotubes (CNTs) and amorphous’é@bahe other hand,
noble metal nanopartes are difficult tobe encapsulaiin graphitic carbon shells by the CVD
approach due to the low carbon solubility in the forfemstead, TEM based electron
irradiation ofgold nanoparticlesNuNPS9 dispersed on carbon grids has been utilized to aghiev
graphitic carbon shells around AuNPsHowever, this process involved high growth
temperatures under electron irradiation, and the resulting carbos atteldl like a pressurized
chamber with enough surface tension to lead to the ejection of the dategsanoparticle®*®

In addition, this approach did not allow for the recovery of hybrid nanoparticles from the TEM
grids and severely limits their applications. Polymer coatings on oxidized AuNPs have bee
converted into carbon shelfSput the use of polymer resulted in amorphous carbon and required
long processing duration and cleaning of hybrid nanoparticles to eliminate the remaining

polymer or impurities.

Carbon nanocapsule and CNT have been produséty palladium nanoparticles (PdANPSs)
though arc dischargé’fi Wo r ml i k e ocarpoa hetemadricurmhas been fabricated by arc
treated PdO/graphite mixturé Also, low temperature (~208C) hydrothermal process has

been applied to synthesize pallam-carbon core/shell heterostructufés.The carbon shells
fabricated in above methods are usually thick and disordered. Hollow porous carbswishell
mesopore and micropore have been synthesized and employed to protect palladium nanoparticles
as catafst for aerobic oxidation of alcohd!®.The hollow coreshell heterostructusewere

fabricated by removing the intermediate siliceous layer between PANPs and carbon layers.

Ge and coworkers utilized electron irradiation synthesized fulldiemecarbon sklls around

platinum nanoparticles (PtNPS)However, this process requires high temperature (223%o
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form Ptamorphous carbon specimens, and graphitic shuld only form on small platinum
nanoparticles (less than 5 nm) by irradiation. A commosegdunethod to obtain nanostructured
carbons is applying templating procedures using sil&sed molds, which involves coverage or
filling of the surfaces of the molds with carbon sources followed by carbonization under inert or
reductive conditions, andibsequent removal of the molds using chemical etchiffgd more
convenient approach for the preparation is to incorporate PtNPs in hollow carbon nanospheres
through the photocatalytic reaction of Li@anoparticles in deaerated aqueous media, where
TiO, nanoparticles not only act as molds of hollow carbon but also induce simultaneous
deposition of PtNPs and phenolic polymers by photocatalytic reduction and oxidation of

platinum precursor and phenol, respectiv@ly.

Our group previously demonstrated a sien@VD approach to grow carbon skathcapsulated
AUuNPs?29 Since these carbon shells have interlayer spacing consistent wittiespacing

of the graphene layers, we also referred to them as graphehlie etcapsulating AuNPs
(GNPs). The approach utilized commercially bought AuNPs patterned on a silicon (Si) substrate
that were plasma oxidized to form surfamadized AuNPs. The latter served as the catalyst for
the growth of graphene shelh the presnce of a hydrocarbon source at temperatures between
600 and 700 °C. The graphene shell thickness was contrelle@{ nm) by varying growth
times, which indicated thdlexibility of our CVD method. Additionally, the rich surface
chemistry of the carboxig-derivatized graphene shejprovided an interesting opportunity for
bio-analysis and sensing. The most critical step in the formation of GNPs is 18& Prplasma
oxidation of AuNPs to result in surface gold oxide. It has been observed that such-plasma

oxidized AuNPs inhibit the growth of CNTs in a CVD proc&sk.was later demonstrated that



surfaceoxidized AuNPs resulted in graphene shells encapsulating the core AuNPs. This makes
the approach suitable to grow impusftge GNPs. However, a detaileshderstanding of the
graphene shalgrowth mechanism, plasma oxidation kinetics of AuNPs, effect of structural
defects in the AuNPs on the graphene shglbwth, and large area growth of GNPs remains

unexplored and unclear.

1.1.3 Oxidation kinetics of ndd metal nanoparticles.

The formation of a surface oxide shell on noble metal nanopatrticles is essential for the graphene
shelk evolution. For this reason, the understanding of the mechanisms and kinetics of oxidation
is highly desirable. In general, tiggowth of oxide layers is controlled by diffusion of ions and
electrons under the influence of gradients of their concentrations angeselfated electrical
potential (during anodic oxidation, the oxidation can be facilitated and/or driven by external

potential).

Cabrera and Mott (CM) proposed a generic model when electric field acts as dominate barrier in
diffusion. The CM model states as follo#lsoxygen molecular or dissociative adsorption at the
oxide surface is accompanied by the formation of surésates located (in the absence of the
field) above the oxide valence band and below the metal Fermi lgvelEg (whereE, is oxide
valence band an# is the metal Fermi levelDuring oxidation, electron tunneling from the
metal to vacant surface staf which results in the appearance of charges on the oxide interfaces
and accordingly in shift of the energy of these states up to the Fermi level. It generates uniform

field in the oxide film as given:

e=V,/L* (E.- E,))/eL (1.1)



wherelL is the thickness of oxide layer, aeds the absolute value of the electron charge. The
control step of the oxide growth is assumed to be activated jumps of metal ions located in defect
sites on the metaixide interfae. The electron field is considered to be strong that the jumps are

practically irreversible. The rafaniting jump rate constant is represented as:

ky =k exp@b,e/k,T) =ks exp@h,V, /k;TL) (1.2)

In this regard,k, is therate constant for the case without fielghV,/Lis the fieldinduced

decrease of the jump activation energys the ion charge, anl, is the distance between the

positions of the corresponding potential well and barrier. The growtkidsne given by:

dL/dt=a,pk; exp@h,V, / ksTL) (1.3)

wherea is the distance between nearesighbor metal layers, analis the fraction of metal
atoms located in defect sites of the interface. If weusegk; p andA=qh,\V,/k,T, Equation

1.3 can be rewritten as:

dL/dt =uexp(A/L) (1.4)

Usually, the scales aftyVo andksT are 10" and 10°, respectively, and the scale of A is about 5

10 nm, thus for thin age films, A/L > 1. With this condition, integrating Equatid™ yields:
(L*/ Aexp( A/L) =ut (1.5)

Based on these assumptions, the CM model is applicable for describing the formation of
relatively thin oxide films (ugo about 510 nm). To apply CM theory to describe oxidation of

nanoscale supported metal particles, we assuming a spherical geometry with th® rauaiius
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oxide shell of thicknes&. It implies that the electric field inside a supported particle has a
spherical symmetry, assuming the support is inert and the charge transfer between the support
and the particle is negligible. Thus The potential in the oxidR{dt ¢ r ¢ R, r is the radial

coordinate) is
un=2+c (1.6)
r

where B and C are constants. SikgeU(R-L)-U(R), we get:

_V,R(R- L)

B 1.7
i (1.7)
The electric field near the metakide interface is accordingly given by:
o= B = VoR | (B - )R (1.8)
(R-L)* (R-L)L eR-L)L
Submit Equatiori.8 aboute into Equationl.2 and1.3, we can rewrite Equatiadh4 as:
AR
dL/dt=uexp———— 1.9
Pl 0 (1.9)
There arether expressions of CM model. For instarfce:
f(L):l(Lz- L,’) - i(lﬁ- L) =Wt (1.10)
2 3R

wherely is the original thicknesandq is a constant quantity related to the binltpotential
across the oxide and ionic matyl It should be noted that the oxidation in the CM is insensitive

to the morphology of oxide layer because the oxidation rate is controlled by the processes
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occurring on the interface. However, the CM model is not applicable if the oxidation is

accompared by the formation of cracks in the oxide film.

Considering the fact that oxygen diffusion in the oxide layer is generally theatenining
step in metal oxidation, and the volume of the oxidation product is usually larger than volume of
the metal, VEensiCarter model is also utilized to describe oxidation kinéfiésFor a spherical
particle, the rate of thickening of the oxidation product was assumed inversely proportional to its

thickness:
dL/dt=k/L (1.11)

wherek is constant. Integration of Equati@ril gave:
L* = 2kt (1.12)
The volume of unreacted material at time t was given as:

= 2P(R- L) =R ¥ (113)
where x is the fraction of the original sphere which has reacted;aalled reacted ratio. Thus,

1

L=R1- (1- x)®] (1.14)
Substituting Equatiot.14 into1.12, we obtained

[1- 1- X)¥3]% = 2kt/ R? = Kt (1.15)



The above analysis neetb be adjusted because of two reasons: First, Equatldnis for the

reaction of a plane surface. But the rate of thickening of a spherical shell of the reaction product
must depend upon the ratio of the areas of the outer to inner surfaces. Secondly, EdiBaison
accurate only when t he vcbhahge afeer oxidatiors pubteerrealityp ar t i
is oxide usually has larger volume than original metal volume. Considering above two reasons,

Equationl.15 can be adjusted to:

[1+(z- DX]?® +(z- D(A- x)*° =z+2(1- 2kt/ R}’ (1.16)
Or can be rewtten as:

f(X)=[{1+(z- D2 +(z- D@A- X)**- Z]/(1- 2) =Kt (1.17)

whereK is a kinetic constant, arms the volume of oxidation product formed per unit volume of

reactant consumed.

1.2 Plasmonidviodeling forNoble Metal Nanoparticles andCore/Shell Heterostructure

1.2.1 Plasmonic background

Surface plasmon resonance (SPR) or dipole plasmon resonance is the collective oscillation of
valence electrons in a solid stimulated by incident ligist shown in Figure 1.1)When the
frequency of igident light photons matches the natural frequency of surface electrons oscillating
against the restoring force of positive nuclei, the resonance condition is estaSfisB&R in
nanostructures is known as localized surface plasmon resonance (LSRR)grelaitly influence

the optical properties of metallic nanostructufedhe shape, size and composition of the
nanostructure, as well as the optical properties of the surrounding dielectric, are parameters that

greatly influence the spectral location bEtLSPR. A very interesting phenomenon is that the
9



induced electromagnetic field associated with the LSPR is greatly enhanced at the
metal/dielectric interface, this is the basis for various types of surface enhanced spectroscopy,
such as surface enhancBaman scattering (SERS). Depending on the geometry and size of

nanostructure, the near field intensities will be enhanced to different degrees, while the

extinction bands will be shifted to different wavelengths.

The scattering and absorption of spherfatticles of arbitrary size, or infinite cylinders can be
sol ved by Ma x3iWrot cbnipbcatesl gaeometriesoohnanostructures, approximations
need to be made in order to obtain an accurate result. The discrete dipole approximation (DDA)

is one sukb method.
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Figure 1.1 Schematic of plasmon oscillation for a sphere, showing the displacement of the

conduction electron charge cloud relative to the nuclei.
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1.2.2 Discrete dipole approximationdavisualization of near field

DDSCAT is an open source software package developed by Draine and*(latawcapable of

calculating absorption and scattering properties of target through the discrete dipole
approximation method. The approach to modelar t i cl eds pl asmonic reso
particle into a finite array of polarizable points (dipoles), calculate scattering and absorbance
properties of these separated dipoles, and the interactions between them. The accuracy of this
method is depedent on the number of dipoles that represém¢ target object, which is only

limited by the computational power available. Two mairecidt the validity of the DDA have®

meet:

1. The equatior] m| k(dMerem is the complex refractive indek,is a fundion of the
incident wavelength, and is the dipole spacing) must be satisfied, which means the
lattice spacingl is small enough compared to the wavelength of the incident light striking
the target.

2. The target object is accurately depicted, so eithenust be small enough or dipole

numberN is large enough.

An important step of DDA is the calculation of effective radius. If we set V be the actual volume
of the target, which is represented by an array of N dipoles, located on a cubic lattice with lattice

spacing d, then we get:
V = Nd® (1.18)
Thus the size of the target,-salled the effective radius is given by:

8y * (3V/4p)" (1.19)
12



When building irregular geometries or geometries whach consist of multiple shapes or
components, it becomes difficult to construct the target and calculate the effective radius. Since
DDSCAT allows us to create custamrget geometries and arrays which would be difficult or

i mpossi ble otherwise, we firstly wuse o-pen so
di mensi onal target, t hen convert it i nto A s
AMeshLabo -irsidegp ofi ytnieWr ono. DDSCAT can identify
scattering and absorbance accordingly. Also, the effective radius can be obtained according
through the approach we built the target. It should also be noted that, DDSCAT sets the incident
light direction is through saxis, so we can manipulate the orientation of target to simulate the

cases when incident light hit the nanostructure from different angles.

It is necessary to check if geometries we built are representing our targets befooeess the
DDSCAT <calcul ati on. Anot her open source progr
our Ashape.dato file to see if it i s correcH
Laboratory of Paper Coating and Converting at the Abo AkadJniversity and is specifically

made to be compatible with the DDSCAT package. It can create a three dimensional

representation of the shape which can be manipulated in space using the mouse.

To predict the SERS effect of nanostructure, DDSCAT paclkagapable to calculate the near

field of our nanomaterials. And the visualization of near field enhancement can be achieved
through an open source program APython(x,y)o.
software for numerical computations,taaanalysis and data visualization based on Python

programming language, Qt graphical user interfaces and Spyder interactive development

13



environment. The three dimensional visualization image obtained from Python(x,y) can be

dragged by mouth, in that waye near field enhancement can be presented straightforwardly.

1.3 NanowiredHeterostructures

1.3.1 Synthesis of metal nanowires

The design and fabrication of nanoscale/mesoscale structures have significant impacts on
technologies such as chemical sensimgl @rug delivery®*' Various approaches of one
dimensional (1D) nanostructures fabrication have been reported, including chemical vapor
deposition, photolithography, anelectrodepositioi**®> There is an increasing interest on
collective behavior bnanostructures, which related to a large ensemble of nanostructures into
integrable functional units. The properties of the system as a whole may be fundamentally
altered and more complicated than the properties of the elements in isolation, as &sinvolv
unique interactions of a group of naalements acting togeth&t Arrays of highly ordered and
uniform nanostructures are desirable to achieve maximum collective resonance effects.
Producing masamount of nanostructure arrays is a challenge to the-fiadnication technique.
Top-down approach like electron beam lithography is difficult to achieve that purpose because of
its low throughput due to its long exposure time, small field size, and high cost of equipment. On
the other hand, the botteap approah that using the membrane with aligned channels as a

template for nandabrication can be applied to synthesize arrays of nanostructures.

Electrodepositing nanowires using porous membrane as template is an effective method to
synthesize highly ordered nadlic nanowires.*® Template synthesis through electrochemical
deposition is a versatile and particularly simple approach. Nanowire arrays can be obtained by
filling the porous template that contains a large number of uniform, straight cylindrical holes
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with controllable narrow size distribution. This electrochemical approach is also capable to make
specific individual segments along the length of the nanowire thus resulicmasol ed fAaxi a
heterostruct 1 aredhe nombimaton pfediférentegments nanowires holds

promising potential in design of complicated nanostructures with-fiomittions>%>

Two types of template are commonly used for nanowires fabrication: polycarbonate (PC) and
anodic aluminum oxide (AAO) membranes. The channedslénthese membranes are aligned
almost parallel to each other, and perpendicular to the surface of the membrane without
interconnections between adjacent pores. The pore density of an AAO membrane is Bbout 10
10! pores/cri, whereas for a PC membrankee tpore density is two orders of magnitude lower
than that of AAO, about 6xE@ores/cri.>® Before electrodeposition, a metallic layer serving as
back electrode is evaporated or sputtered onto one side of the membrane. After mounting the
membrane into eleaideposition cell, nanowires can be filled using a conventional potentiostat
method. After the deposition was done, the PC membrane can be dissolved °@ 40
dichloromethane (GCH,), rinsed in fresh dichloromethane, chloroform, and eth#hehereas

AAO membrane can be dissolved in sodium hydride (NaCl) or potassium hydride (KCI).

1.3.2 Synthesis and applications of nanowire heterostructures

Nanoparticles are usuallgttachedwith wires to obtain higher loading amount in practical
applications. More impaoantly, wires can be arranged into tywor threedimensional structures
as building blocks for nanodevicdganowiresheterostructurean be classified according to the
morphology of different components decorating onriaaowirebone. Hybridnanowireswith

axial direction, radial direction mw#egments, branchduketerostructuresnanowiresdecorated

15



with nanoparticlesand coreshell nanowires have been synthesized, with examples shown in

Figure 12.%°
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Figure 1.2 Schematic and examples nanowirebasedheterostructureshowing (A) Axiat
multisegmenCdTeAu-CdTenanowiresensors for the detection of DNA molecu{é&eprinted
with permission from (Mliisegment nanowire sensors for the detection of DNA molecules).
Copyright (2008) American Chemical SocigetyB) Branched silicomanowire§ Reprinted with
permission from Rational Growth of Branched andHyperbranchedNanowire Structures.
Copyright (20@) American Chemical Socigty(C) Au nanoparticleslecorated on Pbanowires
{Reprinted from Elsevier, 25Vang, H.; Wang, X.; Zhang, X.; Qin, X.; Zhao, Z.; Miao, Z.;
Huang, N.; Chen, Q., Aovel GlucoseBiosensorBased on thdmmobilization of Glucose
Oxidase ontoGold NanoparticlesModified Pb Nanowires. 142146, Copyright (2009); (D)
Intrinsic silicon core/SiQp-type silicon shelhanowire the oxide layer is too thin (<1nm) to be
distinguished in the TEM imagfReprinted by permission from MacmillaRublishers Ltd:
Nature (auhon, L. J.; Gudiksen, M. S.; Wang, C. L.; Lieber, C. M., EpitaQiale-Shell and

Core-Multishell Nanowire HeterostructuresNature 2002, 420, 57-61), copyright (2002)}
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For axial heterostructures multisegment nanowires compri®e several different material
compositions orphasesalong the length. Figure .2A shows electrochemicaldeposited
nanowireswith CdTeAu-CdTe multisegmentin axial directiom® After deposition, the gold
segment wagunctionalizedwith thiol group ¢SH) andutilized for binding single strand DNA
(ssDNA) fragments. CdTe segments at both ends served to modulate the equilibrium Fermi level
of this heterojunctiondevice Such multisegmentnanowirescould lead to the fabrication of
sophisticated and speciftansensordy selective function&ation of individual segments.

Figure 1.8 presents branched silicon nanowit€¥he branched structure was achieved through
amultistepnanoclustercatalyzed vapaeliquid-solid (VLS), and the branch diameter and density
were controlled by the diameter and density of gadshoclusterBranchednanowiresprovide
another approach for increasing structural complexity and enabiorg functioral surface
areas’’ Nanowirescan also be utilized as structural material decorated eilier composite

nanoparticlesorming heterostructures

Figure 12C shows glil nanoparticles decorated on lead (Rahowires as glucose senst&b
nanowireswere fabricated by an-tyteineassisted selissembly route and functioned wittiol
group, gold nanoparticles were incorporated onto tlamowiresurface through StAu bond.
The resultnanocompositeexhibited an excellenglectrocatalyticactivity and high sensitivity
(135.5 uA mM* cm®) of glucose with longerm stability. Coreshell nanowiresformed by the

growth of crystallineoverlayerson nanocrystalsan enhance emission efficienty.

Figure 1.D exhibits intrinsic silicon$iO,/amorphous fiype silicon multishellnanowires® To
achieve this core/mulshell heterostructuresinglecrystd intrinsic silicon corewires were first

prepared by golthanoclusterdirected axial growth from chemical vapor deposition (CVD),
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usingsilaneas the silicon source. The oxide layer was grown at’@5fsing oxygen andilane
Silicon shells(p-type) werethen deposited usinglaneand 100ppm diboranehelium where the
shell thickness was directly proportional to the growth time. The resistivity of theseshmilti

nanowireds dominated by the amorphoudype silicon shell.

1.4 GraphendncapsulatedNanowire Heterostructure
Graphene is a carbon material consisting of planar monolayer of hexagénaybsiulized
carbon$? It attracts tremendous research interests in recent years due to its unique properties

6364 \which make itself an ideal

such as mechanical flexibilt§ and thermal/chmical stability
two-dimensional reinforcing component for hybrids or composite materials that possessing an
extremely large surface area. Since graphene was unexpected separated from natural graphite by
micromechanical drawm® various synthetic methods have been developed for the- mass
production of highly functional graphene such as chemical etéhgrgphene oxide reducifig

and CVD growttP® Among those methods, oxidative exfoliation of naturally abundant graphite

and subsquent reduction offers a highly efficient route to producing chemically functionalized

graphene, whereas CVD growth can provide more compact heterostructures between graphene

and other components.

Graphene can be wrapped on ss$embled biomolecules form graphene encapsulated
nanowire heterostructure. Han et al. demonstrated a straightforward hybrid assembly of
diphenylalanine/graphene core/shell nanowires by sistgle solution processifg.

Di phenyl al anine is knownamgl dihe @ssacitatrad wio
diseasg® it is capable to selissemble into highly stable nanoscale morphologies such as
nanotubes’® nanowires;* and nanoribbon& They first prepared an aqueous grapherigle
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dispersion following a modified Hummers method, which followed by chemical reduction with
hydrazine and formed aqueous dispersion of reduced graphene. The peptide/graphene core/shell
nanowires were created immediately, as soon as an organic psphliden (100 mg/mL
diphenylalanine in 1,1,1,3,3f8xafluore2-propanol (HFP) solution) was diluted in that aqueous
graphene dispersion under mild mechanical shaRinBhey found that the intermolecular
interaction governing that marvelous core/shell assembly was varied by the pH of the assembling
solution. The core/shell hybrid assembly only occurred in the suitable pHira(®7-5.4), and

the thickness of graphene shell was tunable with pH variation.addrceworkers tested the
electrical conductivity of an individual core/shell nanowire By ineasurements, and generated

a hollow network of graphene shells by thermal calcinations 1@@06r 20 min) of peptide cores

of highly entangled core/shell nanoes. This graphene shehetwork could be employed as a

supercapacitor electrode with remarkable performance.

Besides selhissembled biomolecules, metal nanowires can also be encapsulated in carbon shells.
Synthesis strategies of metal/carbon core/sheflowire heterostructure can be classified into
following ones: Filing CNT core with metal by electrochemical reactions or thermal

diffusion;>"*

surface coating of metal nanowires with carbon shély hydrothermal
synthesis™®’® and fabricating metal/carbocore/shell heterostructure through chemical vapor

deposition applying metal and carbon sour¢é3

In case of filling CNT core with metal through electrochemical reaction, CNTs were prepared
firstly and aced as templates for nanowire formation. Ceppons can diffuse into the CNT

pores and onto the outer surfaces, and then turn into metallic copper at high temperature in the
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presence of the carbon nanomaterials, result in the coverage of copper in parts of the pores and

the surfaces of CNT

Filling CNT core through thermal diffusion is achieved by heating high quality purified CNTs
and metal powder under high vacuum and inert environment, thus metals of low sublimation
temperatures can vaporize to fothn nanowires within the core of CNTs through capillary
action’® These nanowires can be completely protected from oxidation and structural

decomposition by surrounding walls of CNTSs.

The core/shell nanowirdermed through hydrothermal reduction/carbonization in the presence

of surfactant acting as the structulieecting agent by hydrothermal treatméhtin this
approach, morphology of metal nanowires can bentamed, but the obtained carbon
nanostructures are usually disordered. The chemical vapor deposition approach, on the one
hand,can use bottorup process to grow core/shell heterostruct{f&sOn the other hand,

metal nanowires can act as template for carbon precursor through chemical vapor deposition
process? It should be noted that, the product of core/shellomare heterostructures
synthesized by chemical vapor deposition usually unés@asignificant morphological change
(difficult t o mai nt ain ordered mor phol ogy)

graphene growth conditions.

1.5 NanowiresCNT HeterostructureSynthesis and\pplications

Aligned CNTs can be produced by chemical vapor deposition, in which the outer diameter of
CNTs is determined by the diameter of the catalyst paffi&feThe arrays of aligned CNTs with
uniform diameters and periodicrangements are generally fabricated using AAO template by

chemical vapor depositidf3.In this case, not only the diameter of CNTs can be controlled, but
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also the site density (number of CNTs per unit area) is tunable depending on the density of AAO

channés.

NanowireCNT heterostructures attract great research attention because of their unique
properties. For instance, one dimensional metal/CNT heterojunctions with Ohmic or Schottky
currentvoltage (V) characteristic are building blocks in nanoelectrenisince planar

metal/semiconductor heterojunctions are building blocks in microelectf®nics.

Luo et al. synthesized ordered vertical arrays of Ni/multiwalled CNT (MWCNT)/amorphous
CNT (aCNT) heterojunctions, which consist of a nickel nanowire, a MWCN@, @ aCNT
connected end to end, where the MWCNT is semiconducting and two Schottky contacts exist at
the two ends of the MWCNT, respectivéfyThey measured and analyzed thé ¢haracteristics

of the heterojunctions embedded in the arrays by a condu&iW. It was found that although

the long aCNT segments would bury some electrical signals of the Schottky contacts in
heterojunctions, the Schottky contacts in the other heterojunctions played a central role and made

the corresponding heterojunctionsspess rectifying-V characteristics.

Carbon nanotubes have also been used as electrodes for supercapacitors because of their
excellent electrical properties and high surface d¥4d4owever, CNT based supercapacitors

have their own problenf€.One of themajor issues is the high contact resistance between the
electrode and the current collector which limits their perform&#i€he high contact resistance

could be lowered by growing CNTs directly on to a carithe substrate, which act as current
collector. Ajayan and cworkers fabricated ultrhigh power supercapacitors by using multi

segmented CNT/Au nanowire hybrid structures as electrode, where both the CNT electrode and
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current collector gold nanowireseaintegrated into a single nanostructured wire thus resulting in

excellent performance of the supercapacitbrs.

The combination of nanowire and CNT provides broader capabilities and wider functionalities.
Ajayan et al. demonstrated that appropriately desichybrid nanowire/CNT heterostructure can

be used to generate structures that can respond to their environment and be manipulated through
various external stimuf® Their approach is based on the manipulate composition of hybrid
nanowires consisting of mitiple segments with hydrophobic carbon nanotubes on one end and
hydrophilic metal nanowires on the other. Thus, with the change of hydrophiy of outer
environment, the nanowire/CNT hybrid can exhibit different-asfemble behavior. It should be

noted tkat these kind of materials are toxic if been directly implanted into human body, so it is
necessary to consider to encapsulate theg®id materials into bigriendly materials, for

example hydrogels, which is discussed in next section.

1.6 Hydrogel andNanowiresNanotubesHydrogelHeterostructure

1.6.1 Hydrogel synthesis and properties

Hydrogels are hydrophilic polymers in their crosslinked forms, wbahabsorb &rge amount

of water butmeanwhile notlissolving due to their network of polymer chaifi$lydrogels have
demonstrated great potential for biological and medical applications because of their high water
content and biocompatibility. Natural hydrogel can be derived from polymers such as collagen,
hyaluronic acid (HA), fibrin, alginate, agarosand chitosan. Collagen, hyaluronic acid, and
fibrin can be obtained from various components of the mammalian extracellular matrix.
Alternatively, alginate and agarose are derived from marine algae sources, while chitosan is

derived from chitin.

23



Hydrogelscan also bdabricatedthroughvarious chemical methodSynthesized hydrogeksre

more appealing to researchers because their networks can be designed and synthesized with
molecularscale control over structure, for instance, crosslinking density, thiasnadailored
properties such as biodegradation, mechanical strength, chemical and biological response to
stimuli. Some widely studied neutral synthetic hydrogels can be generated from derivatives of
poly(ethylene glycol) (PEG), poly(hydroxyethyl methaetg) (PHEMA), and poly(vinyl

alcohol) (PVA).

PEG hydrogels are nontoxic, ranmunogenic, and widely used for biomedical applications.
They can be synthesized by varied methods to covalently crosslink PEG polymers. Among
which, photepolymerization using @aylateterminated PEG monomers is a patrticularly
appealing approach of crosslinking PEG chains. PEG is inert to most biological molecules such
as proteins, so normal PEG hydrogels are passive constituents of the cell environment. However,
PEG hydrogels ¢a be modified through numerous methods to make them into versatile
templates for many subsequent conjugations. For instance, peptide sequences can be
incorporated into PEG hydrogels; or PEG polymers can be chemically modified by formation of

copolymers wih other materials to induce degradation or modify cell adhesion.

PHEMA hydrogel is well known as a material of making contact lenses and drug delivery.
PHEMA has attractive properties include its optical transparency, stability in water, and its
mechanich properties. It also can be modified through peptide functionalization and

copolymerization to achieve desired properties.

PVA hydrogels are stable, elastic gels that can be formed by both physical and chemical

crosslinking methods. Physical method liepeated freezing and thawing process is commonly
24



used. The physically crosslinked PVA hydrogels are biodegradable and can be used for
biomedical applications. Also, PVA can be crosslinked through the use of difunctional
crosslinking agents such as glutdednyde, acetaldehyde, and formaldehyde. For chemically
linked PVA hydrogels, if they are used as biomedical materials, it is critical to remove residual
crosslinking agent from the hydrogel, as the release of toxic residue in the body would have
undesirale effects. Other methods of chemical crosslinking include utilizing of electron beam or

gamma irradiation which would not leave behind toxic agents.

Environmentally responsive hydrogels attract special attention from researchers due to their
capability of sensing and responding to changes to external stimulation such as pH, pl,
temperature, and specific analytes. These environmental responses are attributed to chemical
structure of the polymer network. For pH sensitive hydrogels, their polymer networigncon
weakly acidic or basic pendent groups (e @OOH), which can be ionized during water
sorption, depending on the solution pH and ionic composition. Common ionic polymers include
poly(acrylic acid) (PAA), poly(methacrylic acid) (PMMA), and polyacryldsmi{PAAmM). These
hydrogels can act as sepgrmeable membranes for the couiters, thereby interact with the
external solution through ion exchange, and influence the osmotic balance between them. For
example, the equilibrium degree of swelling for iomigdrogels containing weakly acidic

pendent groups increases as increase the pH of the external solution.

Another most widely studied responsive hydrogel systems are tempeegpoasive hydrogels.

For these hydrogels, reversible voluptease transitiontakes place with a change in the
temperature of the environmental conditions. Poligdpropylacrylamide) (PNIPAAmM) and its
derivatives are typical temperature sensitive hydrogels. Their behavior is related to polymer
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phase separation as the temperaturaiged to a critical value so called lower critical solution
temperature (LCST). Above the LCST, polymers tend to shrink or collapse, while hydrogels
swell upon lowering the temperature below the LCST. Thesamsitive hydrogels are applied in

drug delivey and tissue engineering.

1.6.2 Hydrogel encapsulated nanowire/nanotube heterostructures

Devices atnanoscaleare pomising in the domain of biological engineeringowever, their
applications are restricted by the requirement of-doimpatibility>> Combhation of
nanomaterialsvith non/lowtoxic polymer is one of approaches to solve this probldyarogel

has long chain hydrophilic polymer networks which have the ability to contain a large amount of
water. Moreover, its swelling/shrinking process candesiive todifferentstimulations such as
temperature, water, change of pH or ion strengthis makeshydrogelinto a material which

responds to different conditiors

Figure 1.2\ shows a temperature sensitive drug releasing system ohgolwtodsncagulated

in nearinfrared (NIR) light responsive polymer, whose glass transition temperagris (it the

range of body temperatuf@ At normal body temperatur@ <Tg), the structure is glassy and
release is limited, whereas when T>The polymer is rubdry and release is enhanced. The
authorappliedthis heatingsystem to trigger release of the chemotherapeutic drug doxorubicin in
vitro, multiple cycles of NIR exposure were performed and demonstrated a triggered and
stepwise riease behaviorAs shown inFigure 1.3B, supramolecularsinglewalled carbon
nanotubes (SWNTshydrogelwa s f abr i-'c ait retde rbayc tpyrememolne tf weaen b
cyclodextrin (Py-b-CD) and SWNTs.** Due to the high solubility of CD in water, the

supramoleculaBWNTshydrogelis watersoluble, which solves the problem siflubilizationof
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SWNTs. Moreovercyclodextrin can form hosguest complexes withavious kinds of guest
molecules whichenable to capture guest compounds on the surface of SWalWerall, the
incorporation of nanomaterialsin hydrogel holds great potential for the fabrication of

multifunctional, bio-compatiblenanodevices thefields of tissue engineering and medicine.
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A UV-vis of Au NRs
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Figure 1.3 Schematics ohanomateriakhydrogelhybrids showing (A) Golshanorodshydrogel
for temperature seitve drug releasingReprinted with permission fronHgibar, K. C.; Lee, M.
H.; Lee, D.; Burdick, J. A., Enhanced Release of Small Molecules from-INfeared Light
Responsive Polymédanorod CompositesAcs Nano2011, 5, 29482956), Copyright (2011)
American Chemical SocietyB) Functionalized single wall carbon nanotibelrogelfor gel
to sol transition{Reprinted with permission fromQgoshi, T.; Takashima, Y.; Yamaguchi, H
Harada, A., Chemicallresponsive SeBel Transition of Supramolecular rfgle-Walled
Carbon Nanotubes (SWNTs) Hydrogel Made by Hybrids of SWNTs and Cyclodexdtrimsal

of the American Chemical SocieR007, 129 48784879). Copyright (2007) American

Chemical Society}
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1.6.3 Hydrogel modeling
The network structure of hydrolgedetermines their performance in a particular application. The
most important parameters for structure characterization include the polymer volume fraction in

a swollen state \}, ), the molecular weight of the polymer chain between nheahboring

crosslinking pointsM_C), and the corresponding mesh size.£°

The polymer volume fraction describes the amount of fluid imbibed and retained (either
chemically or physically) with the hydrogel. Geaky, there are three kinds of water in
hydrogels which are referred to as: nonfreezing water (or bound water), intermediate water (or
secondary bound water), and free water. Nonfreezing water molecules are bound to polymer
molecules through hydrogen banaénd are immobilized; intermediate water interact with
polymer molecules; free water has greatest degree of mobility in comparison with above two
kinds of water molecules. The fraction of free water can be estimated approximately through
differential scaning calorimetry (DSC) by the ratio of the endothermic peak during the melting

of frozen water.

There are two kinds of polymer volume fraction; andv, . v, , is the polymer volume fraction

in the réaxed state, which is defined as the state of the polymer immediately after crosslinking
but before swelling, meanwhilev, is in swelling state. Ruiz et al. demonstrated the
measurement of polymer volume fraction by the gravimetric ndetfioThey made hydrogel
samples and weighed them in both air antlieptane. The first measurement was done

immediately after hydrogel finished crosslinking (relaxed state). Then hydrogel samples were

placed in deionized water. Once they had swelled tdiequm they were weighed in air and n
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heptane again (swollen state). Finally, hydrogel samples were dried at room temperature and re

weighed in air and-+heptane (dried state).

Flory-Rehner theory can be used to analyze the structure of neutral hydibgttdes that a
crosslinked hydrogel that reaches equilibrium with its surroundings is subject only to two
opposing forces: the thermodynamic force of mixing and the retractive force of the polymer

chains. The Gibbs free energy of polymer can be defsed

Ix;total = mmixing + Ix;elastic ( 1 ' 2 0 )
where DG, ;;,,iS the result of the spontaneous mixing of the fluid molecules with the polymer
chains, andDG,_,. is the contribution due to the elastidreetive forces build within the gel.

DG is a measure of the compatibility of hydrogel with surrounding fluid. The compatibility

mixing
is usually expressed by the polynsaivent interaction parametey. If we keep temperate and

pressure constant, the differentiation of Equatid?0 Iesults in express of chemical potential

(m):

”Z - ”Zo = Dn%ixing + Dnglastic ( 1.21 )

Here, mis the chemical potential ofi¢ solvent in hydrogel, andy,is the chemical potential of
the pure solvent. At equilibriumjz = /7, which means changes in chemical potential due to
mixing and elastic forces must balance each other.

The change of chemal potential due to the elastic retractive forces of the polymer chains can be

determined from the theory of rubber elasticity. Peppas et al. modified the originaRelomgr
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theory for hydrogels prepared in the presence of water. The molecular wetigkeh crosslinks

in a neutral hydrogel prepared in the presence of water is determined by:

v
(V)[In(l- VZ,S) +V2,s + 61V22,s]

=== E— v (1.22)
n v 25\U3 _ ( V2s
z,r[(vzyr) (2\/2 )]

,r

where M. is molecular weight between two adjacent crosslinfks,is the molecular weight of
the polymer chains prepared under identical conditions but in the absence of the crosslinking
agent, vis the specific volume of the polymey,is the molar volume of waterc,is the

polymersolvent interaction parameter.

The space available between macromolecular chains, which is often regarded as the molecular
mesh or pore is another important structural parameter for analyzing hydrogels. Correlation
length (x) is used to describe the size of the pores, which is defined as the linear distance

between two adjacent crosslinks:

x=a(ro’)"? (1.23)

wherea is theelongation ratio of the polymer chains in any direction, @_nﬁ)”zis the root
meansquare, unperturbed, etatend distance of the polymer chains between two neighboring

crosslinks. For an isotropically swollen hydrogel, the elongation (@t can be described as:

1/3

a=v,, (1.24)
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And the unperturbed ertd-end distance for the polymer chain between two adjacent crosslinks

can be calculated by:

(ro®)? =1(C,N)"? (1.25)
N = 2'\'\/"'c (1.26)

wherel is the length of the bond along the polymer backbGnés the Flory characteristic ratio,
N is the number of links per chain, abliis the molecular weight of the repeating units of which
the polymer chain is composed. Combining Equali@3 to 1.26, the correlation distancex|

can be clrulated as:

(127)

2,s

-y3,2C Mc 1/2
——n C |
( M )

r

The adjustment of the structure of hydrogels (evg., M., and x) enables the tailorg of

hydr ogel s 6 respensive,aamd diftudive properties. In addition, the properties of
hydrogels can greatly modified by the type of crosslinking, which dependsrausfactors
such as covalent bonding, entanglements, hydrogen bonding,biongtng, and formation of

crystallites.

1.7 ProblemSatement andResearchObjectives
The design ofmultifunctional devicedemands materials witladvanced propertieshigh
performance, andjood stability®® These requirements are difficult to be achievgdstmgle

component materials, butan besolved bycombining different nanomaterials to utilize the
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functions of each componefit:® Such heterostructures could beore-shell nanoparticles,
alloyed nanopartles, multisegment nanowires, nanoparticlesianowires hybrid$’**% The
major challengesare the selection of materialshe design of architecturghe incomplete
understanding of interaction between different components in a hgmttthe productivity of
high performance nanostructurel this dissertation, fundamental study ofnoparticle
graphenestructure andnanowiresheterostructureias beernperformed andcharacterizedo
explore the above mentioned issu&le conducted research strongly provideslerstanding
concerning the growth noshanism and properties of constructed heterostructlihes goal of
this dissertation is to develdgeterostructuresombining carbon and metabhnostructuresand
explore their applicatianin chemicalbiological sensingand catalysing>'°®*%® The specific

aims of this dissertation are:

(1) To fabricatemultisegment nanowiregraphene heterostructure for multifunctional chemical

sensos and devices with following stlasks:
(a) Studying the mechanism of gragne growh on noble metal nanoparticles.
(b) Understandinghe migration of naomaterials at high temperature.
(c) Synthesizing multsegment nanowires.
(d) Growing graphene shell on nanowires.
(e) Functionalizing graphene structure.

(f) Fabricaing chemtal sensor by utilizing functionalized multisegment naines

graphene heterostructures.
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(2) To fabricatemanowirehydrogel heterostructure fohemical separation:

(a) Growing nanowires.

(b) Synthesizind®VA hydrogel andhanowre-hydrogel hybrid

(c) Measuring water absorption and structure parameters of nanbwdregel

heterostructure.

(d) Studying chemical releasing/separating behavior of nandwieogel hybrid.
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CHAPTER 2 OXIDATION OF GOLD NANOPARTICLES, EFFECTS OF
QUENCHINGINDUCED DEFECTS ON GRBON SHELLS FORMATION

2.1 Introduction

Our group previously observed that surface oxidation of gold nanoparticles (AuNPs) before
chemical vapor deposition is a critical step for the fabrication of graphene encapsulated gold
nanoparticles. Such plasma axied AuNPs inhibit the growth of CNT in a CVD process and
rather resulted in graphene shells encapsulating the core AuNPs. However, detailed
understanding of the plasma oxidation kinetics of AuNs;hanism of the growth gfraphene

shelk, and effect ofstructural defects in the AuNPs on the graphene shetiwth remains
unclear. In this chapteoxidation kinetics of AUNPs was studied. The surface oxidized AuNPs
were utilized as catalysts for the growth of graphene shells encapsulated AuUNPs (GNPs) in a
xylene CVD process. On the other hand, surface oxidized AuNPs with lattice defects were also
used as catalysts in a similar xylene CVD process to provide insight into effect of defects on

formation ofcarbon shed

2.2 Experiment Methods

2.2.1 Materials ad Methods.

Gold (Il) chloride trihydrate (HAuCj)-3H,O, 99.9%) was purchased from Sig#dlarich (St.
Louis, MO). Hexadecyltrimethylammonium bromide (CTAB,1d4:BrN, 9%6), sodium
borohydride (NaBk powder, 986), and nitric acid (HNgQ 69.5%) were boughrom Acros
Organics. Acetone [(CHLCO] was purchased from VWR International (West Chester, PA).

Xylene (e, m+, p-isomers) and hydrochloric acid (HCI, 37%) were purchased from Fisher
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Scientific. All chemicals were used without further purification. A hetbcentrifuge (Edison,

NJ) was used to clean, wash, and separate nanoparticles. Wet samples were dried in a VWR
vacuum oven (West Chester, PA). Silicon (Si) wafers (16§pea) were purchased from IWS
(Col fax, CA) . DI water (gla Barristeal énternational O avater o bt a
system (Epure D4641). Oxygen plasma treatment was performed in a Nordson March Jupiter 11l
Reactive lon Etcher (Concord, CA). Quenching of solutions was performed in a recirculating
bath (model 1162A) purchased from \RMNorth American (West Chester, PA). Graphene
growth processes were conducted inside a Lindberg blue-zbreetube furnace (Watertown,

WI). Quartz tube was purchased from ChemGlass (Vineland, NJ). A syringe injector was
obtained from Fisher Scientific (8/anee, GA). Gas flow rates of all chemical vapor deposition
processes were controlled by Teledyne Hasting powerpod 400 mass flow controllers (Hampton,
VA). Thermocouples and temperature controllers were bought from Omega Engineering
(Stamford, CT). H2 (UR grade, 40% balanced with Ar) and Ar (UHP grade) gas cylinders were

purchased from Airgas South (Tuscaloosa, AL).

2.2.2 Synthesis of Gold Nanopatrticles.

AuNPs were synthesized in a singkep approach. HAugI(5 x 10°% or 5 x 10° M) water
solutionwas mixed with CTAB (0.03 M). Subsequently0 ¢ L o {0.12\N\) B&$ added
into the above solutioand magnetically stirred for 2 h at room temperature 61180 °C. On
the other hand, to evaluate the effects of quempcbn the AuNPs, a similar growth approach
was selectedexcept that the reaction was performed~aB0 °C. After hightemperature
synthesis (at 130 °C), AuNPs were quencineahediately in a recirculating bath for 1 h at 10, O,

andT 20 °C.Table 2.1 showsthe growth conditiongnd result sumnmg. It must be noted that
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AuNPssynthesizedt room temperature utilized a higher concentratiomefal salt {5 x 10°

M) as compared to those synthesizet3 °C or quenched-$ x 10° M).

Table 2.1 Growth conditions and result summary of AReN

Lattice spacing

Temperature Quench Average size o (nm) and
Sample (°C) Temperature (°C (nm) Shape distribution corresponding
plane
Hexagon: 1.4%
Rhombus: 10.4% 0.20 (200)
1 25 Not Quenched  67.4%£13.2 Square8.1% 0.23 (111)
Triangle: 2.5% 0.27 (110)
Circular: 77.6%
Triangle: 10%
2 130 N(c:ichLéing)ed 13.9+3.9 Square: 9.2% 8'2 Eﬁ%
Circular: 80.8% '
Triangle: 11.5%
Square: 5.1%
+
3 130 10 28.7+7.8 Rod: 2.6% 0.23(111)
Circular: 80.8%
Triangle: 6.3%
Square: 3.6% 0.21 (200)
+
4 130 0 27.6£1.8 Rod: 2.7% 0.24(111)
Circular: 87.4%
. 0.21 (200)
- . 0
5 130 20 14534 Circular: 100% 0.23 (111)
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2.2.3Dispersion and Plasma Oxidation of Gold Nanopatrticles.

As-synthesized AuNPs were oxidzdy a plasmdreatment proces#t first, Si substrate was
soaked in the mixture dii.SO, and HO, (v/v 5:1) at 100 °C for 30 min. Subsequentlye
wafer was rinsed with copious amounts of DI water émeld in air. As a next step, AUNPs were
dispersed o cleanedsilicon substrate by the dragasting method. The substrate viasn dried

in a desiccator, placed in a plasma oxidation chamdned, oxidized at 160 W and 600 mTorr
chamber pressure, wiflowing O,. To study the effect of plasma oxidation obmotemperature

synthesized AuNPs and kinetics, this processpeamrmed for different durations (L85 min).

2.2.4Growth of Graphen&hellsEncapsulated Gold Nanopatrticle.

Graphene shel weregrown in a CVD process. AfteB0 min plasma oxidation, a Si wafer
covered with AuNPs waplaced in the center of quartz tube equipped with precursogasd
lines for Ar/H, flow. Xylene was utilized as the carb@ource and was injected through a
syringe injector into gpreheated zone~220 °C) at the rate of 45 mL/h for2 min and
subsequently transported into the reaction ze®&g °C)inside the quartz tubesirhace. The
xylene flow rate waseduced to 1 mL/h after Hnixed with Ar (Ar/H, = 1.8 SLM/0.2 SLM or
10% v/v H) was introduced in the CVD reactdtere, H acted as an oxygen scavenger and Ar
as a carrier gas alilutant. The CVD reaction was continueat fL h after whichH, and xylene
were discontinued, and the furnace was coaedn under Ar flow. AuNPs utilized ithe
growth ofgraphene or carboshelks were synthesized according ¢onditions corresponding to

samples 1 and 5 in Tahkel.
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2.2.5 Chareterization

Tecnai F20 was used to collect Transmission Electron Microscopy (TEM) images at 200 kV.
TEM samples were prepared by dispersingpr@pared samples on lacey carbon TEM copper
grids purchased from Ted Pella Inc. (Redding, CA). The average ardictgpsize was measured
from TEM and SEMimages, wherenore tharf00 nanopatrticles were counted and measured per
sample. Diameter was measured for spherical nanoparticles and average side length for
triangular ones. For nanoparticles with other shapagpdal length average was taken. All the
measurements were done using Adobe Photoshop SoftiWmte.resolution TEM imagédor
grapheneshells encapsulated AuNPsvas also converted into FFimage using Digital
Micrograph softwareX-ray photoelectron speet (XPS) were gathered by Kratos Axis 165 with
moncAluminum gun at 160 eV pass enerfyy full range scan and 40 eV pass energy for
detailed scanOpen source program XPSPEAK41 was used for XPS analyZhmy.analysis
spot was set as efuBlandtl®05 min irihsettinguiddek Bds Max® was

used for drawing illustrations and schematics

2.3 OxidationKinetics ofGold Nanoparticles

Detailed theoretical understanding of the oxidation processlaras by XPS analyzing, which is
used to caldate theaccurate thickness of the oxide shell as well as its relationship with the
oxide stoichiometry (i.e., x in AuQ) In order to do these calculations, it is assuime@ that the
electron emission deptif XPS was 8 nm (less than size of AUNPEAUNPs werespherical in
shape (average diameter ~ 67.4+13.2) fintharge neutrality was maintained throughout the
nanoparticle, and the oxide shell was comprised of a mixture of@ide (AuQ s) and aurous

oxide (AuQys). AuQg s exhibits cuprite structure which hasur gold atoms andwo oxygen
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atoms per cubic unit cell, with lattice constant of 0.48wihile AuO; 5 exhibits orthorhombic

unit cell**! The density of Au@s (MW =M =22097 g/mol) is 11.34g/cnt.**2 Using all

AuQ;

the above informatiorthe density of Au@s (MW =M, =20497 g/mol) is estimated to be

~ 12.31 g/cm Assuming thatl mol of AuQ is comprised of mol of AuQys and (1-f) mol of

AUO; 5, thenx=1.5-f

Where0O¢ f ¢1and05¢ x¢15 (2.1)

Thus for 1 mol of AuQ, formed effective molecular weight is given by:

Maay = F Mg, + (0 F)Mpq,) (2.2
Molar volume is given by:
f M 1- f)am
Viorasay = (AuQss) +( )M aiq,) 2.3
AuQ5 /‘Auq5
Density is given by:
M
— V(AauQ)
Iy =y (2.9
mol( AuQ,)

Using Equation 2.1 to 2.4, it is possible to derive relationships between

andM a0 » Vinorauay 7 (auay - BEfOre oxidation &t t = 0), the volumeof nanoparticle being

detected irXPSis the volume of thepherical cap\(_,,) given by

V.., =2 H?@3R- H) (2.5
cap 3 '
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WhereR is the radius oAUNPs (~33.7 nn) before oxidationatt = 0) andH is the electron
emission depth for the sample in XPS (assumed as 8 nhe).frdction of metallic gotl

remainingin surface oxidized AuNPs aslculated from XP& F,,, which is also changing with

plasma oxidation duration. Thus,tat t, this can be written as

/;(H - a)%(3r, - H +a)
=F

D Au (2.6)
§H2(3r1 +3a- H)

Wherer, is the radius of remainingnetallic core of nanoparticle ards the thickness of oxide

shell, which are functions of oxidation duratidih The basic chemical reactiagoverning the

conversion of gold into its oxide isAu+§Oz- AuQ, then,

4 4
CoR -2
Naugy = Neawy = M (2.7
Au
VAuq = n(AuQ()I\/| AuQ /rAuQ( = n(Aqu) (.vmol(AuQ() (28)
4 4
P +a)° = (1) Vg (2.9

wheren represents the moles of the speciég,, is the volume of oxidized goja ,,, 7 5, »

M, My, and M are the densgsand molar masses gold and oxidized goldespectively.

AuQ

CombiningEquation 2.6 to 2.9 results:in

%(H - a)%(@3, - H +a)=FAuC'%H2(3r1+3a- H) (2.10
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(RP-r’) G,\r,lﬂ@mowm +r2-(r,+a)*=0 (2.11)
Au

Based orabove set of equationthe relationship between plasma oxidation timpetickness of
gold oxide shell §a), and stoichiometri€actor(x) for AuOx can be derivedH, R, May, } au, are
alreadyknown or assumedlt is to be noted that relationship between XPS derived fraction of
gold remaining in the nanoparticldsa() as a function of oxidation tienis shown in the Figure
2.1B and is based on curve fitting of the data points sh@twns, at a specific oxidation duration

and composition of gold oxidel$ min ¢t ¢ 75 minand0.5¢ x¢1.5), it was possible to

estimate thickness of the oxigdell (Figure 2.1C) The calculatedbxide shell thicknesss for

two different stoichiometries oAuG; (x= 1.5 and 0.5) were negligibly different, whi@lrther
implies thatoxide shell thicknesfAuQ) was i ndependent xdHowsvefoi chi o
the presence of mixed oxides in our process cannot be ruleshaut is difficult to estimate the
actual composition of the gold oxide in our studly addition, the oxidation kinetics of the
nanoparticles was fitted with Cabrdviott (CM) kinetics asproposed earlier for other
particles’'* The kinetics of oxide film/shell formation is controlled by diffusion of ions and
electrons which furtherdepended orheir concentration gradients and sgdnerated electric
potential®® In case of thin oxide shell, the electric field is dominating, and the kinetics of oxide
growth under this field is describdyy CM model®? It was reportedpreviouslythat in case of
spherical particles, the relationship between oxide shell thickia¢sand time(t) satisfy the

following functiorn®?
f@=2(a®- &) - —(a°- &) =W (2.12)
2 3R '
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Wherea is the oxide thicknessy is the original thicknesga, = 0, in this study) andq is a
constant quantity related to the buritpotential across the oxid@nd ionic mobility According

to Equation 2.12 and from Figure 2.1C, it is possible to fgétas a function of time (Figure

2.1D). This clearly shows the linear region between 15 and 45 min indicating CM theory is
applicable to gidized AuNPs betweeh hi s dur ati on. The sl ope of
allows for calculating the theoretical oxide shell thickn@$suging Equation 2.12, which further

fits closely with the observed shell thickne$s (min ¢t ¢ 45 min) as shown in Figure 2.1E.
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Figure 2.1 (A) Schematic showing formation of gold oxide (AyGhell and XPS analysis
showing the detection depth (H) and other geometrical parameters, Graphs showing the
relationship between mana oxidation time and (B) ratio of metallic Au, (C) thickness of oxide
shell for AuQ corresponding to x = 0.5 and 1.5, and (D, E) fitting of Cabkéott (CM) model

for oxidation of spherical particles with the observed experimental data.
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2 4 Effect ofQuenchinginducedDefects orCarbon Shells Formation

By using AuNPs synthesized at room tempera(i@le 2.1 and sample Bs catalyst for
grapheneshellsgrowth, uniform graphene shetncapsulated AuNPs were fabricated after CVD
process. Those shellave interlayer spacing of graphelilee carbon layer ~ 0.34 nm, which is
consistent with the-exis spacing of graphite (Figure A2B). We proposed that the oxide of
gold (AuQ) is unstable at high temperaturés prefers to transform to metallic Au, and
necessitates the electron transfer process. Thus, conversion*otoAAu’ takes place by
accepting electrons from the incoming carbon feed resulting in the formation of GNPs (Figure
2.2C). Similar mechanism has been proposed for the formation of cahletia around surface

oxidized AuNPs in a polymer pyrolysis approdch.
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Figure 22 (A, B) TEM images show graphershells encapsulated AuNPs. (C) Sghatic
illustration of the proposed growth mechanism of GNPs. Surface oxidized AuNPs (grown at

room temperature) resulted in graphene shells.
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A unique aspect of our study was to understand effects of defects in AUNPs on the growth of
graphene shells. Thu®uNPs with defects prepared by quenching 20 °C (Table 2.1 and
sample 5) were dispersed on a Si substrate, plasma oxidized for 30 min, and utilized for CVD
growth of graphene shells in similar growth conditioAs:synthesized AuNPs (at130 °C)

were rapidly quenched at different temperatures (,0andi 20 °C), and the effects were
observed (Figure .3) and are reported in Tab®1l Variouskinds of defects such as grain
boundaries (Figure.2E, G, H), twin boundaries (Figure.2l), and vacancies (Figure.3)
developed onhat low quenching taperatures of 0 antl20 °C. The defectformation at low
guenching temperatures could be attributedudden cessatiorfifeezing) of diffusion and
growth processem nanoparticles under significantly high cooling rdf&sSuchprocesses are
known to occur for cubic crystal systems, are vapid in nature, and are referred to as shock
loading!*® The averages sizes of the quenched AuNPs were between 180anth (Figure

2.3K). The percentage of spherical ABB increasedo 100% (Table2.1) for the lowest

guenching temperaturesZ0 °C).

Since the CTAB solubility in the AuNP growth solutiodecreases with decreasing
temperature$!’ a low CTAB concentration(0.03 M) greater than the critical micelle
concentratiowas chosen in this study? This has been suggested $ynthesis of giol nanorods

at low temperature€'*'® Moreover, the influence of quenching on surfactant (CTAB) micelle
shapeand its insolubility in growth solution cannot be ruled BitThese effects were more
dominant forthe lowest quenchingemperature ofi 20 °C with high cooling rates (>6000
°C/min). This may result in a decrease in the average AuNP sizesametical shape of the

nanoparticles formed at20 °C quenching (Figure .3F). However, an increase of nanopatrticle
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size was observed28 nm) at 10 ad O °C. This could battributed to the relatively controlled
cooling rates and amptimized jump frequencd$” of gold ions that was most likefavorable for
nanoparticle growth as compared to 120 °C quenched nanoparticles. It is reasonable to
considerthat 10 °Cquenching temperature resulted in a moderate coolingpeatuse no defect

formation in the Au lattice was observi@dgure 23A1 C).

As a result of high temperature CVD growth, the average size of the core AuUNPs was observed
to increase from 44.5nm to ~ 49 nm. Majority of the carbon shells formed were disordered or
comprised of amorphous carbon with a shell thickness of ~ 2.72inm (Figure 2.4A-D).

Several nanoparticles were also observed with gragilenshells (Figure2.4E, F, and Ghut

the interlayer spaing was significantly higher (:454).08 nm) than the eaxis spacing between

the graphene layers. Thus, we refer to these graghen&k e s hel |l s as o6rel axed
interesting observation indicates that the presencefetts in the AuNPs can lead to disordered
carbon shells or distorted graphene lay®ve propose that defects in AuNPs being the high
energy regions or vacant atomic lattice does not allow for electron transfer process to occur
between the incoming carbdeed and plasma oxidized and defective AUNPs. These defect sites
must be allowing for plasmgenerated oxygen species/raditdi¢during the surface oxidation

step) to be trapped in them and also acting as electron donor sites. Thus, as shown schematically
in Figure 2.4H, only the partial surface of the AuNPs, which gets oxidized to some extent
(shown by 6gr ey »pdh)iscabtieesaiea forthe grdwtn of grapditicrcarbon. In
addition, knowing that carbon solubility in metallic gold is vy (<0.2%)> the noroxidized

surface did not participated in the carbon shell growth but disordered carbon formation. Overall,

this ineffective surface oxidation of AuNPs resulted in disordered or relaxiedncahells after
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xylene CVD growth. As clearly indicated in TEM images, these hybrid nanoparticles have
carbon shells that have some regions with graphkigclayering while other regions indicating
disordered carbon. Increased interlayer spacing ingtaphitic regions of the relaxed carbon
shells encapsulating AuNPs could also be attributed to theumiéorm surface gold oxide
patches present on the AuNPs as well as crystal defects within the core nanoparticle that could
lead to improper interfacé$’ Finally, it could be argued that the defects in surface oxidized
AuNPs will be annihilated during the CVD growth process but an earlier report demonstrates
that defects in such nanoparticles at high temperature annealing can survive and remain in the

structurel?®

Moreover, corresponding to the size of AuNPs in our study (~ 67.4£13.2 nm), the
estimated melting temperattféis greater than ~ 10T, which is much higher than the CVD
growth temperature employed 675 °Q. Thus, the xylene CVD growth will ndead to
complete melting of AUNPs but only their coalescence as observed in this Idtvagver,we

believe that in such a growth environment, the defects in the surface oxidized AUNPs may have

survived for duration much lower than the CVD growth duratiot h).
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Figure 2.3 TEM images of AUNPs (Tab21 and sample-3) synthesized at ~ 13C and then
quenched at (A, B, C) 1T, (D, E) 0°C(F, G, H, 1, J}20°C, and (K) AuNP size distributias

as a function of quenching temperatures.
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