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ABSTRACT 

 

The localized surface plasmon resonance (LSPR), arising due to the collective oscillation 

of free electrons in metal nanoparticles, is a sensitive probe of the nanostructure and its 

surrounding dielectric medium.  Synthetic strategies for developing surfactant free 

nanoparticles using ultrafast lasers providing direct access to the metallic surface that 

harvest the localized surface plasmons will be discussed first followed by the 

applications.  It is well known that the hot carriers generated as a result of plasmonic 

excitation can participate and catalyze chemical reactions.  One such reaction is the 

dissociation of hydrogen.  By the virtue of plasmonic excitation, an inert metal like Au 

can become reactive enough to support the dissociation of hydrogen at room temperature, 

thereby making it possible to optically detect this explosive gas.  The mechanism of 

sensing is still not well understood.  However, a hypothesis is that the dissociation of 

hydrogen may lead to the formation of a metastable gold hydride with optical properties 

distinct from the initial Au nanostructures, causing a reversible increase in transmission 

and blue shift in LSPR.  It will also be shown that by tracking the LSPR of bare Au 

nanoparticles grown on a substrate, the adsorption of halide ions on Au can be detected 

exclusively.  The shift in LSPR frequency is attributed to changes in electron density 

rather than the morphology of the nanostructures, which is often the case.  
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CHAPTER 1 

INTRODUCTION  

 

1.1. Introduction to Colloidal Nanocrystals 

Colloidal nanocrystals are typically between tens of nanometers to a few 

nanometers in size and can be perceived as a near-ideal representation of the "particle in a 

box" model in quantum mechanics.
8
 Since the nanoparticles possess finite size, the 

electrons and holes display the quantum confinement thereby causing the band energies 

to shift from the bulk values.
9, 10

  Thus, the emission wavelengths of the nanostructures 

can be tuned from ultraviolet to infrared, simply by modifying the nanocrystal size.
9-11

  

 

Chemical reduction is one of the most popular synthetic strategies utilized for the 

synthesis of nanostructures.  A typical chemical reduction reaction scheme entails 

dissolving the metal salt precursor in an appropriate solvent, depending on the solubility 

of the metal salt and then adding a suitable reducing agent.  The function of the reducing 

agent is to donate electrons to the positively charged metal ions leading to homogeneous 

nucleation followed by crystal growth.  Some of the commonly used reducing agents 

include sodium borohydride, hydrazine, hydroxylamine, sodium citrate, sugars, alcohols, 
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aldehydes, amides and amines.
12

  In order to prevent the occurrence of flocculation 

events and to control the size distribution effectively, stabilizers in the form of ligands, 

surfactants, and/or capping agents are used during wet chemical synthesis of 

nanoparticles.
13

  Some of the commonly used stabilizers include poly vinyl pyrrolidone, 

sodium citrate, thiols and poly ethylene glycol.  Additionally, nanoparticles of different 

geometries like rod-, rectangle-, hexagon-, cube-, triangle-, and starlike profiles and 

branched (such as bi-, tri-, tetra-, and multipods) can also be synthesized through 

modified wet synthetic techniques
14, 15

 and lithography.
16

  The well known advantages of 

using nanostructured materials include: wide tunability of emission and absorption 

wavelengths, high degree of quantum confinement, low defect density and high surface to 

volume ratio in comparison to bulk counterparts.  In addition, a variety of exotic 

processes including strain-tuned photoluminescence,
17

 nonlinear processes,
18

 phonon-

assisted upconversion,
19

 and multiexcitonic generation
20

 have also been observed in the 

nanostructured materials.  These advantages provided by the nanocrystals make them 

ideal for subwavelength light-matter applications. 

 

1.2. Introduction to nanoparticle ïlight interaction: Localized Surface Plasmon 

Resonance (LSPR) 

Noble metal nanoparticles can couple strongly with light at specific photon 

energies due to the optical excitation of the surface plasmons (collective electronic 

resonances of the metal) (Figure 1.1).
21,2

  The ability of plasmonic metal nanoparticles to 

absorb and scatter light at particular wavelengths across a broad region of the 
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electromagnetic spectrum can also be tuned by varying the type, size and shape of the 

nanoparticles used.
2, 22

  The origin of surface plasmon resonance and its tunability are 

discussed in the following section.  The unique properties of plasmonic nanoparticles 

provide an opportunity to couple light into chemical reactions making them ideal for 

ñplasmon-enabled photochemistry.
2
ò  Some of the significant applications of plasmon 

induced processes include light harvesting,
23, 24,25, 26

 photocatalysis,
2, 27-32

 surface 

enhanced spectroscopy,
33-37

 optical sensing,
38-43

 and nonlinear optics.
44-47

 

 

1.2.1. Origin of localized surface plasmons  

When small metal nanoparticles are irradiated, the oscillating electric field 

induces a coherent motion of the conduction electrons as shown in Figure. 1.1.  When the 

electron cloud undergoes a displacement relative to the nuclei, Coulomb attraction 

between the electrons and nuclei gives rise to a restoring force.  The presence of this 

restoring force results in the oscillation of the electron cloud relative to the nuclei.  The 

frequency of this oscillation is dependent on 

1. the density of electrons, n  

2. the effective electron mass, me 

3. shape of the nanoparticle (as it determines the charge distribution)  

4. size of the nanoparticles (as it determines the charge distribution) 

 

This collective oscillation of electrons in metal nanoparticles is termed as the 

localized surface plasmon resonance (LSPR) or ñdipole particle plasmon resonanceò.
1
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The dipolar plasmon resonance frequency, or the surface plasmon resonance frequency, 

(wsp) is generally expressed as 

2

2

)21(
G-

+
=

m

p

sp
e

w
w          (1.1) 

where, wp is the bulk plasma frequency, em is the dielectric constant of the 

medium surrounding the nanoparticle 
48

 and G is the damping constant.  The bulk plasma 

frequency is given by  

0

2

e
w

e

p
m

ne
=          (1.2) 

 

The dielectric constant of the plasmonic material is complex, e (w)= er (w) + i 

ei(w), where er is the real and ei is the imaginary part of the dielectric constant.  ei is 

assumed to be small and weakly dependent on the frequency of the photons.
49

  When the 

surface plasmons are excited the movement of electrons is damped by scattering with 

ionic cores and the surface. The damping constant for electron oscillations is dependent 

on the velocity of the conduction electrons, vF  and the size of the nanoparticle R.
50

 

R

ɜ
ũ F=           (1.3) 

Thus, the LSPR frequency of metal nanoparticles is dependent on the dielectric 

constant of the neighboring medium, the electron density (which changes from one metal 

to another), shape and size of the nanoparticles.   
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Figure 1.1  Origin of surface plasmon resonance (SPR). Illustration adapted from Lance 

et al.
1
 

 

1.2.2 Generation of hot carriers from surface plasmons 

Recent reports suggest that plasmonic nanoparticles can act as an efficient source 

of hot electrons.
51-54

  After optical excitation each plasmon quantum can either undergo 

radiative decay into a photon (scattering) or may give rise to electron hole pair formation 

through the non radiative pathway.
2
  The dominant process for a small nanoparticle is the 

formation of electron hole pairs due to the probable excitation of an electron from the 

Fermi level to an occupied state below the vacuum level by the plasmon quantum.
2
  Since 

the hot electrons are high energy particles, they ñextend further away from the 

nanoparticle than an equilibrium electron distribution (Figure.1.2).ò
2
  These hot electrons 

can then efficiently transfer into the electronic states of a neighboring electron acceptor 

(adsorbed molecule).
2, 54

  The energy of the hot electron could be controlled by tuning the 

plasmon frequency.  However, the energetic electrons are short-lived and they dissipate 

the energy through a sequence of processes having distinct timescales.
55

  It is to be noted 

that the hot electrons could also be generated directly on metal surfaces by irradiating 
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with short laser pulses which can further participate in molecular dissociation and other 

chemical reactions but the requirement of high illumination intensities makes this process 

inefficient.
2
  On the other hand, plasmonic hot electron generation requires much less 

energy, and higher efficiencies could be achieved by using small nanoparticles (< 100 

nm).
2, 56

  The recent growth in hot electron based research demonstrates that these 

energetic particles can be used for a plethora of applications.  Some of the leading 

applications are summarized below. 

 

 

 

Figure 1.2  Schematic of hot electron generation in metal nanoparticles.  Adapted from 

Mukherjee et al.
2
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1.3 Applications of plasmons and hot electrons 

 

Heterogeneous catalysis is critical for energy production, chemical conversion 

and abatement of pollution.
24

  The rate limiting step in a chemical reaction dictates the 

rate of these heterogeneous catalytic processes and are often associated with a large 

activation barrier.
24

  Therefore high temperatures are often required for achieving 

reasonable product yield.
24

  This may lead to low energy efficiency and degradation of 

the catalysts.
24

  However, with hot electron mediated processes, the catalytic reactions 

could be carried out at much lower temperatures without damaging the catalysts.  

Christopher et al. were the ñfirstò to show that ñmetallic nanostructures can couple 

efficiently thermal energy and low-intensity visible photons to drive commercially 

important reactionsô.
24

  They showed that, by using plasmonic silver nanostructures and 

low intensity visible light, excited plasmons on silver nanocube surfaces could populate 

O2 antibonding orbitals and form a transient negative ion state, which finally facilitates 

the rate limiting O2
-
 dissociation reaction.

57,24
  The dissociated oxygen atoms were finally 

used to drive ethylene epoxidation, CO oxidation and NH3 oxidation.
24

  Mukherjee et al. 

later demonstrated that the hot electrons generated in Au nanoparticles induced 

dissociation of hydrogen in the presence of resonant plasmonic laser excitation.
2, 56

  A 
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mixture of hydrogen and deuterium was introduced in the reaction chamber containing 

supported Au catalyst and HD was detected at the output using mass spectrometry.
2, 56

  

The presence of the hot electrons favors the dissociation of hydrogen and makes an 

otherwise inert surface of Au reactive.
58

  A comprehensive review of the previous 

literature concerning photocatalysis by plasmonic metal nanostructures can be found in a 

recent paper by Kale et al.
59

  Liquid phase examples comprise of photo catalytic water 

splitting,
31

 and generation of H2 from alcohol
60

 and hydrocarbon conversion.
61

  Other 

notable applications of hot electron induced photochemistry include optical sensing,
62, 63

 

fabrication of novel molecular electronic devices,
64

 plasmonic switches,
65

 and nanoscale 

electronics.
66
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CHAPTER 2 

INTR ODUCTION ON NANOMATE RIAL CHARACTERIZATION  

TECHNIQUES 

 

2.1 Introduction and Motivation  

The size, shape and morphology of the nanoparticles play an important role in 

determining their catalytic activity.  Therefore, a variety of analytical techniques 

comprising of electron and scanning probe microscopies are required for precisely 

characterizing the size and shape of these nanostructures.  Energy dispersive xïray 

spectroscopy is often used in conjunction with the electron microscopic techniques to 

determine the composition of the nanoparticles.  Optical characterization techniques, e.g., 

ultraviolet and visible (UV-vis) electronic spectroscopy, are extremely useful tools that 

reveal how the nanostructures interact with photons in the ultraviolet to visible range.  

UV-vis spectroscopy is extensively used for measuring the plasmonic properties of 

metallic nanoparticles, e.g., Au, Ag and Cu.  Therefore, a sound understanding of these 

analytical techniques is required to properly understand the structure-property 

relationships of the nanoparticles.  A brief introduction of all the techniques employed in 

this research will be provided in the following sections. 
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2.2 Ultraviolet Visible Spectroscopy 

Ultraviolet/Visible/near-Infrared (UV/Vis/NIR) spectroscopy is an optical 

spectroscopic technique that probes electronic transitions and can be used to quantify 

how much  light is absorbed and scattered by a sample..  The optical properties of 

nanoparticles are strongly dependent on the size, shape, concentration, and agglomeration 

state, as well as the refractive index of the neighboring medium, which makes 

UV/Vis/NIR spectroscopy an appropriate tool for the identification, characterization and 

investigation of the plasmonic properties of these nanomaterials.  In addition, to using 

commercial UV/Vis/NIR spectrometers, a homebuilt visible spectrometer is used in 

Chapter 5.  The home built broadband source of deuterium and tungsten halogen lamps is 

used to irradiate the sample.  The transmitted photons are collected using a focusing lens, 

an optical fiber and detected using a spectrometer.   

 

2.3 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a scanning probe microscopy technique 

capable of measuring local properties like height, morphology, friction and the magnetic 

properties of a sample. AFM is known to provide very high resolution three dimensional 

information with minimal sample preparation.
67

  In this technique a sharp stylus, also 

known as the tip is raster scanned across the surface.  The tip is usually a 3-6 mm tall 

pyramid with an end radius of 15-40 nm and is attached to the end of a microsized 
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cantilever made of piezoelectric material which oscillates at a particular frequency.  The 

repulsive or attractive forces exerted by the surface, or any adsorbed species, pushes or 

pull the sharp probe, subsequently causing the laser beam to deflect which is then 

detected on a position sensitive four segment photodiode (Figure 2.1).  As the tip raster 

scans the sample, the differences between the photodetector signals indicate the position 

of the laser spot on the detector and therefore the angular deflections of the probe.  The 

resultant signal from the detector is the deflection, measured in volts from the four 

segment photodiode.
67

  The difference between the deflection value and the user-

specified setpoint is termed as the ñerror signalò.
67

  A feedback control system maintains 

the oscillation amplitude at the user-specified set point value
67

 and the error signal is used 

as the input to the feedback system.
67

  Finally, the amplified output of the feedback loop 

drives the Z-actuator.  The resultant image of this amplified signal is the ñAmplitude 

Imageò.
67

  ñThe topography image is a result of the voltage applied to the piezo required 

to keep the oscillation amplitude constant, multiplied by the sensitivity of the piezo in 

nanometers/volt.ò
67

 Usually, the AFM images of substrates and nanoparticle samples 

reveal relevant information on the morphology of substrates and the size and the shape of 

nanoparticles. 
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Figure 2.1  Schematic of the working principle of an AFM. The tip is raster scanned 

across the surface.  The repulsive or attractive forces exerted by the surface, or any 

adsorbed species, pushes or pulls the tip, causing the laser beam to deflect, which is then 

detected on a position sensitive four segment photodiode. 

 

2.4 Electron Microscopy 

Electron microscopy is an analytical tool that can be used to study nanometer 

sized objects that cannot be imaged or studied by using conventional light microscopy 

due to diffraction limitation.  In electron microscopy a beam of electrons is used to 

generate images of samples in nano dimensions.  The wavelength of electromagnetic 

radiation is related to the momentum of the electrons by the de Broglie relation 
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h

p

h
==l         (2.1) 

where  l is the wavelength of electromagnetic radiation, h is Planckôs constant , 6.626 x 

10
 -34 

J.s, p is the momentum, m is the mass and v is the velocity of the electron.  

Therefore, if electrons are emitted into the vacuum from a heated filament and 

accelerated through a potential difference of 50 V, they acquire a velocity (v ~ 4.2 x 10
6
 

m/s) then the associated particle l, calculated using the de Broglie relation, is ~0.17 nm, 

which is comparable to atomic dimensions.  Furthermore, such higher-energy electrons 

(with acceleration voltages of several kVs) have a penetration depth of several microns 

(mm) into a solid sample.
68

 

 

Incoming (primary) electrons can be ñreflectedò (backscattered) from a bulk 

sample or can supply energy to the atomic electrons that are present in a solid sample, 

which can then be emitted as secondary electrons (Figure 2.2).  Scanning electron 

microscopy leverages a scanning principle where primary electrons are focused into a 

spot of roughly 1 nm in diameter,
3, 69

 that is scanned across the specimen.  This is 

accomplished via electrostatic or magnetic fields, applied at right angles to the beam, that 

can be used to deviate the direction of travel of the beam.
68

  Hence, by scanning 

simultaneously in two perpendicular directions, a square or rectangular area of specimen 

can be imaged by collecting the secondary electrons as a function of position..
68

  

Conventional SEMs have a resolution of 50 nm and an accelerating voltage of 0.1- 30 

keV is usually applied.
68
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In transmission electron microscopy (TEM), a beam of electrons penetrates a thin 

section of a sample which is then imaged by using appropriate lenses 
68

and the 

transmitted electrons (Figure 2.2 a) are collected as the signal.  The reason why TEM 

offers better resolution than SEM is because TEM can operate at higher accelerating 

voltages as opposed to the 30 kV limit for SEM.  SEMs can operate at lower accelerating 

voltages because in an SEM ñit is no longer necessary to penetrate the specimenò
69

 and in 

using SEM, the accelerating voltages range from 50 to 30,000 V. Since,  

eVvm
2

1 2
0 =          (2.2) 

)]
2

1(2[
2

0

0
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h
e

+

=l
       (2.3) 

where m0 and v are the rest mass and the velocity of the electron, respectively and e 

represents the electronic charge, V is the voltage of the electron beam in Volts, h is 

Planckôs constant and le is the wavelength of the electrons in nm.  Therefore, by using 

the De Broglie relation of equation 2.1 the wavelength of electrons can be determined. 

Ignoring the relativistic effects, the wavelength  of an electron beam can be approximated 

as 
3
 

V
e

22.1
=l          (2.4) 

Therefore, as the accelerating voltage of the electron beam increases, the wavelength 

becomes shorter.  The achievable resolution obtained with a TEM depends on the 

wavelength of the electrons as follows: 
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where b is the half of the solid angle of collection of the transmitted electrons from the 

sample. (Figure 2.2 b).  Therefore, a higher resolution on the order of a few nanometers 

to  as low as 0.2 nm can be easily achieved with higher accelerating voltages of  100 - 

300 kV in a TEM.
68

  Additionally, if suitable detectors are placed to collect the X-rays 

generated, information about the elemental composition of a sample can be easily 

obtained. This is known as energy dispersive spectrometry (EDS) or energy dispersive x-

ray spectroscopy, EDX and is usually available in all SEM and TEM devices.  Generally, 

the samples are dispersed in a liquid and dropcast or directly grown as a thin film on a 

TEM grid.  The TEM grids are usually made of Cu, lacey carbon, silicon nitride or 

titanium dioxide.  Even though very high spatial resolution can be obtained with TEM, 

this technique suffers from low sampling ability as only small areas can be imaged when 

gaining high resolution.
3
  Moreover, the restriction to thin samples limits the applicability 

of this technique, and the high energy electron beam can lead to sample degradation and 

inconclusive results.
3
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Figure 2.2  Schematic showing (a) the different signals generated when a high-

energy electron beam interacts with a thin sample specimen.  Most of the signals 

shown above can be detected in different types of TEM.  This figure is adapted 

from Reference 3. 
3
 (b) showing the definition b is the  half the solid angle of 

collection of the transmitted electrons from the sample, which determines the 

resolution of a TEM. 
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CHAPTER 3 

LASER INDUCED SYNTHE SIS OF METALLIC NANO STRUCTURES 

 

3.1 Introduction and Motivation  

Bimetallic nanoparticles generated from the intermixing of noble metal precursors 

are known to possess enhanced optical, magnetic, and catalytic properties in comparison 

to their pure metallic counterparts.
70, 71

  In many cases, the synergistic effects between the 

components of the nanoalloys may enhance specific properties compared to the bulk 

metals.  For example, several alloys of Pd are twice as permeable to hydrogen in 

comparison to pure bulk Pd.
72-74

  Therefore, it is desirable to engineer the physical and 

chemical properties of the nanoalloys and build selectively tailored materials by 

controlling the shape, size, distribution, and chemical composition of the pure metallic 

constituents. 

 

Au-Pd nanoparticles have generated considerable interest because they are known 

to catalyze chemical reactions including the oxidation of CO at low temperature,
75

 the 

conversion of acetylene to ethylene,
76, 77

 the oxidation of alcohols to aldehydes for use in 

fuel cells, 
78

 the synthesis of vinyl acetate monomers from ethylene,
79, 80

 and the 
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production of hydrogen peroxide (H2O2) from hydrogen (H2) and oxygen (O2) at low 

temperature.
81-84

  The focus on building a hydrogen economy has made the development 

of ultrasensitive, robust, economical and reusable hydrogen sensors imperative to prevent 

accidents and injury caused by the release of this explosive asphyxiant.
85

 Pd is 

extensively used in hydrogen sensing, but recent reports confirm that Au can also be 

utilized for the same purpose.
2, 5, 86

  Therefore, the bimetallic Au-Pd nanoparticles may 

act as a superior hydrogen sensing material due to the cooperative catalytic properties of 

Au and Pd.
87-89

  Furthermore, the ability of the Au-Pd system to absorb twice the amount 

of hydrogen,
72

 and its enhanced catalytic properties, have directed extensive research 

towards finding efficient routes for synthesizing these bimetallic Au-Pd nanoparticles.   

 

Au-Pd nanostructures are known to exist in different morphologies depending on 

the mixing patterns of the monometallic constituents.  The different mixing scenarios 

include core-shell structures,
73, 90-97

 random and ordered mixed structures of Au and Pd,
73, 

98, 99
 and layered or onion like alternating metastable Au-Pd nanostructures.

73, 100
  Because 

Au and Pd possess distinct surface properties, crystal lattice structure, redox potential, 

and surface charge, the successful blending of the two metals to yield an alloy or a 

bimetallic nanoparticle entails synthetic complexities. 

 

Conventional methods for synthesizing Au-Pd nanoalloys include the chemical 

reduction of metal salts at the same time or sequentially, in the presence of a reducing 

agent and subsequent addition of a stabilizer prevents aggregation to achieve uniform 
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dispersity.
101, 102

  For example, Wu et al. synthesized 3 nm Au-Pd bimetallic 

nanoparticles in reverse micelles,
103

  Ferrer et al. prepared polyvinylpyrrolidone capped 

three layered Au-Pd nanoalloys at sizes < 5 nm and core-shell nanoparticles at sizes > 5 

nm.
100

  Lim et al. synthesized 10-20 nm core shell nanocrystals and dimers of Au-Pd by 

ñcontrolled overgrowthò of Au on the surface of Pd seeds.
104

  Synthesis of > 10 nm Au-

Pd nanoflowers was reported by Xu et al., 
105

 whereas Yang et al. showed how mask 

lithography could be used to generate hetero-oligomers (> 20 nm) of Au-Pd.
88

  

Ultrasonic, microwave, and x-ray irradiation have also been used to reduce metal salts to 

produce Au-Pd bimetallic nanostructures.
106-108

  Kan et al. reported an ultrasonic 

synthesis of 5-10 nm Au-Pd bimetallic nanoparticles,
91

 whereas sonochemical methods 

yielded 8±1.1 nm Au-Pd nanoparticles.
109

  Microwave assisted synthesis resulted in the 

generation of 12 nm Au-Pd core shell nanoparticles.
110

  However, most of these synthetic 

techniques leverage harsh reducing agents for reducing the metal salts and require 

surfactants to stabilize the synthesized nanostructures. 

 

Laser-assisted synthesis of nanoparticles is a particularly promising method 

because it is safer than using high energy X-rays and g rays, requires shorter reaction 

times (~ minutes) in comparison to other methods in the published literature (20 minutes 

to a few hours),
111

 avoids the usage of harsher, complex experimental conditions 

associated with conventional chemical reduction schemes, and does not require the use of 

surfactants or any organic capping layer for controlling the size distribution of 

nanoparticles.  Pulsed laser irradiation (nanosecond) has been utilized to generate Au-Pd 
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nanoparticles by fragmentation of the preformed colloidal mixtures
111

 or by ablation of 

metallic targets.
112

  Chen et al. used laser fragmentation of preformed particles to 

synthesize Au-Pd nanoparticles with size distributions of 3.9 ± 1.2 nm ( Au:Pd 1:1) and 

4.3 ± 1.1 nm (Au:Pd 2:1).
113

  Tsai et al. reported the synthesis of 4.4 ± 1.5 nm Au-Ag-Pd 

trimetallic nanoparticles by laser fragmenting preformed nanoparticles.
114

  Abdelsayed et 

al. demonstrated that 5-25 nm Au-Pd nanoparticles could be prepared without a capping 

layer in vapor phase using laser vaporization of metallic targets and subsequent 

controlled condensation.
112

  Furthermore, Au-Pd nanoparticles synthesized in vapor 

phase were capped in oleic acid- oleylamine, sonicated and re-exposed to 532 nm laser 

irradiation to yield 3 - 4 nm Au-Pd nanoparticles.
112

  All the aforementioned methods for 

synthesizing Au-Pd nanoalloys involve the usage of a reducing agent followed by the 

addition of a surfactant to prevent aggregation and achieve uniform dispersity.
115-118

  The 

presence of an organic capping layer on such particles has the disadvantage of blocking 

catalytically active sites.
119

  The organic moieties also display strong spectroscopic 

signals, which often hinder the detection of reaction intermediates in catalytic reactions 

like hydrogenation.
119

 The use of organic solvents and surfactants can also handicap the 

scalability for making Au-Pd catalysts for commercial applications.
120

   

 

These drawbacks emphasize the need for simple, ñgreenò synthetic routes for 

generating Au-Pd catalysts.  The production of Au-Pd nanoalloys may avoid harsh 

reducing agents
120

 by using  g rays or laser  radiation to reduce the metal salts.
121, 122

  

Laser-assisted synthesis of nanoparticles requires shorter reaction times in comparison to 
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conventional synthetic procedures.
122

 In particular, femtosecond laser-assisted reduction 

of metal salt precursors in aqueous solution has been shown to be a viable synthetic route 

to the production of bimetallic nanoparticles including Au-Ag,
123

 Rh-Pt/Pd,
124

 and Au-

Pt.
125

 In these experiments, the postulated reducing agents include solvated electrons and 

hydrogen radicals created from the decomposition of water by both multi-photon 

absorption and ionization processes.
126, 127,128

  Recent experiments have shown that 

simultaneous spatial and temporal focusing (SSTF)
129, 130

 of femtosecond laser pulses can 

significantly improve the size distributions of synthesized Au nanoparticles
131, 132

 by 

avoiding detrimental nonlinear optical effects such as filamentation and ablation of 

cuvette walls, as well as providing optimal nucleation and mixing conditions.
131

 

 

However, in ultrashort (femtosecond) laser irradiation experiments non-linear 

propagation effects such as self-focusing, intensity clamping, propagation at high 

intensity beyond the Rayleigh range geometric optics, and white-light generation, arise 

due to the usage of geometric optics leading to significant impact on the formation of 

reactive reagent formation from water.
133, 134

  In order to overcome the aforementioned 

problems, simultaneous spatial and temporal focusing (SSTF) 
135, 136

 was used in this 

study.  It was observed that gold nanoparticles generated using SSTF were smaller and 

more monodisperse in comparison to that generated by traditional geometric focusing 

under identical experimental conditions.
131
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This work reports the synthesis of bimetallic Au-Pd nanoparticles as small as 2.4 

± 0.9 nm devoid of chemical surfactants and reducing agents by using intense spatially 

and temporally focused femtosecond laser pulses. Aqueous solutions of 
132- 

and [PdCl4]
2-

 

were photochemically reduced and the laser power and irradiation times were varied in 

order to understand their roles in the generation of narrowly distributed Au-Pd particles. 

UV-vis spectroscopy was carried out in-situ to understand the mechanism of reduction 

and the results were correlated with transmission electron microscopy.  The mixing ratio 

of Au and Pd salts was also varied and the solutions irradiated under the same 

experimental conditions.  The particle size distributions were measured using 

conventional Transmission Electron Microscopy (TEM) and structural determination was 

carried out by high resolution TEM coupled with energy dispersive X-ray spectroscopy.  

High resolution TEM measurements on three Au-Pd samples of different mixing ratios 

revealed the nanostructures to be heterogeneously mixed alloys.  

 

3.2 Fabrication of Au, Pd and Au-Pd Nanostructures 

Instrumentation  

Laser pulses were provided by a titanium-sapphire chirped pulse amplifier 

(Legend Elite HE+, Coherent), that provided 5 mJ, 35 femtosecond pulses at a 1 kHz 

repetition rate.  The ultrafast laser pulses were spectrally dispersed using a grating pair 

(1200 l/mm), and then focused with an f =50-mm aspheric lens into a cuvette containing 

the sample to be irradiated (Figure 3.1).  The gratings were used to spectrally disperse the 

pulse in space and time, reducing the intensity of the beam out of the focus.  The aspheric 
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lens then focuses the laser pulse simultaneously in space and time.  The temporal profile 

of the laser pulse is restored when all of the spectral components are recombined at the 

focal point.
129, 130

  The simultaneous spatial and temporal focusing (SSTF)
130

 method 

circumvents damage to the cuvette and optically induced breakdown of the solvent before 

the focal point as the intensity of the beam is significantly lowered by the spectral-

temporal dispersion of the pulse away from the focal point.  By minimizing nonlinear 

propagation effects that elongate the focal point and clamp the laser intensity, it is 

possible to deliver higher laser fluences to a well-defined focal point.  This leads to a 

better control of the intensity distribution than without the SSTF apparatus.  The negative 

frequency chirp introduced by the grating pair results in a 36 ps pulse duration at the 

focal point.  Equal volumes of aqueous metallic precursors of different Au/Pd molar 

ratios were mixed in a 10 mm path length quartz cuvette.  Solutions were irradiated for 

time durations ranging from 1-20 minutes with pulse energies ranging from 2-4 mJ, 

corresponding to 1.3-2.6 ³ 10
-8

 moles of photons per pulse at 790 nm for the time 

dependence study.  The laser beam waist at the focus was 10 ± 2 mm, yielding a vacuum 

energy flux of ~ 640-1270 J/cm
2
.   

 

 



24 

 

 

Figure 3.1  Photo showing the experimental setup used for generating Au-Pd 

nanostructures using laser irradiation. The 790 nm beam is simultaneously spatially and 

temporally focused on to the sample. The sample is a quartz cuvette containing aqueous 

solution of Au-Pd precursors, shown in the inset. 

 

Electron microscopy:  A JEOL JEM-1400 TEM operating at an accelerating 

voltage of 120 kV was used for low-resolution imaging and size analysis of the Au-Pd 

nanoparticles.  High-resolution TEM measurements were performed using an FEI Titan3 

dual-aberration-corrected STEM operating at 300 kV.  Conventional TEM images were 

recorded using a JEOL JEM-1400 machine.  The sample was dropcast on the formvar 

side of an ultra thin carbon type-A 400 mesh copper grid (Ted Pella Inc., Redding, CA) 

and the droplet was then blotted and allowed to dry under ambient conditions overnight. 
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3.3 Kinetics of Growth and Formation of Laser Synthesized Nanostructures 

In order to determine how the irradiation time affects the particle size distribution 

and morphology, an Au:Pd (2:1) solution with a total molar concentration of 0.18 mM 

was irradiated with 4 mJ pulses for times ranging from 1 to 10 minutes.  The electronic 

spectra of pure metallic Pd (0.18 mM) and Au (0.18 mM) before irradiation exhibit 

characteristic peaks between 200-500 nm (Figure 3.2 a,b).  The predominant peaks 

arising due to [PdCl4]
2-

 ions appear at ~ 205 nm along with a broad feature around ~350 

nm.
137

  The band around ~235 nm is attributed to ligand to metal charge transfer (LMCT) 

transition of the [PdCl4]
2-

 ions.
137

  The most pronounced peak due to the presence of 

[AuCl4]
-
 is observed at ~222 nm and a weak shoulder is also evident at 286 nm arising 

from ligand to metal charge transfer of [AuCl4]
-138

.  The UV-vis spectrum of Pd:Au 1:2 

(total concentration =0.18 mM) was selected for tracking the reduction.  The intermixing 

of the metallic salts causes the broad shoulder ascribed to [PdCl4]
2-

 to persist only in 

solutions containing high Pd  (e.g. Pd;Au 2:1 and 9:1) ratio (Appendix A, Figure A 1.1), 

whereas the predominant LMCT feature of [AuCl4]
-
 at 222 nm shifts to 227 nm (Figure 

3.2 c) for the Au-Pd 1:2 solution.  The absorption feature at 227 nm was tracked with 

transient electronic spectroscopy and its disappearance was directly correlated with the 

photochemical reduction of the metal precursors.  It is evident from the kinetics of the 

reduction of the 227 nm feature (Figure 3.2 d) that the biggest decrease occurs within 2 

minutes. On further irradiation, the absorption in the UV region increases.  Such an 

increase is also observed in the case of the reduction of pure Pd salts (Figure 3.2 b) which 

is ascribed to the formation of the band structure of the Pd nanoparticles.
137

  In the case of 

Au-Pd 1:2 solution this increase could signal the reduction of Pd salt precursors and the 
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formation of Au-Pd alloys.  Since the presence of Pd dampens the LSPR band of Au, 

therefore no prominent Au LSPR band is observed in the case of the Au-Pd 1:2 sample.  

Another plausible reason behind the increase in the absorption in the UV could be the 

generation of reactive hydrogen peroxide species as a result of the laser induced 

breakdown of aqueous solutions.
131, 132

   

 

 

 

Figure 3.2  Electronic spectra showing the reduction of metallic salt precursors for the 

synthesis of nanoparticles. (a) Electronic spectra of Au chloride (KAuCl4) solution at 

initial stage of reduction and after completion of reaction.  The 222 nm LMCT feature 

disappears and the 532 nm Au LSPR band appears signaling the reduction of Au
(3+)

 to Au 

(0)
.  (b) Electronic spectra showing reduction of Pd 

(2+)
 to Pd 

(0)
.  Absorption in UV region 

increases and LMCT feature at 350 nm disappears, pointing towards the formation of 

neutral Pd nanoparticles.  (c) Electronic spectra showing the reduction of Au-Pd 
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precursors in Au:Pd (2:1 mixture). LMCT band at 227 nm decreases with time and an 

increase in the absorption in the UV region is observed. (d) Kinetics of reduction of the 

227 nm feature showing the reduction is complete within 2 minutes of irradiation. All 

irradiation was done using the 790 nm laser at 4mJ. 

 

TEM images of samples (Figure 3.3) collected after every minute of irradiation 

provide information about the formation, morphology and size of the Au-Pd 

nanostructures. For an irradiation time of 1 minute, the dominant particle morphology 

consists of necklace-like aggregates of spheroidal nanoparticles, similar to intermediate 

structures formed during Au nanoparticle synthesis using the Turkevich method.
139

  

Increasing the irradiation time leads to a better control over the particle size distribution.  

The associated rise in the number of smaller (~5 nm) spherical nanoparticles as the 

irradiation time is increased, is consistent with fragmentation of the primary particles in 

the laser field.  Fragmentation of primary Au nanoparticles upon exposure to 

femtosecond laser pulses has been widely observed
140, 141

 and may proceed through a 

number of mechanisms including Coulomb explosion.
142

  An irradiation time of 10 

minutes produces the narrowest particle size distribution (Figure 3.3).  Further increasing 

the irradiation time produces larger particles, some of which appear to consist of two or 

more spherical particles fused together.  This size increase is attributed to particle 

melting, fusion, and recrystallization, which are known to occur upon pulsed laser 

irradiation.
143

  Overall, this study suggests an optimal irradiation time of 10 minutes to 
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produce the most narrowly distributed, sub-5 nm Au-Pd nanoparticles under these 

reaction conditions (Figure 3.3 and 3.4). 

 

 

 

 

Figure 3.3  TEM images of Au: Pd (2:1, 0.12 mM: 0.06 mM) particles irradiated 

with 4mJ of 790 nm laser irradiation at different stages of reduction.  (a-b) At early 

stages (1-2 minutes of irradiation) necklace-like structures and bigger particles 

between 6-12 nm, respectively were observed. (c-d) Within 3-6 minutes of 

irradiation fragmentation became evident. (e-f) Significant reduction in particle size 

was observed between 8-10 minutes of irradiation and fragmentation of preformed 

particles was dominant. (g-h) Further irradiation up to 20 minutes showed laser 

induced melting, contributing to an increase in particle size.  
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Figure 3.4  Particle size distribution histograms showing the effect of irradiation time on 

the size distribution corresponding to the TEM images of Au: Pd (2:1, 0.12 mM: 0.06 

mM) particles irradiated with 4mJ 790 nm laser irradiation. (a) Histograms showing 

effect of irradiation time (b)  Summarized  plot showing showing that the average sizes of 

Au-Pd nanoparticles as a function of irradiation time.  

 

3.4 Morphological Characterization of Laser Synthesized Nanostructures 

3.4.1 Effect of laser pulse energy  

Upon establishing an optimal irradiation of 10 minutes time for the maximum 

pulse energy, the same Au: Pd (2:1) (total concentration of 0.18 mM) solution was 

irradiated for 10 minutes at laser pulse energies of 2, 3 and 4 mJ to study the effect of 
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pulse energy on the particle size distribution (Figure 3.3 and 3.4).  The nanostructures 

observed at a pulse energy of 2 mJ (Figure 3.3) are similar to those observed at shorter 

irradiation times for 4 mJ pulses (shown in Figure 3.5).  Thissuggests that additional 

pulse energy is needed to produce well-separated, small nanoparticles. Upon increasing 

the laser power to 3 mJ, a tighter size distribution was obtained and the average particle 

diameter decreased to ~5 nm.  At 4 mJ (Figure 3.5), the average particle size was reduced 

further to 4 nm, with the narrowest size distribution.  An analogous decrease in Au 

particle size with increasing pulse energy has been observed previously.
131

  We conclude 

that higher laser power is optimal for generating narrowly distributed Au:Pd (2:1) 

nanoparticles in a total reaction time of 10 minutes.  
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Figure 3.5  Effect of laser power on the size distribution of Au-Pd nanoparticles. (a) TEM 

images of Au:Pd 2:1 sample irradiated for 10 minutes at laser powers of 2 mJ, 3 mJ and 4 

mJ.  Samples irradiated at 4 mJ showed the smallest particles with narrowest distribution.  

Particle size distribution histograms are provided on the right hand side.  (b) The size 

distributions of Au-Pd nanoparticles as a function of pulse energy.  
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3.4.2 The Role of Initial Mixing Ratios of Metal Precursors 

Solutions with Au:Pd ratios of 1:0, 9:1, 2:1, 1:1, 1:2, 1:9 and 0:1 and a fixed Au 

concentration of 0.12 mM were irradiated at the established optimal conditions of 4 mJ 

and 10 minutes (Figure 3.6) . The concentration of pure Pd was 0.254 mM.  Irradiation of 

the pure Au and Pd metal salts produced the largest particles with the broadest size 

distributions (Figures 3.6a and 3.6 g).  Au:Pd ratios of 9:1 through 1:2 (Figures  3.6 b-e) 

produced nanoparticles with average sizes of less than 5 nm.  The smallest Au-Pd 

nanoparticles with the narrowest distribution among all experimental conditions explored 

were formed at an Au:Pd ratio of 1:2.  The particles were nearly spherical and narrowly 

dispersed.  Particle synthesis at this Au:Pd ratio was repeated thrice in order to establish 

reproducible generation of narrowly dispersed, sub-5 nm Au-Pd nanoparticles using 

ultrashort SSTF laser irradiation and characterized using TEM ( Figure 3.7).  At an Au:Pd 

ratio of 1:9, narrowly dispersed 3-10 nm nanoparticles were evident along with some 

agglomerates (Figure 3.6 f), where the average particle size was smaller than pure Au or 

Pd. 
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Figure 3.6  TEM images of particles generated from Au:Pd samples of different ratios at 

a constant Au concentration of  0.12 mM.  All the samples were irradiated at 4 mJ for 10 

minutes. (a) Au:Pd 1:0 (b) Au:Pd 9:1, inset shows 50 nm aggregates, scale bar is 100 nm 

(c) Au:Pd 2:1 (d) Au:Pd 1:1 (e) Au:Pd 1:2 (f) Au:Pd 1:9, inset shows 50-100 nm 

aggregates, scale bar is 100 nm (g) Au:Pd 0:1 Particle size distribution histograms are 

provided below the TEM images.  The size distributions of Au-Pd nanoparticles as a 
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function of Pd content are also provided below the TEM micrographs.  

 

  

 

Figure 3.7  Reproducibility of generating narrowly distributed Au Pd (2:1) nanoparticles.  

(a, b) TEM images of Au:Pd 2:1 prepared on two different days using same experimental 

conditions as used for the sample shown in Figure 3.7 e.  (c,d) Size distributions of Au: 

Pd 2:1 for (a,b) respectively.  

 

3.4.3 Structural and Compositional Characterization of Nanoparticles 

The Au:Pd 2:1, 1:1 and 1:2 nanoparticles generated at the optimal irradiation 

conditions of 4 mJ and 10 minutes were characterized by STEM coupled with high-angle 
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annular dark field (HAADF) capability and EDX spectroscopy to determine the 

morphology and composition of the Au-Pd nanoparticles.  Such measurements can reveal 

whether the nanoparticles are core-shell or alloyed structures, as well as the elemental 

distributions of the particles.  Annular dark field (ADF) mode STEM measurements of 

the Au: Pd samples are shown in Figure 3.8.  The d-spacing were calculated from the 

lattice fringes in the dark field STEM images of two randomly selected nanoparticles.  

The {111} fringes in Figure 3.8 a show periods of 0.237 nm, which is close to the lattice 

spacing of pure Au (d111 (Au) = 0.235 nm).  On the other hand, the Au-Pd (2:1) 

nanoparticle in Figure 3.8b has a heterogeneous composition, where the d spacing 

calculated from the {110} lattice fringes in the left region (0.279 nm) revealed a Pd-rich 

alloy (d110 (Pd) = 0.275 nm), whereas the lattice spacing of 0.287 nm in the right hand 

region indicates an Au-rich alloy (d110 (Au) = 0.288 nm).  ADF STEM images also 

revealed the presence of fivefold twinned, decahedral Au-Pd nanoparticles (Figure 3.8c).  

ADF images of Au:Pd (1:1) reveal an alloyed structure with the d-spacing {110} in 

between the values of pure values Au and Pd.  On the other hand, Au: Pd (1:2) (Figure 

3.8 e) sample reveals heterogeneously mixed Au Pd structures, very similar to Au:Pd 

(2:1) (Figure 3.8 a-c).  Thus the ADF images point towards the conclusion that only when 

Au and Pd are mixed in an equal molar ratio are alloyed structures are obtained.  Under 

conditions when Au and Pd are mixed in unequal ratios heterogeneously mixed alloyed 

structures are obtained.  Moreover, twinning is evident. This is of particular interest 

because such structures have been previously shown to be efficient sites for catalytic 

reactions.
144

   The catalytic activity of these Au-Pd nanostructures will be discussed in 
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detail in Chapter 4.  Au and Pd possess similar lattice parameters with a lattice mismatch 

of only 4.6% (Au: 4.07 Å, Pd: 3.89 Å),
145

 which makes distinguishing between mixed 

alloys, core-shell, or a mixture of separated Au and Pd nanoparticles solely based on the 

measurement of lattice spacing unreliable.  In order to confirm the structure and 

composition of the nano particles, energy dispersive X-ray spectroscopy was performed 

on the Au:Pd  2:1, 1:1 and 1:2 samples.  

 

 

 

Figure 3.8  High-resolution STEM images taken in annular dark field mode (ADF) for 

structural determination of Au-Pd nanoparticles.  ADF images of two different Au: Pd 

2:1 nanoparticles.  (a) STEM image showing {111} lattice fringes with a d-spacing of 
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0.237 nm, showing an Au-rich composition.  Dotted lines show the direction of 

measurement. (b) STEM image showing coexistence of Au- and Pd-rich regions in an 

Au-Pd nanoparticle. (c) STEM image showing a fivefold twinned decahedral Au-Pd 

nanoparticle.  The solid white lines indicate the twin boundaries (d) ADF image of Au:Pd 

1:1 sample showing alloyed structure (e) ADF image of Au:Pd 1:2 showing 

heterogeneously mixed twinned structures similar to Au:Pd (2:1).  

 

Au:Pd (2:1) : A STEM EDX spectrum collected on one such cluster (Figure 3.9) 

indicated the fractional elemental compositions of Au and Pd to be ~55% and ~45%, 

respectively, which corresponds to slightly lower Au content than the initial solution ratio 

(66% Au and 33% Pd) (Figure 3.9).  This result is consistent with the reported phase 

diagram for Au-Pd alloys, where Au content between 40% and 60% is preferred under 

low-temperature synthesis conditions.
146

  EDX elemental mapping (Figure 3.10) was also 

performed on randomly selected nanoparticle clusters.  The line scan shown in (Figure 

3.10) indicates that Pd and Au are mixed in an arbitrary fashion, with the relative 

composition varying across different particles.  For example, at a distance of 10 nm both 

Au and Pd are present at nearly equal relative concentration, whereas between 15-20 nm 

Au is more dominant. 
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Figure 3.9  Energy dispersive x-ray (EDX) spectrum of Au-Pd (2:1) nanoparticles.  (a)   

Region of interest from where the spectrum was collected (scale bar = 10 nm).  (b) 

EDX spectrum collected from (a). Table in the inset shows the Au and Pd atomic 
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compositions to be 55% and 45%, respectively, which makes the Au:Pd ratio to be 

1.2/1.   

 

 

Figure 3.10  Elemental analysis of Au-Pd (2:1) nanoparticles. (a) HAADF images of a 

random group of Au:Pd 2:1 nanoparticles). Compositional maps of the particles 

imaged in (a): (b) red pixels show the presence of Au, (c) green pixels show the 

presence of Pd. The dotted line drawn across (b) and (c) show the region of line scan. 

(d) Elemental composition determined from the line scan (b-c) shows coexistence of 

Au and Pd in all the particles with variable composition. 
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Au:Pd (1:1):  Three randomly selected regions were chosen for EDX elemental 

mapping and acquiring EDX  spectra at the same time.  It was observed that both Au and 

Pd coexisted at all times, with varying compositions.  However, the EDX spectra of the 

same cluster showed the composition (atomic weight %) to be 46% and 53% Au and Pd 

respectively (Figure 3.11).  Two similar measurements were made on two different 

regions and the results of all of them are summarized in Table 3.1.  The composition of 

Au varied between 43-46% and that of Pd ranged between 53-56%. . The average atomic 

wt% composition of Au is 45.9 ± 1.6% and that of Pd is 54.9 ± 1.6% and the measured 

Au:Pd ratio is 0.82:1.  The EDX spectrum and maps shown in Figure 3.11 clearly 

confirm an alloyed structure, even though the elemental composition is not constant as 

there are regions which are richer in Au than Pd and vice versa.  Overall, this result is 

also in agreement with the reported phase diagram for Au-Pd alloys, where Au content 

between 40% and 60% is preferred under low-temperature synthesis conditions.
146
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Figure 3.11  Elemental analysis of Au-Pd (1:1) nanoparticles. Compositional maps of a 

randomly selected cluster of nanoparticles. (a) red pixels show the presence of Au, (c) 

green pixels show the presence of Pd (c) overlaid compositional map showing the 

presence of both Au and Pd. All scale bars in a,b and c are 8 nm. (d) Energy dispersive x-

ray (EDX) spectrum collected from the same nanoparticle cluster shown in a, b and c. 

Table in the inset shows the Au and Pd atomic compositions to be 46 % and 53 %, 
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respectively.   

 

Measurement 

No 

Norm. wt %  Norm. at. % 

1 Au : 61 46.18 

Pd: 38 53.83 

2 Au : 61 45.83 

Pd: 38 54.17 

3 Au : 58 43.27 

 Pd: 41 56.74 

 

 

Table 3.1  Elemental characterization of three randomly selected nanoparticle clusters of 

Au:Pd 1:1 sample. Three different areas were analyzed with EDX spectroscopy. The 

average atomic wt% composition of Au is 45.9 ± 1.6% and that of Pd is 54.9 ± 1.6% and 

the measured Au:Pd ratio is 0.82:1.  

 

Au:Pd (1:2) : Three distinct regions were again selected and similar analysis as 

that carried out for the Au:Pd 1:1 sample was repeated.  The EDX maps and spectrum of 

one representative measurement is shown in Figure 3.12 and the measured compositions 
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of Au and Pd from all three measurements are summarized in Table 3.2 The main 

observations include that Au and Pd were found mixed heterogeneously in all 

nanoparticles.  The EDX spectrum showed the composition (atomic weight %) to be 46% 

and 53% Au and Pd respectively (Figure 3.12 d). The composition of Au varied between 

43-44% and that of Pd ranged between 55-57%.  The average atomic wt% composition of 

Au is 44.0 ± 0.9 % and that of Pd is 56.0 ± 0.9. % and the measured Au:Pd ratio is 0.78:1.  

The EDX spectrum and maps shown in Figure 3.12 also confirm an alloyed structure, as 

observed for both Au:Pd 1:1 and 2:1 samples,  with  Au content  varying between 40- 60 

%, which is deemed as a preferable configuration under low temperature conditions.
146

  

No evidence of core shell morphology was observed for all three samples analyzed with 

HRTEM. These results raise the question: why does SSTF laser processing produce 

randomly mixed alloy Au-Pd nanoparticles instead of separate Au and Pd nanoparticles 

or core-shell structures?  We speculate that co-reduction of the Au and Pd salts forms 

bare Au and Pd atoms, whose subsequent collisions result in random mixing of Au and 

Pd in each nanoparticle, which generates Au-Pd nanoalloys with heterogeneous 

compositions.  
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Figure 3.12  Elemental analysis of Au-Pd (1:2) nanoparticles. Compositional maps of a 

randomly selected cluster of nanoparticles. (a) red pixels show the presence of Au, (c) 

green pixels show the presence of Pd  (c) overlaid compositional map showing the 

presence of both Au and Pd. All scale bars in a,b and c are 10 nm. (d) Energy dispersive 

X-ray (EDX) spectrum collected from the same nanoparticle cluster shown in a, b and c. 
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Table in the inset shows the Au and Pd atomic compositions to be 44 % and 55 %, 

respectively.   

 

 

 

Measurement 

No  

Norm. wt %  Norm. at. %  

1  Au : 59  44.28  

Pd: 40.  55.72  

2  Au : 57  42.60  

Pd: 42  57.42  

3  Au : 59  43.87  

 Pd: 40.  56.11  

 

 

Table 3.2  Elemental characterization of three randomly selected nanoparticle clusters of 

Au:Pd 1:1 sample.  Three different areas were analyzed with EDX spectroscopy. The 

average atomic wt% composition of Au is 44 ± 0.88 % and that of Pd is 56 ± 0.89.% and 

the measured Au:Pd ratio is 0.78:1. 
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3.5 Conclusions 

An ultrafast laser-induced reduction scheme was shown to produce surfactant-free 

Au-Pd nanoparticles as small as 2.4 ± 0.9 nm.  This synthetic route did not require the use 

of chemical reducing agents or surfactants for the purpose of reducing the metallic 

precursors or controlling the size distribution, respectively.  In-situ electronic 

spectroscopy was used to track the reduction kinetics of the Au-Pd precursors and the 

formation of the nanoparticles. High-resolution STEM performed on the prepared 

bimetallic nanoparticles confirmed the formation of randomly mixed alloys with Au 

content varying between 40- 60 % depending on the initial mixing ratio of Au and Pd. 

 

 

 

 

 
 

 

 



47 

 

CHAPTER 4.  

APPLICATIONS OF LASE R SYNTHESIZED METALL IC NANOSTRUCTURES 

TO CATALYTIC RE DUCTION OF 4-NITROPHENOL  

 

4.1 Introduction and motivation 

4-nitrophenol (4-NP) is a phenolic compound that is deemed as toxic and an 

irritant.
147

 
148

  The reduction product of 4-NP, 4-aminophenol (4-AP), is used as a 

photographic developer of black and white films as well as a corrosion inhibitor.
147

 

Another prominent application of 4-AP lies in the manufacturing of paracetamol and 

other analgesic and antipyretic drugs.
147, 149, 150

  The reduction of 4-NP to 4-AP is a 

commonly studied reaction and noble metal nanoparticles are often employed as catalysts 

in the presence of excess sodium borohydride for the conversion of 4-NP to 4-AP.
151-163

  

In fact, this particular reduction reaction is often utilized as a model reaction to 

benchmark the catalytic activity of a given catalyst.
7, 153, 156, 164

  It is to be noted that this 

reaction (Figure 4.1) only proceeds in the presence of a metal catalyst and excess sodium 

borohydride, has no side products and the kinetics can be readily monitored via UV-

visible spectroscopy (Figure 4.1).
7, 147, 163

  The decrease of the 400 nm band arising from 

4-nitrophenolate anion is used to track the kinetics and derive the rate constant.
163

  The 
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400 nm band decreases with time and a new band at 300 nm arises signaling the 

generation of 4-AP.
163

 

Bimetallic alloys are frequently more reactive than their monometallic 

counterparts and their properties can be easily tuned by changing the composition of one 

or more of the constituents.
7
  Surfactant capped Au-Pd nanoalloys have been used 

extensively for catalyzing 4-NP to 4-AP,
165, 166, 4,

 
167

 and the kind of ligand used dictates 

the feasibility and the rate of this catalytic transformation.
147

 In this chapter, surfactant 

free laser synthesized Au, Pd and Au-Pd nanostructures will be used to catalyze the 

reduction of 4 NP to 4-AP in the presence of excess NaBH4.  The novelty of the work 

discussed in this chapter lies in the usage of surfactant free structures and having the 

ability to control the catalytic efficiency by changing the degree of alloying between Au 

and Pd.  This presents the opportunity to assess the catalytic activity dependence on 

composition, which could potentially contribute towards the design of effective catalysts 

for this widely used ñgreenò reaction. 
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Figure 4.1  The reduction of 4-NP to 4-AP. The reaction scheme shows that the reduction 

of 4-NP occurs in presence of NaBH4 and a catalyst (Au-Pd in this case).  The 400 nm 

feature is attributed to 4-nitrophenolate anion (evidence with pH dependence of 4-NP is 

shown in Appendix C) and the new band appearing with time at 300 nm is due to 4-AP.  

As the reaction progresses the 400 nm feature decreases signaling the conversion of 4-

NP. 

 

4.2. Experimental methods 

4-nitrophenol (Fluka, Ó 99.5%) and sodium borohydride (Fluka,> 99%) were used 

as received.  Ultrapure deionized (DI) (18.2 MɋĿcm at 25 ÁC) water was used for making 

the solutions of4-nitrophenol (4-NP) and NaBH4.  The Au, Pd and Au-Pd nanoparticles 
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were synthesized using laser irradiation (discussed in Chapter 3) using a 790 nm, 4 mJ 

visible beam and an irradiation time of 10 minutes. 

  

All catalysis measurements were carried out with a freshly prepared 2 mL 

aqueous solution of 70 ɛM 4-NP and 7 mM NaBH4.  The solution was added to a 1 cm 

path length quartz cuvette and the catalytic reaction was initiated by injecting 200 ɛL of 

the catalyst (effective concentrations shown in Table 4.1). The catalytic activity was then 

monitored using UVīvis spectroscopy. The apparent rate constant, kapp, is determined by 

measuring the absorbance at 400 nm over the course of the reaction, where, the reaction 

behavior is governed by a pseudo first-order reaction given by equation (4.1)  

Ὠ ὅ

Ὠὸ
ὑ    ὅ                                                                                                                τȢρ  

where the [C] is the concentration of 4 - NP at a given time t.  Since the concentration of 

NaBH4 is 100-times greater than the 4-NP, this term remain relatively constant and can 

be excluded from the rate equation.  To extract kapp, the slope should be determined from 

the plot of ln(A/Ao) vs. time, where to represents the position in time taken after the 

induction period (Figure 4.4 a-d).  The rate constant was extracted from Au:Pd ï ratios 

which included: 0:1, 1:9, 3:1, 1:1,  9:1, 3:1, and.1:0 (Figure 4.4).  Optical spectra were 

obtained using a Jasco UV/vis Spectrophotometer V650.  The extinction spectra, 

collected over the wavelength range of 200 ï 800 nm, were collected at wavelength 

increments of 0.2 nm.  
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Ratio of 

Pd:Au 

Molarity 

of Pd 

Molarity 

of Au 

Effective  

concentration 

1:0  0.12 mM  0 mM  0.011 mM  

9:1  1.08 mM  0.12 mM  0.11 mM  

3:1  0.36 mM  0.12mM  0.0436 mM  

1:1  0.12 mM  0.12 mM  0.022mM  

1:3  0.04 mM  0.12 mM  0.015 mM  

1:9  0.013 mM 0.12 mM  0.012 mM  

0:1  0  0.12 mM  0.011mM  

 

Table 4.1  Concentrations of Au and Pd used for testing the catalytic activity of Au, Pd 

and Au: Pd nanoalloys shown in Figure 4.3. Effective concentration of catalysts in 200 

mL of aliquot of Au:Pd nanoparticles. 
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4.3. Results and Discussion 

4.3.1 Spectral Characterization and mechanism of reduction 

4-NP solution in water is light yellow in color with an absorption peak at 318 nm 

(Figure 4.2).  On introducing sodium borohydride solution, the light yellow color of 4-NP 

changes to greenish yellow due to the generation of 4-nitrophenolate ions, which is basic 

in nature (Appendix B, Figure B 1.1).  The 4-NP peak appearing at 318 nm red shifts to 

400 nm which is the characteristic absorption of the nitrophenolate anion.  In the absence 

of the catalyst, 4 ïNP is usually not reduced by NaBH4 only, or the reduction  rate is 

much slower  The reaction of 4-NP with NaBH4 without Au catalyst is shown in Figure 

4.4 a, b, where no change in the absorption at 400 nm was observed until the catalyst was 

added.
168

  After the addition of the catalyst, the 400 nm peak decreases and a new peak 

appears at 303 nm.  This new peak at 303 nm is due to the formation of 4-AP, denoting 

the successful reduction of 4-NP to 4-AP.  The full catalytic transformation is a multi-

step process
4
  and the reaction scheme shown in Figure 4.3  When excess NaBH4 and an 

appropriate metal catalyst are added, the reaction is pseudo-first-order and depends solely 

on the concentration of 4-NP in solution.
4
  The metal catalyst binds the 4-NP molecule 

using the two oxygens of the nitro group.
4
  The adsorbed geometry is shown in Figure 

4.3, where a single molecule is known to bind to two atoms of a (100) surface.
4
  This 

binding creates a pentagonal MīOīNīOīM cyclic intermediate.
4
  Since this reaction is 
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pseudo-first-order in the presence of excess NaBH4, the slope of a plot of the natural log 

of the absorbance at 400 nm yields the apparent reaction rate, kapp.
4
 

 

 

 

 

Figure 4.2  Characteristic UVïvis absorption spectra of 4-nitrophenol (318 nm), 4-

nitrophenolate (400nm) and 4-Aminophenol (303nm).  4-NP + NaBH4 yields the 4-

nitrophenolate anion which, in the presence of a catalyst, reduces to 4-Aminophenol.   
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Figure 4.3  Reaction scheme showing reduction of 4-NP to 4-AP.
4
 

 

4.3.2 Catalytic Activity of Au, Pd and Au-Pd nanoparticles  

Initially, the absorption spectra of 4-nitrophenol mixed with NaBH4 was 

monitored as a function of time (Figure 4.4 a, b).  No change was detected until the 

catalyst was added, as for example in Figure 4.4 a, b, where no change in the absorption 

at 400 nm occurred for the 4-NP and sodium borohydride mixture until Au or Au-Pd was 

added, respectively.  It was observed for pure Au (Figure 4.4a) that there was an 

induction period of 25 s after which the reaction started whereas for Au-Pd 1:9 the 

reaction commenced immediately without any induction period (Figure 4.4 b).  The plot 

of ln(A/A0) for both pure Au and Au-Pd 1:9 is shown as an example to show how kapp is 

extracted ( Figure 4.4 c,d).  The ln(A/A0) for Au-Pd 1:9 is zoomed in  Figure 4.4c  to 

show the start of the reaction at 70 s and the reaction reaches completion within 77 s.  A 

linear fit is carried out between 70 s = t0 and 77 s = tf.  Similarly, fits are carried out for 

all other concentrations studied and reported in Figure 4.4e.  Rate constants were 
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extracted from samples different Pd: Au ratios (1:0, 9:1, 3:1, 1:1, 3:1, 1:9 and 0:1).  (The 

concentrations of Au and Pd precursors used are provided in Table 4.1.)  Two separate 

batches of all the different ratios were prepared and their catalytic activities were tested 

and compared for reproducibility.  It was observed that the Pd:Au 9:1 sample  is  most 

catalytically active for both the batches. Pd: Au 9:1 was 12 X and 8 X more active than 

pure Pd and Au nanoparticles, respectively (Figure 4.4a,b and d).  The performance of the 

catalysts, when compared with the previously published findings (Table 4.2), indicate the 

laser synthesized Au-Pd (1:9) amongst the best with a kapp per unit surface area around 

117 s
-1

 m
-2

   The details of calculations are given in Appendix C. 
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Figure 4.4  Catalytic activity of Au, Pd and Pd:Au nanoparticles.  Rate constants 

extracted from Pd: Au ratios were 1:0, 9:1, 3:1, 1:1, 3:1, 1:9 and 0:1.  (a-d) Steps 

followed in extracting the rate constant.  (e) Two separate batches of all the 

different ratios were prepared and their catalytic activities were tested and 

compared for reproducibility.  Pd:Au 9:1 was the most catalytically active for 

both the batches.  Pd: Au 9:1 was 12 X and 8 X more active than pure Pd and Au, 

respectively.  The concentrations of Au and Pd precursors used are provided in 

Table 4.1.  
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The hallmark of bimetallic nanostructures, in the context of heterogeneous 

catalysis, is that the d-band center can be tuned by changes in composition.
4
  As predicted 

by the Hammer-Nørskov model, the center of the d-band (in this case for Au-Pd) 

determines the adsorption energy of  the adsorbate on the metal surface.
4
  Upon 

interaction with 4-nitrophenol and the Au-Pd surface, the adsorbate state overlaps with 

the metal states and  is split off into bonding and antibonding interactions.
4
  As the d-

band decreases below the Fermi energy, the antibonding states become populated and the 

overall adsorption energy decreases.  A scatter plot of the d-band against the adsorption 

energy for various alloys is shown in Pozun et al.
4
  When a metal of larger lattice 

constant is alloyed with one having a smaller constant, the orbital overlap between atoms 

increases.  This shifts the d-band center away from the Fermi level, decreasing the 

reactivity at the site of compression.
4
  This modulation to the d-center concurrently 

facilitates the energy of adsorption between Au-Pd surface and the 4 - nitrophenol.
4
  This 

trend suggests that the ideal catalyst is one which binds the 4-nitrophenol in such a way 

that is not too tight as to prevent a reaction.  In the case of 4-nitrophenol and metal alloys, 

theoretical predictions by Pozun et al. point to an ideal binding energy of -0.95 eV.
4
  Pure 

Au and Pd are predicted to have an adsorption energy of -0.65 eV and -1.05 eV, 

respectively. Therefore, the ideal theoretical Au-Pd composition is one where the Pd 

content is roughly 75%  which is very close to what is observed experimentally (Figure 

4.4) ( Pd 75% is second most reactive). 
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Catalytic 

Platform 

Particle 

Shape 

Dimension (nm) kapp  

(10
-3

 s
-1

) 

kapp/Area 
 
(s

-1 
m

-2
)
 

Au NP (1 

nm)169  

Island dia. = 6 1.85 8.9 

Cu NP (3 

nm)169  

Island dia. = 8 17.7 43.1 

Pd NP (3 

nm)169  

Island dia. = 4.6 16.6 20.1 

Au Film  (40 

nm)169  

Film Planar 0.48 2.0 

Cu  Film (20 

nm)169  

Film Planar 39.0 162.5 

Pd  Film (15 

nm)169  

Film Planar 1.4 5.93 

Cu w/ Oleic170 Cubic edge = 9.5 8.2 1.2 

Cu via Urea169 Spherical dia.= 5.6 1.5 0.001 

Pd 

Dendrimer171 

Spherical dia. = 3.0 4.0 11.4 

Ag Dip 

Catalyst172 

Spherical dia. = 3.0 5.3 0.66 

Ag 

Dendrimer173 

Spherical dia. = 3.1 7.1 238 

Pt 

nanoparticles17

4 

Spherical dia. = 2.3 ~1.45 ~0.067 

Au w/ CTAB
 

175 
Spherical dia. = 13 6.1 104 

Au on 

PMMA 155 

Spherical dia. = 6.9 7.9 10 

Au 

Dendrimer155 

Spherical dia. = 3.1 25.1 254 

Au Ligand-

free176 

Spherical dia. = 7.2 n/a 57 

Au on 

Sapphire170 

Wulff Shape dia. = 80 0.3 1.2 

AuCu on 

Sapphire170 

Hemispheri

cal 

dia. = 100 3.3 17 

AuCu  on 

Sapphire170 

Triangular edge = 160 0.7 2.9 

Pd Dip 

Catalyst177 

 

Spherical dia. = 1.4 4.4 .0301 
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Table 4.2  Table showing the comparison of catalytic activity of nanoparticles in 

literature with the present work in reducing 4-NP. 

 

4.3.3. Reproducibility studies 

It was observed in Figure 4.4, that there is some variability in the results of 

duplicate experiments.  In order to address this issue, two sets of experiments were 

carried out with the Au : Pd  1:1 sample. 

 

i) For testing the reproducibility of the catalytic activity of different batches of 

Au:Pd samples of  the same composition six batches of Au:Pd 1:1 (0.16 mM: 0.16 mM) 

sample were prepared, five of which were prepared on the same day (Figure 4.5 , samples 

Catalytic 

Platform 

Particle 

Shape 

Dimension (nm) kapp  

(10
-3

 s
-1

) 

kapp/Area 
 
(s

-1 
m

-2
)
 

Ag Dip 

Catalyst 

Spherical dia. = 3.0 5.3 .66 

Au@Pt 

Cubes178 

Concave 

Cubic 

edge = 12.8 4.3 2.3 

Au 

Nanoforest179 

Cylindrical (l,w) = (1000, 5) 6.5 7.14 

Pd 

Dendrimer171 

Spherical dia. = 3.0 4.0 11.4 

Au-Pt 

Dumbbells180 

Cylindrical (l,dia) = (7.4, 

39.5) 

n/a 42 

AuCu 

Pentacle181 

Star (arm, core) = (20, 

25) 

85 86.6 

Au 

Nanocages182 

Hollow 

Cube 

(edge, wall) = 

(50, 5) 

47.2 199 

This Work  Au-Pd, 

sphere 

6.1nm dia  0.25 117 
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A-E) and the sixth sample was synthesized on a different day.  The measured rate 

constants, kapp for samples A, B were around 0.22 s
-1

, whereas that for C, D, E were 0.49, 

0.31 and 0.059 s
-1

, respectively.  The sixth sample, F, which was prepared on a totally 

different day had a kapp around 0.27 s
-1

.   The average kapp for these six trials was 0.26 s
-1
 

with a standard deviation of 0.14 s
-1

.  These results demonstrate that even though all the 

samples are prepared under apparently identical experimental conditions (precursor 

concentrations, laser wavelength, irradiation and laser power), there is a significant 

difference in their catalytic activity.  Such differences could either arise due to 

fluctuations in room temperature or humidity, which affects the laser output ( power, 

beam profile) used for generating the nanoparticles. 

 

 

Figure 4.5  Testing the reproducibility of the catalytic activity of different batches of 
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Au:Pd samples of  the same composition Samples A-F  had Au and Pd mixed in 1:1 ratio, 

with 0.16 mM each.  Laser irradiation parameters were held constant at 4 mJ 10 minutes 

and a 790 nm beam was used.  Samples A-E were made on the same day while F was 

made on a different day.  Samples A, B.D and F seem to have similar activity while C 

and E are outliers) 

 

ii) Testing the reproducibility in measuring the catalytic activity of the same 

sample separately.-  One sample of Au:Pd 1:1 (0.16 mM) was taken and three aliquots 

were pipetted separately.  The pipetted solutions were then used for testing the catalytic 

activity.  It was observed that all the three samples exhibited very similar catalytic 

activity (Figure 4.6).  Thus based on the two tests conducted above, it appears that the 

lack of reproducibility in Figure 4.5 mostly arises from synthetic variability.  However, it 

is clear in Figure in 4.4 that the trend in the catalytic activities of Au:Pd is conserved . 
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Figure 4.6  Testing the reproducibility in measuring the catalytic activity of a given batch 

of catalyst.  Three different trials were carried out with 3 identical aliquots (200 mL) of a 

single Au:Pd 1:1 (0.16 mM each) sample synthesized by SSTF (4 mJ, 10 minutes with 

790 nm) laser irradiation. 

 

4.4. Conclusions 

Au, Pd and Au-Pd nanostructures synthesized using photochemical irradiation 

were utilized for the catalytic reduction of 4-nitrophenol to 4-Aminophenol. It was 

observed that Au-Pd (1:9) was the most catalytically active and was ten times more 

reactive than Au or Pd alone.  The novelty of this study lies in the fact that all the 

nanomaterial catalysts are surfactant free and hence provide direct contact with the 

reactants.  The performance of the catalysts when compared with the previously 
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published findings (Table 4.2) indicate the laser synthesized Au-Pd amongst the best, 

with a kapp per unit surface area around 117 s
-1

 m
-2

.     
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CHAPTER 5 

OPTICAL DETECTION OF  HYDROGEN USING PLASM ONIC GOLD  

NANOPARTICLES  

 

5.1 Introduction and Motivation  

The interaction of metal nanoparticles (NPs) with photons, whose energy is 

resonant with the surface plasmon, leads to the generation of plasma oscillations, which 

can decay into hot electrons.
2, 55, 56

  This strong interaction offers the opportunity to 

couple light to drive chemical reactions and provides a means to generate a valuable 

product with relatively low energy input.
2
  The probability of generating surface 

plasmons and ñhotò electrons is increased when the metal nanoparticles are much smaller 

than the wavelength of the incident radiation.
2
  Recent studies have focused on the 

transfer of hot electrons from excited metal surfaces to orbitals of nearby molecules.
2, 56

  

Mukherjee et al. provided the first experimental evidence for the room temperature 

photocatalytic dissociation of H2 on 5 - 30 nm gold nanoparticles using visible light.
2,56

  

Their results demonstrated that a fraction of the hot electrons generated by the resonantly 

excited gold nanoparticles allowed for electron transfer into the 1ůu* anti-bonding orbital 

of physisorbed H2 molecules leading to dissociation.
2, 56

  The requirements for this 
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process are that (i) the Au NPs be excited resonantly, (ii) the Feshbach energy overlaps 

the hot electron distribution,
183

 (iii) the hot electrons have energy greater than 1.8 eV, (iv) 

the weight fraction of Au supported on  TiO2, or SiO2, be between 0.5 - 3 %
2, 56

, and (v) 

the nanoparticles are sufficiently small (< 10 nm),
2
  in order to maximize the surface to 

volume ratio and increase the fraction of lower coordination, highly reactive surface 

atoms.
184

 Thus, the presence of these hot carriers makes the otherwise inert surface of Au 

reactive.  It is also important to state that direct surface plasmon and hot carrier 

generation in bulk metals is ñrelatively inefficient process, requiring large incident light 

intensities to produce any appreciable effectò due to momentum mismatch between 

phonons and photons.
56 

  Hot electrons have been used in a variety of other applications, 

e.g., oxidation of ethylene on Ag nanocubes,
185

 water splitting,
31, 186

 solar energy 

harvesting,
187

 sensing,
62, 63

 catalysis,
2, 188

 generation of H2 from alcohol,
183

 hydrocarbon 

conversion,
61

 the fabrication of novel molecular electronic devices,
64

 plasmonic 

switches,
65

 and nanoscale electronics.
66

  

 

Before the hot electron induced dissociative capabilities of Au nanoparticles were 

realized and used for sensing by Mukherjee et al.,
2
 an indirect nanoplasmonic sensing 

scheme using the localized surface plasmon resonance (LSPR) was reported.
89, 189-194 

  

The LSPR is a sensitive probe of the changes in the local environment, such as 

perturbations in the dielectric properties of the medium.
195

  Indirect nanoplasmonic 

sensing schemes employ an enhanced electric field to sense changes in the dielectric 

environment triggered by a secondary active material, such as Pd.  When placed in the 
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near-field of resonantly excited Au nanoparticles, an external analyte molecule (e.g., H2) 

changes the dielectric properties of Pd, which in turn shifts the LSPR of the Au 

nanoparticles.
89, 189-194

  Pd was chosen due to its well established ability to dissociate and 

absorb hydrogen and undergo a reversible lattice expansion and undergo changes in 

dielectric constant making it more transmissive.
196, 197

  As shown by Liu et al., as the Pd 

NP approaches the near-field of a resonantly excited Au nanotriangle, the spectral 

position and scattering intensity of the Au system shifts upon hydrogen exposure due to 

the formation of Pd hydride (PdHx) which has different dielectric properties compared to 

Pd.
193

  Langhammer et al. used substrate-based Au nanodisks separated from Pd 

nanoparticles by a thin dielectric spacer layer to study hydriding and dehydriding kinetics 

of 1.8 - 5.4 nm Pd nanoparticles.
194

  However, Liu et al. and Langhammer et al. did not 

report any hydrogen sensing with the Au nanostructures alone.
193, 194

  The discovery of 

the hot electron induced photocatalytic activity of Au nanoparticles by Mukherjee et al.,
2, 

56
 showed that the Au LSPR could drive the dissociation of H2 without the need for an 

adjacent active material like Pd.  However, any change in the optical response of the Au 

nanoparticles due to hot electron induced dissociation of hydrogen has yet to be reported.  

 

The interaction of Au with hydrogen, especially the formation of Au-H bonds, is 

far from being understood due to the inert nature of bulk Au.  However, there are studies, 

both theoretical and experimental, which discuss the adsorption of hydrogen onto Au 
198-

201
 and the formation of AuHx.

86, 201-207
  Bus et al. reported that small gold nanoparticles 

(~1.4 nm) supported on alumina dissociatively adsorb hydrogen.
201

  This is accompanied 
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by a change in electronic properties as it was shown by X ray absorption near edge 

spectroscopy that the L3,2  (excitation of a metal 2p electron to unfilled d orbitals creates 

characteristic absorption peaks known as L edge) edges of  Au/Al2O3 recorded in 

hydrogen undergo a shift of several eV.
201

  Previous reports also mentioned that the 

formation of surface-based AuH2
-
 and AuH4

-
 are stabilized by relativistic effects

208
 and 

are likely to occur in electron-rich systems provided by laser ablation and plasmas.
86

  The 

catalytic activity was associated with atomic sites of lower coordination and high surface 

energy (i.e., at the edges and corners).  

 

In this chapter, both direct and indirect plasmonic detection schemes used for 

optical sensing of H2 will be demonstrated.  The direct plasmonic H2 sensors were 

fabricated using Au nanostructures.  The novelty stems from the room temperature 

optical detection of hydrogen using (i) thermally self-assembled substrate-based Au 

nanohemispheres, and (ii) surfactant-free structures (allowing for close contact between 

the nanostructures and the analyte). In the present study, a ~ 1 ï 2 % change in optical 

transmission was achieved at room temperature using Au nanostructures  between 5-20 

nm in diameter upon incoherent optical excitation.  To substantiate the claim of AuHx 

formation, discrete dipole approximation (DDA) simulations were carried out using 

dielectric constants of Au hydride previously measured by Giangregorio et al.
86

  The 

dielectric constant of Au was measured using spectroscopic ellipsometry both in the 

presence and in the absence of hydrogen to confirm if the presence of H2 under optical 

excitation was enough to induce any change in the dielectric properties of gold.  Density 
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Functional Theory calculations also confirm that the interaction of atomic hydrogen with 

an Au (111) surface induces a change in the optical properties of Au.  In addition, indirect 

nanoplasmonic hydrogen sensors were fabricated using bimetallic alloys of Au-Ag and 

Au-Cu.  All the hydrogen sensing platforms described here are surfactant free and 

provide information on the interaction of hydrogen exclusively with Au and its alloys 

with Ag and Cu.  These studies are important as reliable hydrogen sensors are crucial for 

preventing accidents related to hydrogen leaks.  Moreover, this simple detection strategy 

can potentially be extended for sensing other analytes. 

 

5.2 Materials and Methods 

5.2.1 Preparation of nanoparticle films   

All the Au nanostructured films used in this study were prepared by the group of 

Prof. Svetlana Neretina. 

Au films: Substrate-based Au nanostructures were produced using thermal 

dewetting.
209

  This process involves two steps (i) sputter deposition (Gatan High 

Resolution Ion Beam Coater Model 681) of a Au thin film (typically ~10 nm) onto 

sodalime silica microscope glass slides with the resultant film being blue in color and 

then (ii) heating from room temperature to 500°C in 15 minutes (Lindberg Blue M tube 

furnace, TF55035A-1) followed by cooling back to room temperature.  All samples were 

heated in a constant flow of ultra high purity argon at 65 sccm.  The assembled Au 

nanostructures have a hemispherical morphology (Figure 5.1a).
209

  The sputter coating 
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time in step (i) is also varied from 5s to 30s to deposit different amounts of Au which 

when heated at 500 °C yield dewetted Au nanostructures with different sizes, as 

discussed later.
5
 

Au-Ag films: Templates of Au were prepared on (0001)-oriented sapphire 

substrates as both periodic arrays with a narrow size distribution and as randomly 

positioned structures with a broad size distribution.  The arrays were fabricated using 

dynamic templating, a lithography-free templated assembly technique,
210

 while the 

random structures were generated by thermal dewetting.  In the experiments shown here, 

random Au structures were used.  The substrate coated with Au nanoparticles and a 

rectangular Ag foil of approximately the same dimensions were then inserted into slots 

cut into an alumina crucible (Fig. 5.1b).  This maintained a small well-defined distance 

(0.5 mm) between the two surfaces while preventing contact.  The crucible was then 

placed in a tube furnace with flowing Ar and heated to 775 °C, a temperature sufficient to 

drive a flux of Ag from the sublimating foil onto the adjacent substrate.  Exposure of the 

Au templates to this flux resulted in the heterogeneous nucleation of Ag which leads to 

(i) a morphological transformation from the Wulff shape to a triangular nanoprism and 

(ii) a compositional transformation from pure Au to a AuAg alloy.
6
 

Au-Cu films:  The Au templates used were fabricated on sapphire (0001) 

substrates by the solid state dewetting of 12 nm thick sputter deposited Au films.  A Cu 

foil identical in size with the sapphire substrate and the dewetted Au sample are then 

placed into slots cut into an alumina crucible.  A separation of 0.5 mm is maintained 

between the foil and the Au sample (Figure 5.1c).  The crucible is then heated at 885°C in 
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presence of Ar for up to 24 hours in a tube furnace.  The heating causes Cu to sublimate 

from the foil, on to weakly faceted Au truncated octahedrons.  Heterogeneous nucleation 

and solid state diffusion transform Au templates into alloyed triangular Au-Cu 

nanostructures (Figure 5.1c).  The morphological and compositional transformation of Au 

into Au-Cu is accompanied by a color change from pink to blue (Figure 5.1c). 

 
 

 

Figure 5.1  Fabrication of Au, Au-Ag and Au-Cu nanostructures. (a) Fabrication of Au 

nanostructures by thermal dewetting.
5
 (b) A sapphire substrate decorated with randomly 
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distributed Au nanostructures was placed in an alumina crucible, heated to 800 °C in the 

presence of an Ag foil, and transformed to Au-Ag nanoprisms.
6
 (c) Fabrication of Au-Cu 

nanoprisms using dewetted Au nanostructures as templates and a Cu foil.
7
 

 

5.2.2 Characterization of nanostructures 

The morphological characterizations of the samples were carried out using SEM 

(FEI Quanta 450FEG SEM) and AFM (Agilent 5500 Scanning Probe Microscope).  The 

particle sizes were computed using Image J (NIH) on a group of randomly selected 

nanoparticles.  The optical properties were studied using UV-vis spectroscopy (JASCO 

630). 

Au: The sputter coating time was varied between 5 s to 30 s and the morphology 

of the Au nanostructures (sputtering time 5 s-20 s) was analyzed using transmission 

electron microscopy (TEM).  The sample that was sputter coated for 30 s and was then 

characterized using atomic force microscopy (AFM).  An Evolution 201 UV-vis 

spectrometer was used to study the spectral behavior of Au nanoparticles in the presence 

and absence of hydrogen wavelength range: 190 - 700 nm, bandwidth:  1 nm, integration 

time:  0.1 s, data interval: 1 nm, scan speed: 600 nm/min).  It was observed from the 

TEM and AFM images (Figure 5.2a) that the nanoparticles on samples sputter coated at 

(5s) were the smallest in size (6.3 ± 2.0 nm) with an LSPR around 550 nm (Figure 5.2).  

Increasing the sputtering time increases the average particle size and red-shifts the LSPR 

of the Au nanoparticles.  The 30 s sputtered thin film was characterized using AFM 

(Agilent 550 SPM), which revealed the presence of particles between 10-20 nm and with 
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the LSPR centered at 700 nm (Figure 5.2).  It is clearly observed from Figure 5.2 b that 

the position of the LSPR increases linearly with the sputtering time.  This dependence 

was confirmed from two independent sets of dewetted samples (Sample sets 1 and 2 in 

Figure 5.2 b).  In order to check the synthetic variability, the LSPR of a few Au 15 s 

dewetted samples on microscope glass slides prepared on different days were checked.  It 

was observed that the LSPR varied within 555-565 nm for different samples prepared by 

sputtering for 15 s.  The data in Figure 5.2 b suggest a synthetic variability of 10 nm in 

the position of the LSPR of the dewetted samples, sputtered for 5-20 s. 
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Figure 5.2  Morphological and optical characterization of Au nanostructures on 

microscope glass slides. The sputter coating time was varied from 5 s -30 s and all the 

sputtered thin films except the 30 s one were dewetted at 500 °C for half an hour.  The 

samples sputter coated at (5 s) were the smallest in size with an LSPR around 550 nm.  

Increasing the sputtering time increases the average particle size and red-shifts the LSPR 

of Au.  The 30 s sputtered thin film was characterized using AFM, which revealed the 

presence of particles between 10-20 nm and with the LSPR centered at 700 nm. (b) 
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Dependence of the position of the LSPR on the sputtering time for dewetted Au 

nanoparticles on microscope glass slides for samples prepared in different runs. 

 

Au-Ag: The Au-Ag nanostructures were characterized primarily with SEM and 

optical spectroscopy.  The SEM images in Figures 5.3 a,b show the morphological 

transformation of the Au templates (described in section 5.1) to Au-Ag nanotriangles 

upon exposure to the Ag  vapor at elevated temperatures.
6
  It was observed that the Au 

templates appear more rounded in structure and about 100 nm in diameter.  Upon 

exposure to an Ag flux, the Au templates transform into highly faceted nanotriangles with 

an edge length of 150 nm and a height of 60 nm after 90 minutes of exposure to Ag 

vapor.
6
  The UVïvis spectra (Figure 5.3 c) show that the Au templates have an LSPR 

around 580 nm, which red shifts to 600 nm and also broadens upon alloying with Ag.  

After 90 mins of heating the composition of the Au-Ag alloy is roughly 60:40 

respectively as determined by energy dispersive x-ray spectroscopy.
6
  These Au-Ag 

samples were fabricated on sapphire substrates and the Au-Ag samples were sputtered 

with a thin-layer (1 nm) of Pd before being utilized for indirect nanoplasmonic hydrogen 

sensing. 
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Figure 5.3  Morphological and optical characterization of Au-Ag nanostructures grown 

on sapphire (0001) substrates.  Tilted-view SEM images of a periodic array of (a) Au 

templates and (b) the Au-Ag nanoprisms derived from them.  The insets show top- and 

65° tilt-view images of the individual structures. (c) UV-vis spectra of Au templates and 

Au-Ag nanotriangles. Au templates have an LSPR at 580 nm which broadens and red-

shifts to 600 nm upon alloying with Ag for 90 minutes.
6
   

 

Au-Cu: The Au-Cu nanostructures were characterized primarily with SEM and 

with optical spectroscopy.  The SEM images in Figures 5.4 a,b show the morphological 

transformation of the Au templates to Au-Cu nanotriangles upon exposure to the Cu flux 

at elevated temperatures, 885 °C (described in section 5.1).
7
  It was observed that the Au 

templates form at random positions over the surface of the sapphire substrate and have an 

average diameter of 80 nm.
7
  The insets in Figure 5.4 a show weak faceting consistent 
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with a [111]-oriented truncated octahedron bound by eight (111) and six (100) facets.
7
  

Exposure to the Cu flux for 15 hours at 885 °C transforms the Au structures to highly 

faceted nanoprisms with an edge length of ~160 nm.  The UVïvis spectra (Figure 5.4 c) 

show that the Au templates have LSPR around 577 nm which red shift to 592 nm and 

broaden upon alloying with Cu.  After 15 hours of heating, the composition of the Au-Ag 

alloy is roughly 50: 50 respectively as determined by  energy dispersive x-ray 

spectroscopy).
7
  The Au-Cu samples were sputter coated with a thin-layer (1 nm) of Pd 

before being utilized for hydrogen sensing.  The UV-vis spectrum in Figure 5.4 c showed 

further red shift of the Au-Cu LSPR peak to 598 nm and broadening upon the addition of 

Pd. 

 

 
 

Figure 5.4  Morphological and optical characterization of Au-Cu nanostructures grown 

on sapphire (0001) substrates.  SEM images of a periodic array of (a) Au templates and 
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(b) the Au- Cu nanoprisms derived from them.  Figures in the insets show high resolution 

images of individual structures taken from a top- and a side-view.  The histograms 

display the distribution of template diameters and triangle edge lengths. (c) UV-vis 

spectra of Au templates and Au-Cu nanoprisms both with and without Pd. Au templates 

have an LSPR at 580 nm which broadens and red-shifts to 592 nm upon alloying with Cu 

for 15 hrs at 885° CC.  Addition of Pd by sputter coating further broadens and red shifts 

the LSPR of Au-Cu nanoprisms.
7
  

 

5.2.3 Experimental Setup 

The optical setup (Figure 5.5) initially consisted of a 60 W incandescent lamp 

which has a broadband emission in the visible region (400 - 1000 nm).  Later on, a 

tungsten halogen source (LS-1 Series Tungsten Halogen Light Source) emitting photons 

from 300-900 nm was utilized for experiments due to higher stability.  A combination of 

bandpass filters (Figure 5.6) were placed in the beam path to vary the excitation 

wavelength range for studying the wavelength dependence of the plasmonic response of 

the nanostructures to hydrogen gas.  In order to test if there was any dependence of the 

excitation intensity on the plasmonic response of the Au nanostructures to hydrogen, a 

combination of neutral density filters (Thor Labs and Eksma Optics) ranging from 0.5-7.5 

optical density units were placed in the beam path before the sample.  A BK7 lens (f= 5 

cm) was then used to focus the light onto the sample.  The power of the broadband 

excitation at the sample was 6 mW (measurement shown in Appendix D).  The initial 
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testing was carried out in a 1 mm quartz cuvette.  The sample was mounted firmly inside 

the cuvette using double sided scotch tape.  A schematic is shown in Figure 5.6 a, and the 

results are reported in our 2014 ACS Nano publication.
5
  However, there were problems 

of the sample movement during gas flow.  Therefore, in order to minimize the movement 

of the sample during gas flow, another sample cell was designed (schematic shown in 

Figure 5.7 b).  The flow cell is equipped with a port for flowing gas (ultra high purity 

10% H2 in N2).  The probable concentration of other gases, e.g. O2, is 1 ppm as per 

Airgas Inc. and that for moisture is 1-3 ppm which is well below our detection limit.  The 

flow rate of the gases into the sample chamber was controlled by the usage of mass flow 

controllers (MKS Instruments).  In addition, prior to the experiment the gas lines were 

purged for 15 minutes to remove any air that may be present.  Dry hydrogen in nitrogen 

with probable moisture content of 1-3 ppm was used (Ultra high purity grade, 99.9995%), 

so the role of moisture in this optical effect can most likely be ruled out.  All experiments 

were carried out at constant laboratory temperature of 20 ± 2°C.  The transmitted light 

was coupled into a 200 micron core optical fiber (Ocean Optics), whose output was sent 

to an Andor spectrometer/CCD (Shamrock/iDus) detection system, controlled by a 

Labview (National Instruments) program.  The schematic of the entire optical setup is 

shown in Figure 5.8.  The Labview routine allowed the acquisition of spectra as a 

function of time with each spectrum taking about 0.3 s.  Once a steady baseline spectrum 

was established, H2 was flowed in at 100 sccm (30 psi pressure from the cylinder) (flow 

rate controlled using mass flow controller) as to not perturb the sample physically.  

Subsequent spectra are recorded for a specified time and then the entire spectrum is 
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averaged and plotted as a function of time to yield the real time response (exposure to 

multiple cycles of H2).  Data analysis was done using Igor Pro (Wavemetrics). 

 

 

 

Figure 5.5  Schematic of the experimental setup for plasmonic detection of gases. 
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Figure 5.6  Spectra of filters used for varying the wavelength of excitation (a) Spectra of 

individual filters.  Light blue filter - 1, dark blue filter - 2, green - 3, orange - 4, red filter 

ï 5, 800 nm cutoff filter - 6  (b) Excitation profiles of filter combinations used for 

illuminating the Au sample at different wavelength ranges. The yellow line in 5.5 b 

represents the LSPR of the gold nanohemispheres (NHs) grown on microscope glass 

slides. 
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Figure 5.7  Schematic of sample holders. Schematic displaying (a) arrangement for 

carrying out plasmonic sensing in a 2 mm path length quartz cuvette.  The sample is 

mounted with scotch tape to the walls of the cuvette.  Two holes (1/16ò in diameter) are 

drilled on the Teflon cuvette top to allow H2 to flow through spaghetti tubing (1/16ò outer 

diameter) and flow out of the cell.  The quartz walls of the cuvette allow the transmitted 
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photons to be collected.  The total volume of the cuvette is 1.125 ml and if a sample 1mm 

thick, 8 mm wide and 30 mm in length is placed in the cuvette, the dead volume is 0.885 

ml.  (b) Teflon cell: The flow cell has an inlet and exit for gas flow and quartz windows 

which allow for transmitted light to pass through the sample and then be collected by an 

optical fiber.  The sample is screwed down over the bottom window to prevent any 

movement during gas flow.  The total dead volume in the cell 8.14 ml.  The detailed 

design is shown in Appendix E. The cuvette has 9 x smaller dead volume than the Teflon 

cell. 

 

 

5.2.4 Theoretical calculations 

In order to better understand the interaction of atomic H with Au nano-structures, 

we have collaborated with the Bansil group (Christopher Lane, Dr. Bernardo Barbiellini, 

Prof. Robert S. Markiewicz and Prof. Arun Bansil) from Northeastern University who are 

experts in the application of Density Functional Theory (DFT) to solid state materials 

problems.  

 

The first-principles calculations were done using the pseudopotential projected 

augmented wave method
211

 implemented in the Vienna ab initio simulation package 

(VASP)
212, 213

 with an energy cutoff of 350 eV for the plane-wave basis set.  The 

exchange-correlation functional was treated using the generalized gradient approximation 

(GGA)
214

, where a 7 x 7 x 1 Monkhorst-Pack k-point mesh was used.  The optical 
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properties were calculated following the method described in Reference
215

.  The 

dielectric tensor was calculated using VASP for bare Au (111) and coverage of 1 H for 9 

surface Au atoms.  

 

Additional calculations using discrete dipole approximation and electromagnetic 

finite difference time domain simulations are presented in Appendix G and H 

 

5.2.5 Ellipsometry Measurements 

In-situ spectroscopic ellipsometry measurements were carried out to determine 

the dielectric constants of Au in presence and absence of H2.  The measurements were 

performed at Prof. Zahra Faakhraiós Lab at the University of Pennsylvania.  A J.A. 

Woollam Spectroscopic Ellipsometer (M2000V) was used for this purpose. The sample 

was housed in a cell (LinkamTHMS 600, Linkam Scientific Instruments) which has 

quartz windows to let incident broadband (200-1600 nm) irradiation in and out of the 

sample.  The angle of incidence was fixed at 70°.  The pseudo optical/ dielectric constant 

is <e> = < e1> + i < e2>  , where <e1>  and <e2>  are the real and imaginary parts of the 

dielectric function.  Pseudo optical constants <e1> and <e2> were evaluated by using the 

Complete Ease software (J.A. Woollam Inc).  The optical constants <e1> and <e2> were 

not fitted with any optical model and used as provided by the software.  All 

measurements were done at room temperature and at identical flow rates of hydrogen and 

nitrogen.  After the samples were exposed to hydrogen, the cell window was removed 
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and hydrogen was allowed to desorb into the ambient.  The Au sample was plasmonically 

excited from top with a broadband excitation (200-800 nm) as shown in Figure 5.8. 

 

 

 

Figure 5.8  Experimental setup for measuring the optical properties. of Au 

nanoparticle films in N2 and H2 using spectroscopic ellipsometry (a) The 

ellipsometry beams are set at an angle of incidence of 70°.  The samples are 

additionally illuminated from the top with a broadband white light source. (b) A 

zoomed in view of the Linkam cell used for performing in-situ spectroscopic 

ellipsometry is shown. 
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5.3. Results and Discussion 

5.3.1 Characterization of films 

The UV/Vis extinction spectrum (Figure 5.2) showed the plasmon band of 

dewetted Au nanostructures as a wide inhomogeneously broadened feature at ~ 570 nm.  

The peak position appeared to be red shifted by about 50 nm from the previously reported 

position of plasmon band for spherical Au nanoparticles.
216

  This shift in spectral position 

of the plasmon band could be attributed to two effects: (a) nanoparticle shape induced 

effects and (b) nanoparticle size related changes in surface plasmon resonance.  Llarger 

sizes have plasmon resonances at longer wavelengths and smaller particles absorb 

photons at shorter wavelengths.  The geometry induced shift was observed previously for 

other metals,
217

 and was attributed to the effective dipole being closer to the substrate.  It 

was found that hemispheres have a stronger interaction with the substrate as compared to 

spheres.
57, 217

  Nanoparticle dimension induced changes in the surface plasmon resonance 

arise due to increased electromagnetic retardation in larger nanoparticles.
22,218

  In the 

present case, the red shift could be a cumulative result of the two aforementioned 

phenomena. 

 

 

 5.3.2 Plasmonic sensing results 
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The broadband incoherent excitation was selected to cover wavelengths between 

500 - 600 nm and the real time response of the Au film in H2 was monitored.  Initial 

results where the samples were housed in a 2mm quartz cuvette and later experiments in 

the Teflon sample chamber are shown below.  

Cuvette based experiments: An average increase of ~1.8 % in the transmitted 

intensity through an Au nanoparticle film supported on an eagleglass substrate (MTI 

Corporation) slide (sputtering time 15 s) was observed within 0.3 - 1 s of turning on the 

H2 flow.  The Au nanostructured film was exposed to 10% H2 in N2 for 10 - 20 s during 

which time the transmitted intensity stayed constant.  Upon turning off the H2 flow, the 

transmitted intensity recovered to the initial value.  Thus, the real time monitoring of the 

response of Au to H2 (Figure 5.9) suggests that these nanostructures act as rapid and 

reusable optical H2 sensors upon resonant excitation at the LSPR.   

 

Teflon cell:  The Teflon cell has nine times more dead volume than the 2 mm path 

length cuvette.  Therefore the response times in the Teflon cell are expected to be longer 

than that obtained with the cuvette. Three separate samples of dewetted Au samples 

(sputtering time 15 s) on glass slides were tested on three different days, right after 

preparation.  The Au nanostructure films were exposed to 10 % H2 in N2 and an 

instantaneous ~ 2 % increase in transmitted intensity was observed.  The hydrogen was 

kept on for 40-50 s after which it was turned off.  The desorption of hydrogen was much 

slower and it took about 115-140 s to reach almost complete recovery of the initial 

transmitted intensity. 



87 

 

 

All remaining experiments reported here, except for the data presented in Figure 

5.9 a, were carried out in the Teflon cell. 

 

 

Figure 5.9  Real time monitoring of changes in transmitted intensity of dewetted Au 

nanostructures (sputtering time 15 s grown on a- eagle glass, b- glass substrates) upon 

introduction of 10% H2 in N2.  Each point plotted is the percentage change in the 

transmitted intensity between 500 - 600 nm as a function of time.  Data points were 

0.3 s apart.  On the left hand side is the typical response of the sample when mounted 

in a 2 mm path length cuvette
5
 with total volume =1.125 ml and dead volume= 0.88 

ml. Part (a) shows the rapid response after 7 cycles of hydrogen, (b) 11 cycles of 

hydrogen and (c) 1 cycle of hydrogen close up to show both the ON and OFF 
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response.  On the right hand side is a typical response of Au nanostructures in the 

homebuilt Teflon cell with a dead volume = 8.14 ml.  Three different dewetted 

samples with identical preparation conditions of sputtering time of 15s were tested, 

and a ~ 2% increase in transmitted intensity is obtained in each case.  Desorption took 

about 115-140 s for all the three samples. 

 

5.3.3 Spectral response of Au nanostructures in the presence and absence of H2 

tracked with UV-vis spectroscopy 

The surface plasmon resonance of dewetted Au nanoparticle films that were 

sputter coated for 15 s on microscope slides and housed in the Teflon cell was tracked 

with and without hydrogen exposure by recording transmission spectra with an Evolution 

201 UV-vis spectrometer procured from Thermo Scientific for a period of 20 minutes 

each.  In the absence of hydrogen the signal stayed stable at a transmittance of ~ 46 %, 

and LSPR peaked at 580 nm.  Upon introducing hydrogen for 20 minutes, a ~ 1 % 

increase in transmittance was observed as shown in Figure 5.10.  After stopping the 10% 

H2 flow with no gas flowing and ambient air being free to diffuse back in and waiting for 

40 minutes, the transmittance signal recovered to the initial value.  The presence of 

hydrogen induced a blue shift of ~ 1 nm at the Au LSPR.   
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Figure 5.10  Tracking the surface plasmon resonance of dewetted Au nanostructures with 

sputtering time of 15 s on microscope glass slides housed in a Teflon cell in 10% H2 with 

a UV-vis spectrometer.  The red spectrum is without any H2. The blue spectrum displays 

the optical response during hydrogen exposure and green was recorded after the hydrogen 

flow was stopped. The presence of hydrogen caused a reversible 1 % change in 

transmittance and a blue shift of ~ 1 nm at the Au LSPR 

 

5.3.4 Control Experiments 

i) Response to Inert gases. Do N2 and Ar give rise to a response? 

The concentration of hydrogen used in the optical sensing experiments reported 

above is 10% and the carrier gas is nitrogen.  Consequently, it is imperative to understand 

if there is any specificity in the optical response to hydrogen shown in Figure 5.9.  

Therefore, the sample exposed to hydrogen (Figure 5.9, sample housed in Teflon cell) 
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was also tested with nitrogen (Figure 5.11 a) and argon (Figure 5.11b) in the Teflon cell.  

Nitrogen and argon were ultrahigh purity grade supplied by Airgas Inc.  A 1.5% increase 

in the transmitted intensity was observed in both cases, which is lower in comparison to 

that obtained in 10 % hydrogen (~ 2% change).  Therefore, we conclude that the dewetted 

Au nanoparticle samples (Au sample sputter coated for 15 s, with LSPR at 580 nm) were 

also responsive towards the inert gases such as nitrogen and argon.  

 

 
 

Figure 5.11  Response of dewetted Au nanoparticle film on microscope slide 

(Au sample sputter coated for 15 s, with LSPR at 580 nm) to inert gases. (a) N2: 

Sample undergoes a 1.5% change in response, increase in transmitted intensity 

(b) Ar: Sample undergoes a 1.5% increase in transmitted intensity.  Both these 

experiments were carried out at a flow rate of 100 sccm. 
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ii) Does the response of the sample change over time? 

The reproducibility of the optical response of the dewetted Au nanoparticle films 

on microscope slide (Au sample sputter coated for 15 s, with LSPR at 580 nm) to 

hydrogen and nitrogen was tested.  The sample used for checking the optical response to 

nitrogen and argon (Figure 5.11) was selected to check the stability over time.  Initially, 

the Au nanoparticle film was tested after 1 hour of preparation.  A 2% and 1.5% increase 

in transmitted intensity was observed in hydrogen and nitrogen, respectively (Figure 5.12 

a) when the sample was fresh.  After 1 hour elapsed with the sample being in the sample 

chamber in air, the test was repeated.  The optical response of the film to hydrogen 

decreased to 1.5% (Figure 5.12 a).  After 24 hours in ambient air, the sample was tested 

again and it was observed that the optical response to hydrogen decreased to 1% whereas 

the optical response to nitrogen stayed constant at 1.5%.  A similar test was performed on 

another sample exposed to ambient air for a period of 4 days (Appendix F).  It was 

observed that the response to hydrogen was initially greater than that to nitrogen. After 

exposure to ambient air, the response to both H2 and N2 decreased by 50% within 4 days.  

Thus, the samples of dewetted Au nanoparticles (sputtering time 15 s, LSPR 580 nm) 

underwent decrease in its sensitivity due to exposure with the ambient. 
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Figure 5.12  Stability of Au nanoparticle samples (sputtering time 15 s, LSPR 580 nm) on 

microscope glass slide over time. (a) Red solid line represents the hydrogen response of 

the sample whereas the blue line represents the response of the same sample to nitrogen 

right after preparation.  After 1 hour the reactivity of the sample decreased to 1.5% for 

hydrogen. (b) The sample used in (a) was tested after a day.  The response to nitrogen 

stayed constant (~1.6%) whereas the optical response to hydrogen decreased further to 

1.2%. 

 

5.3.5 Experiments confirming plasmonic origin of response 

5.3.5.1 Does blank substrate generate any response? 
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In order to understand if the increase in optical transmission of the Au 

nanoparticle films was plasmonic in origin, a blank substrate of glass was tested in 

hydrogen (Figure 5.13).  It was observed that the presence of hydrogen was not enough to 

perturb the optical transmission.  This result points to the fact that the change in optical 

transmission occurs only when the Au nanoparticles were present, suggesting a 

plasmonic effect. 

 

 
 

Figure 5.13. Response of a blank glass slide to hydrogen used as substrate for the 

deposition of Au nanoparticle films.  No change in optical transmission was 

detected in the presence of hydrogen. 

 

5.3.5.2 Wavelength Dependence 

In order to study the effect of the incident excitation wavelength range on the 

magnitude of the optical response of the Au nanostructured films to hydrogen, 

combinations of filters (Figure 5.5) were placed in the optical beam path.  The 
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experiments were carried out at 293 K covering photon wavelengths from 400-800 nm.  

The change in transmission was greatest for wavelengths within 30 nm of the LSPR (ɚex 

= 550 and 580 nm at peak) shown in Figure 5.14. 

 

`  

 

Figure 5.14  Effect of excitation wavelength on the magnitude of change in the 

transmission of Au nanoparticle films (sputter coating time 15 s on glass slide) in 

hydrogen.  Excitations within 30 nm of the LSPR of Au nanostructures (570 nm) 

demonstrate larger changes in transmittance.  The LSPR of the Au nanostructured 

film is the bold yellow dotted line. 

 

5.3.5.3 Dependence on LSPR wavelength of samples used 

It was shown in Figure 5.2 that by changing the sputtering time the lmax of LSPR 

of the Au nanostructures, and the average particle size of the fabricated nanostructures, 
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can be tuned.  Thus, experiments were carried out to determine if the change in the 

position of the LSPR arising due to the changes in particle size distribution were 

important in determining the magnitude of the change in the optical response of Au 

nanoparticles in hydrogen.  The samples used were sputter coated for 5, 10, 15 and 20 s 

(Figure 5.2, Table 5.1, Figure 5.15 a-d) and then dewetted at 500° C.  The  dewetted 5, 15 

and 20 s samples were characterized by electron microscopy  and had Au nanostructures 

with average sizes of 6.3 ± 2.0 nm, 7.9 ± 2.3 nm, 8.0 ± 2.1 nm respectively.  The average 

sizes were determined by doing particle size analysis using Image J (NIH) software.  The 

sample sputtered for 10 s was not separately characterized using TEM.  The samples 

sputter coated for longer times, e.g. 30 s, formed a film with nanostructures between 10-

20 nm (Figure 5.15 a-d).  It was observed that smaller nanostructures had the LSPR at 

shorter wavelengths (Figure 5.15 a-d).  Upon exciting, all these samples with filtered 

broadband light closely matching their respective LSPRs (excitation spectra shown in 

Figure 5.15 h), it was observed that the sample sputter coated for 20 s and with an 

average size of 8.0 nm showed the biggest change in transmitted intensity in hydrogen.  

The sample which was sputter coated for 5 s and dewetted, with an average size of 6.3 

nm was least responsive to hydrogen.  It is to be noted that shorter sputtering times imply 

less deposited gold, which is why they dewet to form smaller structures.  The results 

shown in Figure 5.15 suggest that Au nanoparticles between 6-10 nm with an LSPR 

around 580 nm show optimum response to hydrogen when excited resonantly at 

wavelengths closely matching their LSPR (Figure 5.15 i).  This experiment was repeated 

at least three times (Figure 5.15 i), and the average size dependence is shown in Figure 
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5.15 j.  The observation that the dewetted Au nanostructures with the LSPR around 580 

nm consistently showed the biggest optical response in hydrogen is also in agreement 

with the results shown in Figure 5.14, where a maximum change was observed, when the 

ɚ max wavelength of excitation was also close to 580 nm.  Therefore, it could be 

concluded that the dewetted Au nanostructures with an LSPR around 580 nm and an 

average size of 8 nm when excited resonantly at the LSPR, produced the biggest change 

in optical transmission in hydrogen, when compared to other samples having LSPR at 

shorter or longer wavelengths. 
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Figure 5.15  Size dependent response of Au nanoparticle films on microscope 

slides to 10 % hydrogen in N2.  Optical response to hydrogen of (a) 5 s dewetted 

Au film, (b) 10 s dewetted film, (c) 15 s dewetted film, (d) 20 s dewetted film, (e) 
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30 s dewetted film, (f) 30 s thin film.  All films except (f) were heated to 500° C 

and shown in (g) is the characterization of the LSPR for all the films used in the 

study.  Shorter LSPR wavelengths are characteristic of smaller particles.  The size 

distribution of these films can be found in Figure 5.2.  (h) Excitation spectra used 

for each of the films to resonantly excite the LSPR.  The maximum response is 

obtained with 20 s dewetted film with an average size of 8.0 nm with an LSPR at 

580 nm.  (i) Plot of % change in transmitted intensity as a function of the average 

LSPR of all the Au films of three different trials.  (j) The average change, of the 

three trials shown in (i), in transmitted intensity is plotted as a function of average 

LSPR wavelength.  The vertical error bars in (i) represent the variability of the 

optical response while the horizontal error bars represent the variability in the 

peak of LSPR for each deposition condition of three independent trials.   

 

 

5.4. Discussion 

5.4.1.  Possible reasons explaining spectral shift of the Au LSPR in the presence of 

hydrogen  

In order to understand the reasons behind the observed spectral shift upon 

exposure to hydrogen, the contributions from the following factors were considered: 

a) Changes in the refractive index 

The LSPR extinction wavelength maximum, ɚmax, is sensitive to the dielectric 

constant Ů (or refractive index, n; Ů = n
2
) of the surrounding medium.  Therefore, changes 
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in the properties of the local environment, such as the refractive index 
195

 or even the 

presence of an adsorbed species with different optical properties, may also induce a shift 

in ɚmax 
195

 for adsorbed species changing LSPR as opposed to refractive index of the 

environment.  The optical shift in the LSPR due to changes in refractive index of a 

neighboring medium may be estimated as: 

))l/d2exp(1)(nn(m
d12max

---=lD      (5.1) 

where m = refractive index sensitivity, n1, n2= refractive indices of medium 1 and 2, 

respectively, d= diameter of the nanostructure (taken to be 7 nm based on the TEM 

measurements shown in Figure 5.12), ld=  electromagnetic decay length assumed to be 5 

nm.
195

  As a consequence of equation 5.1, the change in refractive index of the 

surrounding medium can induce a blue or red shift depending on the difference of the two 

dielectric constants. 

 

In order to understand if the contribution from the change in refractive index was 

enough to induce a blue shift, the sensitivity of the Au LSPR to modifications in the 

refractive index of the local environment was measured.  The refractive index sensitivity 

factor, m, for the dewetted Au nanoparticles on microscope glass slides (sputtering time 

15 s) was determined by acquiring UV-vis spectra (Figure 5.16) of the Au sample in air 

(refractive index, n= 1.000293) and in different solvents such as water (n = 1.33), ethanol 

(n = 1.3622), hexane (n = 1.3749) and tetrahydrofuran (n = 1.407).  The shifts in the 

LSPR of the dewetted Au (Table 5.1) were measured by comparing the position of the Au 

LSPR measured in air (medium 1) versus the other solvents (medium 2).  Red shifts of 



100 

 

13-16 nm were observed.  The measured spectral shifts were substituted in equation 5.1 

to extract the refractive index sensitivity of these dewetted Au nanoparticles (sputtering 

time 15 s) on microscope slides (Table 5.1).  The average m was calculated to be 45 

(R.I.U/ nm) by using equation 5.1.  The estimated refractive index sensitivity factor was 

then used to estimate how much the LSPR of the dewetted Au nanoparticles (sputtering 

time 15 s) on microscope glass slides would shift when introduced to nitrogen, hydrogen 

and argon (Table 5.2).  Since the refractive index of nitrogen is slightly greater than that 

of dry air, a red shift is expected in the Au LSPR peak upon exposure to nitrogen.  Ar and 

H2 are both expected to cause a blue shift with respect to air.  Finally, spectra were 

acquired of a dewetted Au nanoparticle sample (sputtering time 15 s) on microscope 

glass slide in air, nitrogen, argon and hydrogen (exposure of 60 s each) (Figure 5.17).   

The measured spectral shifts were then compared to the estimated spectral shifts in N2, 

Ar and H2 with respect to air (Table 5.2). 

 
 

Figure 5.16. UV-vis spectra of dewetted Au (sputtering time 15 s) nanostructures on 
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microscope glass slides in different environments.  A red shift of 15 nm in the Au LSPR 

was observed due to the change in the surrounding medium from air to water. 

 
Medium LSPR,

nm 

N ȹn, 

(R.I.U) 

ȹLSPR, 

nm 

Measured m  

(R.I.U/ 

nm) 

Average 

m (R.I.U / 

nm) 

 

Air  544.0 

 

1.000293 0  0 0 

 

 

45.0 ± 4.9  

Water  559.3 1.33 0.329707 15.25 49.248 

Ethanol  560.2 1.3622 0.361907 16.23 47.749 

Hexane  557.3 1.3749 0.374607 13.3 37.803 

Tetrahydrofuran  560.8 1.407 0.406707 16.83 44.060 

 

Table 5.1. Determination of the refractive index sensitivity factor, m, of dewetted Au 

(sputtering time 15 s) dewetted on microscope glass slides.  The average diameter used 

for the estimation of m is held constant at 7 nm and ld is assumed to be 5 nm.  Based on 

the LSPR shifts observed and the difference in refractive index, both with respect to air, 

the refractive index sensitivity was found to be 45.0 ± 4.9 R.I.U/ nm.  The calculations 

were done using equation 5.1.   

 

The measured experimental shifts (Figure 5.17) were compared to the estimated 

shifts (Table 5.2) in order to understand if the changes in refractive index could explain 

the optical changes in the Au LSPR spectra in hydrogen, nitrogen and argon.  It was 
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observed that the experimental results do not correlate well with the predicted spectral 

shifts shown in Table 5.2 (nitrogen, argon and hydrogen vs. air).  The experimentally 

observed shifts are orders of magnitude bigger (Figure 5.17).  Furthermore, a blue shift is 

observed instead of an expected red shift in argon (Table 5.2).  This anomalous red shift 

in argon could possibly point towards the adsorption of water molecules from humid air 

to the nanoparticle surface which desorbs upon introduction of dry N2 and Ar, also 

observed by Bingham et.al.
219

  Since the refractive index of water vapor is slightly less 

than that of Ar, a blue shift may be expected.  However, the magnitudes of the changes 

were still off by at least an order of magnitude (Table 5.2).   

 

 

 

Figure 5.17  Transmission spectra of dewetted Au films (sputtered for 15 s) on 

microscope glass slides before and after exposure to different gases for 60 s.  Spectra 


