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ABSTRACT

The localized surface plasmon resonance (LSPR), arising dbe twllective 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 ditcess 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 chemieactions. 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 det 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 nanostoiures, 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 LIR frequency is attributed to changes in electron density

rather than the morphology of the nanostructures, which is often the case.
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Figure 4.4 Catalytic activity of Au, Pd and Pd:Au nanoparticld?ate constants
extracted fromPd: Au ratios were 1:0, 9:1, 3:1, 1:1, 3:1, 1:9 and 0O(&d) Steps
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Figure 4.5 Testingthe reproducibility of the catalytic activity of different batches of
Au:Pd samples of the same composition Sampi€s 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 nnbeam was used. SamplesEAwere 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
andEareoutliers é ¢ é éééeéééecéecéééeééeéeéeéeéeée. .60

Figure 4.6 Testing the reproducibility in measurihg catalytic activity of a given batch

of catalyst. 3 different trials were carried out with 3 identical aliquots 20®f a single
Au:Pd 1:1 (0.16 mM each) sample synthesized by SSTF (4 mJ, 10 minutes with 790 nm)
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Figure 5.1 Fabrication of Au, AvAg and AuCu nanostructures. (a) Ibi@cation of Au
nanostructures by thmal dewetting’ (b) A sapphire substratiecorated with randomly
distributedAu nanostructures was placed in an alumingibte, heated to 800 °C ihe
presence of an Ag foil, and transformed to-Ag nanoprism$.(c) Fabrication of AuCu
nanoprisms using dewetted Au nanostructures as templates and a’€&f@l.é é . 7 0

Figure 5.2 Morphological and optical charaation of Au nanostructures on
microscope glass slide$he sputter coating time was varied from 86 s and all the
sputtered thin films except the 30 s one were dedeit 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 aiftsethe LSPR

of Au. The 30 s sputtered thin film wabkaracterized using AFM, which revealed the
presence of particles between-20 nm and with the LSPR centered at 700 nm. (b)
Dependence of the position of the LSPR on the sputtering time for dewetted Au
nanoparticles on microscope glass slides for sanmoégzared in different rugs é é 7 3

Figure 5.3 Morphological and optical characterization of-Ag nanostructures grown

on sapphire (0001) substrates. Titieew SEM images of a periodic array of (a) Au
templates and (b) the Adg nanoprisms derived frortihem. The insets show topnd

65° tilt-view images of the individual structurés) UV-vis spectra of Au templates and
Au-Ag nanotriangles. Au templates have an LSPR at 580 nm which broadens and red
shifts to 600hm upon alloying with Ag for 9fninutes®¢ é é 6 é 6 6 6 ééé . 75

Figure 5.4 Morphological and optical characterization of-8u nanostructures grown

on sapphire (0001) substrates. SEM images of a periodic array of (a) Au templates and
(b) the Au Cu nanopisms derived from them. Figures in the insets show high resolution
images of individual structures taken from a-t@gmd a sideview. The histograms
display the distribution of template diameters and triangle edge leggthsV-vis
spectra of Au templkes and AtCu nanoprisms both with and without Pd. Au templates
have an LSPR at 580 nm which broadens anehgts 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 LSPRof AuCunanoprismdé é é é 6 6 6 6 6666 6é6ééé66666. 76
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Figure 5.5 Schematic of the experimental setup for plasmonic detection of§géses. 7 9

Figure 5.6 Spectra of filters used for varying Wevelength of excitation (a) Spectra of
individual filters. Light blue filter 1, dark blue filter 2, green 3, orange 4, red filter

T 5, 800 nm cutoff filter- 6 (b) Excitation profiles of filter combinations used for
illuminating the Au sample atlifferent wavelength ranges. The yellow line in 5.5 b
represents the LSPR of the gold nanohemispheres (NHs) grown on microscope glass
sidex é eééeéeéeéecéeéeéeéeceeéeéeéeéeéeée. . 80

Figure 5.7 Schematic of sample holders. Schematic displaying (a) arrangement

carrying out plasmonic sensing in a 2 mm path length quartz cuvette. The sample is
mounted with scotch tape to the walls of t
drilled on the Teflon cuvette top to allow kb flow through spaghettitubingl / 1 6 06 out e
diameter) and flow out of the cell. The quartz walls of the cuvette allow the transmitted
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 cubette

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 ample is screwed dowthemittom

window to prevent any movement during gas flow. The total dead volume in the cell

8.14 ml. (detailed design shown in Appen#ix The cuvette has 9 x smaller dead
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volumethanthe Tefloncéllé é e ¢ éééeéééeéééeéeéééeeée. 81

Figure 5.8 Experimenal setupfor measuing the optical propertief Au nanoparticle

films in N and H usingspectroscopic ellipsometry (a) The ellipsometry beams are set at
an angle of incidence of 70°. The samples are additionally illuminated from the top with
a broadbad white light source. (b) A zoomed in view of the Linkam cell used for
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performingin-situ spectroscopic ellipsometryisshosveé ¢ ¢ ¢ ¢ é é é e e e . 84

Figure 5.9 Real time monitoring of changes in transmitted intensity of dewetted Au
nanostructures (sputteringrte 15s grown on aeagle glass, -bglass substrates) upon
introduction of 10% H in N,. Each point plotted is the percentage change in the
transmitted intensity between 50800 nm as a function of time. Data points were 0.3 s
apart. On the left hanside is the typical response of the sample when mounted in a 2
mm path length cuvettétotal volume =1.125 ml, dead volume= 0.88 ml) (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 response. On the right hand side is a
typical response of Au nanostructures in the homebuilt Teflon cell (dead volume = 8.14
ml). Three different samples with identical preparation conditions (remind us) were tested
and a ~ 2% increase in transmitted intensity is obtained in each Baserption took
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Figure 5.10 Tacking the surface plasmon resonance of dewetted Au nanostructures
(sputtering time 15 s on microscope glass slides) housed in a Teflon cell in 1@%h H

a UV-vis spectrometer. Red spectrum is without any lHue spectrum displays the
optical responseduring hydrogen and green is after the hydrogen is stopped. The
presence of hydrogen causes a reversible 1 % change in transmittance and a blue shift of

,,,,,,,,,,,,,,,,,,,,,,,,

~1lnmatthe AULSPRé é é ¢ ééééécééeecééeeéeéeeeéeeée. . 89

Figure 5.11 Response of dewetted Au nanopartidi® on microscope slide (Au sample
sputter coated fot5 s with LSPR at 580 nm) to inert gases. (a) S8ample undergoes a

1.5% change in response, increase in transmitted intensity (b) Ar. Sample undergoes a
1.5% increase in transmitted intensity. Btitese experiments were carried out at a flow
rateof 100scckhé é e é e éééééeééeéecécécéecéeééeéée. 90

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 thegbydresponse 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 Tay.response to nitrogen

stayed constant (~1.6%) whereas the optical response to hydrogen decreased further to

Figure 5.13. Rsponse of a blank glass slide to hydrogen used as substrate for the
deposition ofAu nanoparticle films. No change in optical transmission was detected in
the presence of hydrogére e € ¢ ¢ ¢ é éééééeeeeééééééee. . 93

Figure 5.14 Effect of excitation wavelengtlon the magnitude of change in the
transmission of Au nanoparticle films (sputter coating tibte 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 @éfutmanostructured film is

the bold yellow dotted lineé é ¢ 6 é 6 é 6 éééééééeééeééeééeéée. 94

Figure 5.15 Size dependent response of Au nanoparticle films on microscope slides to 10
% hydrogen in M Optical response to hydrogen of (a) 5 s dewetted Au film, (l§ 10
dewetted film, (c) 15 s dewetted film, (d) 20 s dewetted film, (e) 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 LSP
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 devittiegith 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 tigleshmtensity is plotted as a
function of average LSPR wavelength. The vertical error bars in (i) represent the
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variability of the optical response while the horizontal error bars represent the variability
in the peak of LSPR for each depositioncootio f t hr ee i nde@.endent t

Figure 5.B. UV-vis spectra of dewetted Au (sputtering tirh® s) nanostructures on
microscope glass sliden different environments. A red shift of 15 nm in the Au LSPR
was observed due to the change in theosumding medium from air to

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Figure 5.7 Transmission spectra of dewetted Au films (sputtered forsjlon
microscope glass slides before and after exposure to different gases dor Sfectra
recorded in (a) abientair (I max = 557.51nm) and nitroger(l max = 557.56n M) |, max=p
0.05nm (b) ambientair (| max = 557.41m) and Ar (I max = 557.70n M) |, max=0.3 nm

(c) ambientair (I max = 557.55 nmland hydrogerfl max= 55 7 . 514p=n0@Llnm @
Positions of naxWereextracted by Gaussian fitting of spectaec) of dewetted Au films
(sputtered for 1%) on microscope glass slides before and after exposure to different
gases Spectral fits revealed a blue shift in hydrogen and red shift in nitrogen and argon

,,,,,,,,,,,,,,,,,,,,,,,,,,

withr espect to airéeééééeécééeceéeeceéeeceéeeececece

Figure 5.B Spectral shifts in LSPR due to adsorption of watd¥/-vis spectroscopy of
dewettedAu nanoparticles om microscope glass slidsputtering time 15) in air, after

exposure to ambiertr for 30 minutes. The Au nanoparticle sample was then dipped in

water for 1 minute and taken out. The wet film was left inside a quartz cuvette in the
spectrometer and spectra were acquired within 15 s, and after 30 minutes, in air after
removing from water.Prolonged exposure to ambignimid air induced a red shift of

1.74 nm, while dipping the same sample in water lead to a red shift of 15Then.

spectrum of the wet film (after 3Binutes of removing from water) overlapped with that
takenimmediately afte wettingwhich could probably stem fromn irreversible change

due to adsorptionofwater or from the film bei nég 1wedt € ¢é é €

Figure 5.19 Schematic showing a 3 atomic layer Au(111) surface (gold) with a H atom
(black) at (a) bridge (b) face mired cubic (FCC) and (c) hexagonal close packing
(HCP) sites used for the calculation. Computed DFT potential energy (E(AtiGAd)-

E(H) ) for height h above, below, center of top layer of Au for FCC, HCP and Bridge
sites. (Courtesy of the Bansilgrgapé ¢ ¢ € € é é é éééeééeéeéeééé. . 109

Figure 5.20 A 3 layer Au(111) (gold) with H atom at HCP site (black) where the charge
density difference is given at an isosurface of 0.0009376g%(efmative charge
visualized in blue and positive charge in yellow.) (Cesytof the Bansil group)é . . 110

Figure 5.21 Calculations on the effect of hydrogen atom adsorption on the LSPR
frequency and dielectric function of pure Au (111). (a) Effect of H coverage on the
LSPR frequency. The calculations further revealedpeni@ence of the magnitude of the
blue shift in the plasma frequency on the coverage of H atoms on the Au (111) surface.
(b) Effect of hydrogen on the real and imaginary part of dielectric constant of Au. The
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presence hydrogen leads to a decrease iretigart of the dielectric function and a
blue shift in the imaginary part of the dielectric function. (Courtesy of the Bansil
groupg e é ééeéééeeééeéeéeeééeéeéeeééeéeéee. . . 111

Figure 5.22 The change in the dielectric constants of dewetted Au nanoparpalésr (s
coated for 15 s on microscope slide, LSPR 580 nm) in ambient air and then dry nitrogen
under broadband plasmonic excitation. The measured, real part of the dielectric constant,
<e;>, is shown in (a). Zoomed in spectral response @f 4& shown in(b). The
measured, imaginary part of the dielectric constant 48 shown in (c). Zoomed in
spectral response of eis shown in (d). A 0.96% increase was observed ir €570

nm while -0.85% decrease in s@vas observed at 626 nm when ambient vears
replaced by nitrogen. Gaussian fits revealed a 0.52 nm red shiffirak671 nm and a

1.45 nm red shift in <& at 626 nm when compared to ambienéaré é ¢ € é . 11 4

Figure 5.23. Response of the real part of the dielectric constant,cfehe dewted Au
nanoparticles (sputtering time 15 s) on a microscope glass slide to a sequence of
exposures to nitrogen and hydrogen. The magnitude of the real part of the dielectric
constant at 563 nm was used as a metric. An increase>irakb63 nm was obseed in
hydrogen which only recovered when the top cover was taken off to expose the sample to
ambientaié € é 6 éééééééeéeéeécécécéeéeeeéeé. . . 115

Figure 5.24 Spectroscopic ellipsometry of Au (15 s sputter) dewetted nanopatrticle film
on microscope glass slisleunder plasmonic excitation. (a) Checking reversibility of
optical response to two subsequent hydrogen cycles. (b) Spectral changes in the real part
of the dielectric constant, £& in hydrogen. <g- undergoes an increase in magnitude

by 4.3% and ble shift by 4 nm in the presence of hydrogen at 570 nm; (c) Spectral
changes in the imaginary part of the dielectric constant> %@ hydrogen. <g
undergoes a decrease in magnitude by 13% and a blue shift of 9 nm in the presence of
hydrogen at 610 nm.The change in dielectric constant from air to nitrogen (Figure
5.22).was much smaller (0.52 nm red shift and 0.96% increase3at®&71 nm and a

1.45 nm red shift aneD.85% decrease in seat 626 nm) in comparison to the change
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induced by the presenaef hydrogenéééééécéeéeéeéeéeéééécéecece.

Figure 5.5 DDA simulated extinction spectra of 7 nm (diameter) dewetted Au
nanoparticles (sputtered for 15 s) o%i®, slide. The simulations were performed by
using the dielectric constants dewetted Au nanopactes (sputtered for 15 s)n
microscope slides measured by spectroscopic ellipsomatryncrease in extinction and

//////////////////

a blue shift wapredictedn hydrogmé é¢ é é é é é éeéeéeééééééeée. .. 121

Figure 5.5 Effect of overheadllumination on the change in dielectriconstant of
dewetted Au nanoparticle sample (sputterldgg on microscope glass slisle The red
spectra were collected with, and the blue were acquired without the overhead excitation.
The spectroscopic ellipsometry beam was incident at 70 ° andresenpin both cases.

The pesence of overhead illumination leads to a biggercliaigé ¢ ¢ é ¢ . . . €. 124

XXii



Figure 5.27 Indirect plasmonic hydrogen sensors (a) Optical response/Ayj Alloy
nanostructures coated with Pd on (0001) sapphire substrates to Idi&gdry (b)

Schematic of indirect plasmonic sensing (c) Optical response dfuARd on (0001)

sapphire substrates film to 10% hydrogen (d) Wavelength dependence of the changes in
optical transmission in presence of hydrogen ofAufilms. The response @f fresh
flmandaweekold i | m (bl ack | ine) are comparedéeéeé

Figure 6.1 Morphology of the substrdiased Au nanostructures used in this study; (a)
an atomistic model of the Au nanoparticle in the Wulff configuration, (b) scanning
electron micrograph of the Au nanostructures along with an inset histogram providing the
distribution of diameters, (c) schematic showing the experimental geometry feisUVv
measuremengsé e é e ééeéeéeéeéeééeeéeéeéeéeée. . 137

Figure 6.2 Measuring the extinction cheient of the | ion. (a) U\vis spectra of
agueous solutions of sodium iodide of different concentrations, ranging fr&0C60OM.

(b) Plot of extinction at 226 nm versus the concentration of sodium iodide. As the
concentration of sodium iodide is reased the absorbance at 226 nm increases

linearly. A linear fit of all the points yield an extinction coefficient of
137x10Lxmol'xcm'é é ¢ 6 6 é ¢ 66 éééééééééééééé. . 1309

Figure 6.3 Effect of Nal on Au nanoparticles dewetted on microscope gldes. sNal

was added in steps of 200 nM up to 600 nM after every 10 minutes. Spectra were
acquired after 9 minutes of exposure to each solution (total exposure of 60 minutes). The
Au sample was taken out after exposure to 600 nM Nal, rinsed with wat&advadas
replaced with deionized water in the cuvette. The Au sample was kept in contact with
water for 10 minutes after which spectra were acquired. A dramatic dampening of the Au
LSPR was observed which was indicative of the depletion of Au from thesebpe

////////////////////////////////

sidé é éeéééeécééecééeceecéecceceeeéeeceéeeee. . 141

Figure 6.4 Assessing the stability of Au in an aqueous medium. Characterization of Au
LSPR in (a) air (b) water: black solid line represents the Au LSPR initially (O minutes),
red solid line shows theSPR blue shift after 90 minutes. After 285 minutes a net blue
shiftof 0.76 nmwasobservece é e e ééeéééeeééeééeeéée. . 142

Figure 6.5.Spectral shifts in Au LSPR as a function of time upon exposure to different
concentrations of Nal. Plot of spectral skt time for different concentrations of Nal,
Negative values of spectral shift signify a blue shift whereas positive values indicate a red
shift from the initial LSPR position. Higher concentrations of iodide produce larger blue
shifts (AppendixJ). Fitting of adsorption kinetics with integrated Langmuir equation:
Initially, the shift in LSPR vs. time traces for 600 nM (Au LSPR centered at 555 nm at O
minutes), 1000 nM (Au LSPR centered at 567 nm at O minutes) and 1600 nM study (Au
LSPR centered at B5'm at O minutes), were fit with the integrated Langmuir Equation
and the rate constants were extracted. The rate constants were 0.010.68& min™
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and 0.045 min' for 600 nM, 1000 nM and 1600 nM Nal concentrations respectively,
indicating fastekinetics at higher concentrations. The solid lines in the figure represent
the fitsto equation6élée ¢ é é e é é e éééé. 145

Figure 6.6 Kinetics of adsorption of 7000 nM Nal on a dewetted Au nanoparticle sample
on sapphire previously exposed to 1600 nM Nahe Fhift in the LSPR is plotted as a
function of time. This additional exposure of 1000 minutes yields a blue shift of less than
1 nm. The additional shift suggests that adsorption continues and longer, higher
exposures are required to reach equilibriufihe Au LSPR was centered at 554.2 nm at
the beginning of the exposure to 7000 nM Nal. The Integrated Langmuir fit (solid black
line) of the data yielded a rate constant of 0.005Téirée é é 6 6 é éééé .6. 147

Figure 6.7. Kinetics of adsorption of iodide sown dewetted Au nanoparticles on
sapphire. The LSPR shift is plotted as a function of time and the data are fit with
Integrated Langmuir equation (Equation 6.1). The results are summarized below in Table
6.l éeééeéécéécécééécééeéeéeéeéecécéecéeecéeee. 149

Figure6.8 Cottrell plot showing the surface coverage of iodide as a function of time for
di fferent bulk solution concentrations of
show significantly faster kinetics. dtt takes 1600 minutes of exposurat a consint
concentration of 400 nM for treaturation monolayer cokegeto beachieveé . € 1 5 3

Figure 6.9 Adsorption of iodide ions on a blank sapphire substrate at a total initial [I]
concentration of 961 nM. (a) Raw WW's spectra of iodide solution in pesge of a
blank sapphire substrate inside a quartz cuugtteaxis has been offset). (b) Plot of
depletion inconcentration as a function of time and an integrated Langmuir fit of
kinetics. The Langmuir fit yielded a rate constant of 0.004Min................c........ 155

Figure 6.10 Adsorption of iodide ions on the walls of a quartz cuvette at a total initial [I]
concentration of 1130 nM. (a) Raw Wis spectra of iodide in a quartz cuvette and (b)
depletion in concentration plotted as adtion of time. The adsorption kinetics

could be fitted well with integrated Langmuir kinetics with a rate constant
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Figure 6.11 SEM images of thermally assembled Au nanostructures on sapphire
substrates. Images taken (a) before the exposure to any iodide solution) (bfter
exposure to 1000 nM iodide for 1000 minutes. No change in morphology
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was observedééééééécééeéeecéceeeceeeeeeeee. . ¢eéé
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CHAPTER 1

INTRODUCTION

1.1. Introduction to Colloidal Nanoaystals

Colloidal nanocrystals are typically between tens of nanometers to a few
nanometers in size and can be perceived as ddesrepresentation of the "particle in a
box" model in quantum mechanitsSince the nanoparticles possess finite size, the
electrons and holes display the quantum confinement thereby causing the band energies
to shift from the bulk value$.!® Thus, the emission wavelengths of the nanostructures

can be tuned from ultraviolet tofrared, simply by modifying the nanocrystal siZé.

Chemical reduction is one of the most popular synthetic strategies utilized for the
synthesis of nanostructures. A typical chemical reduction reaction ecleatails
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 metaleading 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 amirfés.In order to prevent the occurrence of flocculation
events and to control the size distribution effectively, stabilizers in time & ligands,
surfactants, and/or capping agents are used during wet chemical synthesis of
nanoparticles’> Some of the commonly used stabilizers imte poly vinyl pyrolidone,
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 -bitri-, tetra, and multipod) can also be synthesized through
modified wet synthetic techniqués'®and lithography® The well known advantages of
using nanostriared 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 includg straintuned photoluminescenéé nonlinear processeg, phonon
assisted upconversidhand multiexcitonic generati6hhave also been observed in the
nanostructured materials. These advantages provided by the nanocrystals make them

ideal for subwavelength lighhatter applications.

1.2. Introduction to nanoparticlei light 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
resonanes of the metal) (Figure 1.3)?> 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.?? 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 lighttacnchemical reactions making them ideal for

i pl| a-=mlded photochemistfy. Some of the significant
2425, 26

induced processes include light harvestihg’ photocatalysig; 2"*? surface

enhanced spectroscopy’ optical sensing®*® and nonlinear optic§:*’

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 Figuré/Heh.the
electron cloud undergoes a displacaemeelative 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 oscillatinis dependent on

1. the density of electrons, n
2. the effective electron masse.m
3. shape of the nanopatrticle (as it determines the charge distribution)

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

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

|l ocalized surface plasmon resonance® (LSPR)
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The dipolar plasmon resonance frequency, or the surface plasmon resonance frequency,

(Wsp) is generally expressed as

I (1.1)
* "\ wr2e,)

where, w;, is the bulk plasma frequencg, is the dielectric constant of the

medium surrounding the nanoparti¢fend G is the damping constant. The bulk plasma
frequency is given by

ne? (1.2)

The dielectric constant of the plasmonic mialeis complex,e € & Jw) + i
a( whereeg is the real and is the imaginary part of the dielectric constams.is
assumed to be small and weakly dependent on the frequency of the gfidfghen the
surface plasmons are excited the movement of electrons is dampexttgring with
ionic cores and the surface. The damping constant for electron oscillations is dependent

on the velocity of the conduction electrows and the size of the nanoparticleR.

< _ 3 1.3
a=2 (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 tla@oparticles.



Figure 1.1 Origin of surface plasmon resonance (SPR). lllustration adapted from

et all

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™* 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 pathwayThe dominant process for a small nanoparticle is the
formation of éectron 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 gdastonoe
t he hot el ectrons ar e hi gh ener gy partic
nanoparticle than an equilibriumeet t r on di st r i B WiHese batelett®risgur e .
can then efficiently transfer into the electronic states of a neighboring electron acceptor
(adsorbed moleculé)>* The energy of the hot electron could be controlled by tuttie
plasmon frequency. However, the energetic electrons arelsieortand they dissipate
the energy through a sequence of processes having distinct timé3dalissto be noted

that the hot electrons could also be generated directly on metal surfaces by irradiating
5



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? On the other hand, plasmonic hot electron generation requires much less
energy and higher efficiencies could be achieved by using small nanoparticles (< 100

nm)? *® The recent growth in hot electron based research demonstrates that these
energetic particles can be used for a plethora pficgiions. Some of the leading

applications are summarized below.

Plasmon e h* pair generation

Figure 1.2 Schematic of hot electron generation in metal nanopatrticles. Adapted

Mukherjeeet al?



1.3 Applications of plasmons and hot electrons

Heterogeneous catalysis is critical for eneggpduction, chemical conversion
and abatement of pollutidfi. The rate limiting step in a chemical reaction dictates the
rate of these herogeneous catalytic processes and are often associated with a large
activation barrief* Therefore high temperatures are often requifed achieving
reasonable product yiefd This may lead to low energy efficien@nd degradation of
the catalyst§? However, with hot electron mediated processks catalytic reactions
could be carried out at much lower temperatures without damaging the catalysts.
Chrisbpheret al. wer e the Afirsto to show that i me
efficiently thermal energy and lowtensity visible photons to drive commercially
i mpor t an t* Theyahowed that, §ydusing plasmonic silver nanostructures and
low intensity visible light, excited plasmons on silver nanocube surfaces could populate
O, antibonding orbitalandform a transient negative nostate which finally facilitates
the rate limiting @ dissociation reaction:** The dissociated oxygen atoms were finally
used to drive ethylene epoxidation, CO oxidation and ditidation?* Mukherjeeet al.
later demonstrated that the hot electrons generated in Au nanoparticles induced

dissociation of hydrogen ithe presence of resonant plasmonic laser excitatich.A



mixture of hydogen and deuterium was introduced in the reaction chamber containing
supported Au catalyst and HD was detected at the output using mass spectrothetry.
The presence of the hot electrons favors the dissociafidnydrogen and makes an
otherwise inert surface of Au reacti¥e. A comprehensive review of the previous
literature concerning photocatalysis by plasmonic metal nanostructures can be found in a
recent paper by Kalet al.>® Liquid phase examples comprise of photo catalytic water
splitting** and generation of K from alcohof® and hydrocarbon conversibh. Other
notable applications of hoteztron induced photochemistry include optical sen&in,
fabrication of novel molecular electronic deviééglasmonic switche® and nanoscale

electronic<®



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 sa@ng probe microscopies are required for precisely
characterizing the size and shape of these nanostructures. Energy disper@we X
spectroscopy is often used in conjunction with the electron microscopic techniques to
determine the composition of thenmgarticles. 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 spectroscopyis 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 strymtyperty
relationships of the naparticles. 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/neatinfrared (UV/Vis/NIR) spectroscopy is an optical
spectroscopic tecloue that probes electronic transitions and can be used to quantify
how much light is absorbed and scattered by a samplée optical properties of
nanoparticles are strongly dependent on the size, shape, concentration, and agglomeration
state, as wellas the refractive index of the neighboring medium, which makes
UV/Vis/INIR spectroscopy an appropriate tool for the identification, characterization and
investigation of the plasmonic properties of these nanomaterials. In addition, to using
commercial UV/NIS/NIR spectrometers, a homebuilt visible spectrometer is used in
Chapter 5. The home built broadband sowfogeuterium and tungsten halogen lamps is
used to irradiate the sampl&he transmitted photons are collected using a focusing lens,

an opticafiber 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 sampl&FM is known to provide very high resolution three dimensional
information with minimal sample preparatibh. In this technique a sharp stylus, also
known as the tip is raster scanned across the surface. The tip is usudllyma all

pyramid with an end radius of ¥ nm and is attached to the end of a microsized
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cantilever made of piezoelectric material whizscillates 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 fa@gment 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 fromhe detector is the deflection, measured in volts from the four
segment photodiod®. The difference between ghdeflection value and the user
specified setpoint i°% Atfeelbackeahtrobhsystemaintaindier r or
the oscillation amplitude at the usspecified set point valdéand the error signal is used

as he input to the feedback systémFinally, the amplified output of the feedback loop

drives the Zactuator. The resultanimageof t hi s ampl i fi ed signal
| ma§’efidcT.The topogr aphy the vokageepplied to the pierosraqulired o f

to keep the oscillation amplitude constant, multiplied by the sensitivity of the piezo in
nanomet &rUsually, dHe tAEMD 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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Four quadrant photodiode

Cantilever

Laser

Tip

Sample surface

Figure 2.1 Schematic of the working piiple of an AFM. The tip is raster scann
across the surfaceThe repulsive or attractive forces exerted by the surface, ot
adsorbed species, pushes or$thik tip, causing the laser beam to defladtich is then

detected on a position sensitiveifeegment 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 electromicroscopy 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

12



h_h (2.1)
p m

<

where i's the wavelength of electromagnetic r
10 % J.s, p is the momentum, m is the mass and v is the velocity of the electron.
Therefore, if electrons aremdtted 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

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

which is comparable tatomic dimensions. Furthermore, such higheergy electrons

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

(mm) into a solid sampl&

l ncoming (primary) el ect rteved)sfront @ buk be Ar
sample or can supply energy to the atomic electrons that are present in a solig sample
which can then be emitted as secondary electrons (Figure 2.2). Scanning electron
microscopy leverages a scanning principle where primary electrenfb@used into a
spot of roughly 1 nm in diamet&r®® 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 trasklthe beanf® 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 poStion..
Conventimal SEMs have a resolution of 50 nm and an accelerating voltage-@300.1

keV is usually applied®
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In transmission electron microscopy (TEM), a beam of electrons pesetréite
section ofa sample which is the imaged by using apppriate lenses®and the
transmitted electrons (Figure 2a2 are collected athe 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 linat SEM. SEMSs can operate at lower accelerating
voltages because in an SEM dAit i s®andn | onge

usingSEM, the accelerating voltages range from 50 to 30M08ince,

%mov2 =eV (2.2)

/. :\/ h? . (2.3)

[2meV(@d+ 2myc 5)]

wher my and v are the rest mass and the velocity of the eleatespectivelyand e
represents the electronic char@gis the voltage of the electron beam in Volts, h is

Pl anckds ¢asntetwavaléangthaoh tie egtrons in nm. Therefore, by using

the De Broglie relatiorof equation 2.1 the wavelength of electra@ be determined
Ignoring the relativistic effects, the wavelength of an electron beam can be approximated

as®

[ = |=££ (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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whereb is the halfof 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 voltag€® of

300 kV in a TEM® Additionally, if suitable detectors are placed to collect Xheays
generated, information about the elemental composition of a sample can be easily
obtained. This is known as energy dispersive spectromel$)(&r energy dispersive-x

ray spectroscopy, EDX and is usually available in all SEM and @EWces 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, la@arbon, 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 resolutiofi. Moreover, the restriction to thin samples limits the applicability

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

inconclusive resultd.
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Figure 22 Schematic showing (a) the different signals generated whegha
energy electron beam interacts with a thin sample specimen. Most of the :

shown above can be detected in differgipies of TEM This figure is adapte:
from References. 3 (b) showing the definitiorb is the half the solid angle ¢

collection of the transitied electrons from the sampleshich determineghe

resolution of a TEM.
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CHAPTER 3

LASER INDUCED SYNTHE SIS OF METALLIC NANO STRUCTURES

3.1 Introduction and Motivation

Bimetallic nanopaitles generated from the intermixing of noble metal precursors
are known to possess enhanced optical, magnetic, and catalytic properties in comparison
to their pure metallic counterparfs* 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 permealbigditogen in
comparison to pure bulk Pd’* Therefore, it is desirable to engineer the physical and
chemical properties of the nanoalloys and build selectively tailored materials by
controlling the shape, sizejsttibution, 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 tempefatime,
conversion of acetylene to ethylefie’’ the oxidation of alcohols to@thydes for use in
fuel cells, "® the synthesis of vinyl acetate monomers from ethylén& and the
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production of hydrogen peroxide {6) from hydroge (H;) and oxygen (g at low
temperaturé™®* The focus on building a hydrogen economy has made the development
of ultrasensitive, robust, economical and reusable hydrogen sensors imperative to prevent
accidentsand injury caused byhe release of this explosive asphyxi&ntPd is
extensively used in hydrogen sensibgt recent repds confirm that Au can also be
utilized for the same purpode> % Therefore, the bimetallic A®d nanoparticles may

act as a superior hydrogen sensing material due to the cooperative catalytic properties of
Au and P& Furthermore, the ability of the ABd system to absorb twice the amount

of hydrogen’ and its enhanced catalytic propertiéave directed extensive research

towards finding efficient routes for synthesizing these bimetalli®8wanoparticles.

Au-Pd nanostructures are known to exist in different morphologies depending on
the mixing tterns of the monometallic constituent$he different mixing scenarios

é? 9697

include coreshell structure random and ordered mixed structures of Au an&®Pd,

9.99and layered or onion like alternating metastablePdnanostructures: '’ 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 synthetiongolexities.

Conventional methods for synthesizing-Rd nanoalloys include the chemical
reduction of metal salts at the same time or sequentiallhe presence of a reducing

agent andsubsequent addition & stabilizer prevestaggregationto achieveuniform

18



dispersity'® %2 For example, Wuet al. synthesized 3 nm A®d bimetallic
nanoparticles in reverse micedf@® Ferreret al. prepared polyvinylpyrrolidone capped

three layered AtPd nanoalloys at sizes <5 nm and esliell nanoparticles at sizes > 5

nm® Lim et al. synthesized 120 nm core shell nanocrystals and dimers off&bby
Acontrolled overgrowt ho WfSynthesisafr10tnméu sur f a

Pd nanoflowes was reported by Xet al, 1%

whereas Yangpet al. showed how mask
lithography could be use to generate hetemligomers (> 20 nm) of AWPd®®
Ultrasonic, microwave, anktray irradiation have also been used to reduce metal salts to
produce AuPd bimetallic nanostructuré®'® Kan et al. reported an ultrasonic
synthesis of 8.0 nm AuPd bimetallic nanoparticle$ whereas sonochemical methods
yielded 8+1.1 nm A«Pd nanoparticle®® Microwave assisted synthesis réedlin the
generation of 12 nm A#d core shell nanoparticl&®. However, most of these synthetic

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

surfadants to stabilize the synthesized nanostructures.

Laserassisted synthesis of nanoparticles is a particularly promising method
because it is safer than using high enexgsays and g rays, requires shorter reaction
times (~ minutes) in comparison athe methods irthe published literature (20 minutes
to a few hoursj* avoids the usage of harsher,ngaex experimental conditions
associated with conventional chemical reduction scheamelsdoes not require the use of
surfactants or any organic capping layer for controlling the size distribution of

nanoparticles. Pulsed laser irradiation (nanosecaasloben utilized to generate Rl
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nanoparticles by fragmentation of the preformed colloidal mixttires by ablation of
metallic targets®> Chen et al. used laser fragmentation of preformed particles to
synthesize AtPd nanoparticles with size distributions of 3.9 £ 1.2 nm ( Au:Pd 1:1) and
4.3 + 1.1 nm (Au:Pd 2:1)"* Tsaiet al reported the synthesis of 4.4 + 1.5 nmAg-Pd
trimetallic nanoparticles by laser fragmenting preformed nanopartiélesbdelsayedet

al. demonstrated that-85 nm AuPd nanoparticles could be prepared with@aapping

layer in vapor phase using laser vaporizatiof metallic targets and subsequent
controlled condensatiolt? Furthermore, AtPd nanoparticles synthesized in vapor
phase were capped in oleic acaleylamine, sonicated and-exposed to 532 nm laser
irradiation to yield 3 4 nm AuPd nanoparticle5:* All the aforementioned methods for
synthesizing AtPd nanoalloys involvéhe usage of a reducing agent followed by the
addition of a surfactant to prevent aggregation and achieve uniform disgétsityThe
presence of an organic capping layer on such particles has the disadwdriigpiing
catalytically active sites!® The organic moieties also display strong spectroscopic
signals, which often hinder the detection of reaction intermediates in catalytic reactions
like hydrogengion.**® The use of organic solvents and surfactants can also handicap the

scalability for making AtPd catalysts for commercial applicatidns.

These drawbacks emphasize the need for
geneating AuPd catalysts. The production of Ad nanoalloys may avoid harsh
122

reducing agent&® by using grays or laser radiation to reduce the metal sits’

Laserassisted sythesis of nanoparticles requires shorter reaction times in comparison to

20



conventional synthetic proceduréé.in particular, femtosecond lasassisted reduction

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

to the production of bimetallic nanoparticles including-Ag,*** Rh-Pt/Pd*** and Au

Pt1?* In these experiments, the postulated reducing agents include solvated electrons and
hydrogen radicals created from thecdmposition of water by both mufthoton
absorption and ionization proces$®s.'???® Recent experiments have shown that
simultaneous spatial and temporal focusing (S&E}°of femtosecond laser pulsesca
significantly improve the size distributions of synthesized Au nanoparitlé¥ by
avoiding detrimental nonlinear optical effects such as filamentation and ablation of

cuvette walls, as well as providing opal nucleation and mixing condition"

However, in ultrashort (femtosecond) laser irradiation experimentslimear
propagation effects such as skltusing, iriensity clamping, propagation at high
intensity beyond the Rayleigh range geometric optics, and Aite generationarise
due to the usage of geometric optieading to significanimpacton the formation of
reactive reagent formation from watét. ** In order to overcome the aforementioned
problems, simultaneous spatial and temporal focusing (SEFF*°was usedn this
study. It was observed that gold nanoparticles generated using SSTF were smaller and
more monodisperse in comparison to that generatettaljtional geometricfocusing

under identical experimental conditiolfs.
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This work reportghe synthesis of bimetallic A¥d nanopatrticles as small as 2.4
+ 0.9 nfm devoid of chemical surfactangd reducing agentsy using intense spatially
and temporallyfocused femtosecond laser pulségueous solutions df and [PdCJ]*
were photochemicdy redued and thdaser power and irradiation times were varied
order to understand their roles in the generation of narrowly distribute@idAparticles.
UV-vis spectroscopy was carried aatsitu to understand the mechanism of reduction
and the results were correlated with transmission electron microsddymxing ratio
of Au and Pd salts was also varied and the solutions irradiated undesanie
experimental conditions. The particle size distributions were measured using
conventional Transmission Electron Microscopy (TEM) and structural determination was
caried out by high resolution TEM coupled with energy disper¥way spectroscopy.
High resolution TEM measurements on threeAisamples 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 titaniusapphire chirped pulse amplifier
(Legend Elite HE+, Coherent), that provided 5 mJ, 35 femtosecond pulses at a 1 kHz
repetition rate. The ultrafast lasepulses were spémlly dispersed usg a grating pair
(1200 I/mm), andhen focused with ah=50-mm aspheric lens into a wette containing
the sample to be irradiated (Figure 3.The gratingswvere used tepectrally disperse the

pulse in space and time, reducithg intensity of the beam out of the focuShe aspheric
22



lensthenfocuses the laser pulse sitareously in space and timehél'temporal profile
of the laser pulseés restored when all of the spectral components are recenhlat the
focal point'®® *° The simultaneous spatial and temporal focusing (S8TRethod
circumventsdlamage to the cuvette and optically induced breakdown of the sblkteme
the focal point aghe intensity of he beam is significantly lowereldy the spectral
temporaldispersion of the pulse away from the focal point. By minimizinglinear
propagationeffects that elongate the focal poiahd clamp the laser intensity, ig
possible todeliver higher laser fluences to a wa#fined focal point. This leads to a
bettercontrol of the intensity distbution than without the SSTF apparatuBhe negative
frequency chirp introducedybthe grating pair results in 36 ps pulseduration at the
focal point. Equal volumes ofiqueousmetallic precursors of different Au/Pd molar
ratios were mixed in a 10 mm path length quartz cuve@utions were irradiated for
time durations ranging from-20 minutes with pulsenergies rangm from 24 mJ,
corresponding to 1-:3.6 3 10® moles of photons per pulse at 790 nm for the time
dependencstudy. The laser beam waist at the focus was 10mn 2yielding a vacuum

energy flux of ~640-1270 J/cr
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Figure 3.1 Photo showing the expnental setup used for generating -Rd
nanostructures using laser irradiation. The 790 nm beam is simultaneously spatie
temporally focused on to the sample. The sample is a quartz cuvette containing ¢

solution of AuPd precursors, shown the inset.

Electron microscopy: A JEOL JEMMO0 TEM operating at an accelerating
voltage of 120 k\Mwas used for lowesolution imaging and size analysis of the-Pdl
nanoparticles.High-resolution TEM measurements were performed using an FEI Titan3
dud-aberratiorcorrected STEM operating at 300 kV. Conventional TEM images were
recorded using a JEOL JEMIOO machine. The sample was dropcast on the formvar
side of an ultra thin carbon tyy#e 400 mesh copper grid (Ted Pella Inc., Redding, CA)

and the doplet 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, a\u: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 peakbeween 200600 nm (Figure 3.2 a,b) The predominant peaks
arising due to [PdGJ* ions appear at 205 nm #ong with a broad feature around ~350
nm*’ The band around ~235 nm is attributedigand to metal charge transfer (LMCT)
transition of the [PdG]* ions!*’ The most pronounced peak due to the presence of
[AuCl,] is observed at ~228m and a weak shoulder is also evidan286 nm arising
from ligand to metal charge transfer of [AuCY®. The U\tvis spectrum ofPd:Au 1:2
(total concentration =0.18 mM) was selected for tracking the reducliba.intermixing
of the metallic salts causes the broad shoulder ascribed to {Fd®6l persist only in
solutions containindpigh Pd €.g9.Pd;Au 2:1 and 9:1)atio (Appemlix A, Figure A 1.),
whereaghe predominant LMCT feature of [Aug]l at 22 nmshifts to 227 nm (Figure
3.2 ¢) for the AuPd 1:2 solution. The absorption feature at 227 nm was tracked with
transient electronic spectroscopy and its disappearance watlydaerrelated 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 ie tHV 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 ¢fieband structure ahePd nanoparticle)’ 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 AuPd alloys. Since the presence of dmpens the LSPR band of Au,
therefore no prominent Au LSPR band is observed in theafabte AuPd 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
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Figure 3.2 Electronic spectra showing the reduction of metallic salt precursors for the
synthesis of nanoparticles. (a) Electronic spectra of Au chididaiCl,;) solution at

initial stage of reduction and after completion chaon. The 222 nm LMCT feature
disappears and the 532 nm Au LSPR band appears signaling the reductiéi’ab Auw

© " (b) Electronic spectra showing reduction of¥tto Pd®. Absorption in UV region
increases and LMCT feature at 350 nm dossgys, pointing towards the formation of

neutral Pd nanoparticles. (c) Electronic spectra showing the reduction -&fd Au
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precursors in Au:Pd (2:1 mixture). LMCT band at 227 nm decreases with time and an
increasen the absorption in the UV region is obged. (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 samplef=igure 33) collected after every minute of irradiation
provide information about the formation, morphology and size of thePdwu
nanostructurest-or an irradiation time of 1 minute, the dominant particle morphology
consists of necklaekke aggregates of spheroidal nanoparticles, similar to intermediate
strucures formed during Au nanoparticle synthesis using the Turkevich mEthod.
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 nanopartidles as
irradiation time is increaseds consistent with fragmentation of the primary particles in
the laser field. Fragmentation of primary Au nanoparticlgson exposure to
femtosecond laser pulses has been widely obs&Riéd and may proceed through a
number of mechanisms including Coulomb explodfén.An irradiation time of 10
minutes produces the narrowest particle size distrib(kayure 3.3) Further increasing
the irradiation time produces larger particles, some of which appear to consist of two or
more spherical particte fused together. This size increase is attributed to particle
melting, fusion, and recrystallization, which are known to occur upon pulsed laser

irradiation’*® Overall, this study suggests an opi irradiation time of 10 minutes to
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produce the most narrowly distributed, subnm AuPd nanoparticles under these

reaction conditiongFigure 3.3 and 3.4).

,..“. .

" atbl
. 5474 10 mins

Figure 3.3 TEM images of Au: Pd (2:1, 0.12 mM: 0.06 mM) particles irradi
with 4mJ of790 nm laser irradiation at different stages of reductiorb) (&t early
stages (22 minutes of irradiation) neckladée structures and bigger particli
between €12 nm, respectively were observed.-d¢ Within 36 minutes of
irradiation fragmentatiobecame evident. {§ Significant reduction in particle siz
was observed betweenl® minutes ofrradiation andfragmentation of preforme
particles was dominant. {u) Further irradiationup to 20 minutes showed las

induced melting, contributing tanancrease in particle size.
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Figure 3.4 Particle size distibution histograms showing the effect of irradiation time
the size distributiorcorresponding to th& EM images of Au: Pd (2:1, 0.12 mM: 0.(
mM) particles irradiated with 4mJ 790 nlaser irradiation (a) Histograms showin
effect of irradiation time (b) Summarized plot showing showing tieaatverage sizes «

Au-Pd nanoparticles as a fuimn of irradiation time.

3.4 Morphological Characterization of Laser Synthesized Nanostruares

3.4.1Effect of laser pulse energy

Upon establishing an optimal irradiation of 10 minutiese 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 &f &)d 4 mJ to study the effect of
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pulse energy on the particle size disttibn (Figure 3.3 and 3)4 The nanostructures
observed at a pulse energydimJ (Figure3.3) are similar to those observed at shorter
irradiation times for 4 mJ pulses (shown Fkigure 3.5. Thissuggests that additional
pulse energy is needed to produce wgelbarated, small nanoparticles. Upon increasing
the laser power to 3 mJ, a tighteze distribution was obtainexhd the average particle
diameterdecreased to ~5 nm. AtJ (Figure3.5), the average particle size was reduced
further to 4 nm, with the narrowest size distributioAn analogous decrease in Au
particle size with increasing pulse energy has been observed previtugie conclude
that higher laser powers ioptimal for generating narrowly distributed Au:Pd (2:1)

nanoparticlesn a total reaction time of 10 minutes.
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Figure3.5 Effect of laser power on the size disution of Au-Pd nanoparticles. (A)EM

images of Au:Pd 2:1 sample irradiated for 10 minutes at laser powers of 2 mJ, 3 m
mJ. Samples irradiated at 4 mJ showed the smallest particles with narrowest distr
Particle size distribution histogms are provided on the right hand sid®) The size

distributions of AuPd nanoparticles as a function of pulse energy
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3.4.2 The Roleof Initial Mixing Ratios of Metal Precursors

Solutions with Au:Pd ratios of 1:0, 9:1, 2:1, 1:1, 1:2, 1:9 anda@d a fixed Au
concentration of 0.12 mM were irradiated at the established optimal conditions of 4 mJ
and 10 minutes (Figur&.6) . The concentratioaf pure Pd was 0.254 mM. Irradiation of
the pure Au and Pdhetal salts produced the largest particleshwite broadst size
distributions (Figures 3.6a and 3B Au:Pd ratios of 9:through 1:2 (Figures 3lI6-€)
produced nanoparticles with average sizes of less than 5 nm. The smalEst Au
nanoparticles with the narrowest distribution among all expriaid conditions explored
were formed at an Au:Pd ratio of 1:Zhe particles weraearly spherical and narrowly
dispersed. Particle synthesis at this Au:Pd ratio was reptmieel in order to establish
reproducible generation of narrowly dispersedh-Sunm AuPd nanoparticles using
ultrashort SSTF laser irradiation and characterized using TEM ( Figure 3.7). At an Au:Pd
ratio of 1:9, narrowly dispersed1® nm nanoparticles were evident along wstime
agglomerates (Figure 3.6 f), where theeragepaticle size was smaller than pure Au or

Pd.
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Figure3.6 TEM images of particles generated from Au:Pd samples of different rat
a constant Au concentration of 0.12 mMll the samples were irradiated at 4 mJ for
minutes. (a) A:Pd 1:0 (b) Au:Pd 9:1, inset shows 50 nm aggregates, scale bar is 1
(c) Au:Pd 2:1 (d) Au:Pd 1:1 (e) Au:Pd 1:2 (f) Au:Pd 1:9, inset showd (&0 nm
aggregates, scale bar is 100 nm (g) Au:Pd 0:1 Particle size distribution histogra

provided belowthe TEM images. The size distributions of-Rd nanoparticles as
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function of Pd content are also provided below the TEM micrographs.
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Figure3.7 Reproducibility of generating narrowly distributed Au Pd (2:1) nanoparti
(a,b) TEM images of Au:Pd 2:1 prepared on two different days using same experii
conditions as used for the sample shown in Figuree3 (c,d) Size distributions of At

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

3.4.3 Structural and Compositional Characterization of Nanoparticles

The Au:Pd 2:11:1 and 1:2 narparticlesgenerated at the optimal irradiation

conditions of 4 mJ and 10 minute®re characterized by STEM coupled with hagigle
34



annular dark field (HAADF)capability and EDX spectroscopyto determine tk
morphology and composition of the Ad nanoparticlesSuch measurementsnreveal
whether the nanoparticles are cstreell or alloyed structures, as well as the elemental
distributions of the particlesAnnular dark field(ADF) mode STEM measuremen$

the Au: Pdsamples are shown in Figure 3.8he dspacing were calculated from the
lattice fringes in the dark field STEM images of two randomly selected nanoparticle
The {111} fringes in Figure 8.a show periods of 0.237 nm, which is close tol#tice
spacing of pure Au ¢d; (Au) = 0.235 nm) On the other hand, the ARd (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) revealedrelird
alloy (di10 (Pd) = 0.275 nm), whereas the lattice spacing of 0.287 nm in the right hand
region indicates an Adch alloy (dio (Au) = 0.288 nm). ADF STEM images also
revealed the presence of fivefold twinned, decahedraP@umanoparticles (Figure&).

ADF images of Au:Pd (1:1) reveal an alloyed structure with tlepating {110} in
between the valuesf 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 tb Au:P
(2:1) (Figure 3.8 &). Thus the ADF images point towards the conclusion that only when
Au and Pd are mixed in an equal malatio are alloyed structures are obtained. Under
conditions when Au and Pd are mixed in unequal ratios heterogeneously royed a
structures are obtained. Moreover, twinningeisdent This is of particular interest
becausesuch structurefhiave been previously shown to be efficient sites for catalytic

reactions** The catalytic activity of these ABd nanostructures will be discussed in
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detail in Chapter 4Au and Pd possess similar lattice parameters with a lattice mismatch
of only 4.6% (Au: 4.07 APd: 3.89 A)}**> which makes distinguishing between mixed
alloys, coreshell, or a mixture of separated Au and Pd nanopestsnlely based on the
measurement of lattice spacing unreliablén order to confirm the structure and
composition of the nano patrticles, energy disper¥ivay spectroscopy was performed

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

Au rich )
d c110,Au =0.288nm

“ Pd rich
dg10-Pd =
0.275nm

Figure 3.8 High-resolution STEM images taken in annular dark field mode (ADF)
structural determination of ABd nanoparticles. ADF images wio different Au: Pd

2:1 nanoparticles. (a) STEM image showing {111} lattice fringes withspating of
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0.237 nm, showing arAu-rich composition. Dotted lines show the direction «
measurement. (b) STEM image showing coexistence efafsd Pdrich regions in ar
Au-Pd nanoparticle. (c) STEM image showing a fivefold twinned decahedrd&dt
nanoparticle.The solid white lines idicate the twin boundari€d) ADF image of Au:Pc
1:1 sample showing alloyed structure (e) ADF image of Au:Pd 1:2 shc

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

Au:Pd (2:1) : A STEM EDX spectrum collected on one such clustegyfe 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 thieported phase
diagram for AuPd alloys, where Au content between 40% and 60% is preferred under
low-temperature synthesis conditiofl8.EDX elemental mapping (Figure 3)1@as also
performed on randomly selected nanoparticle clusters. The line scan sh{wguire
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 betv2€enni5

AuU is more dominant.
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Map data 19
MAG: 2550kx HV: 300kV

cps/eV
Spectrum: 1
4.0 (b)
Element Series Net unn. C norm. C Atom. C Error (3 Sigma)
357 [wt.%] [wt.%] [at.%] [wt.%]
3.0 Gold  L-series 21931  69.66 69.66  55.37 21.06
PalladiumK-series 1495 30.34 30.34  44.63 3.83
>
[} Total: 100.00 100.00 100.00
>
= M Pd
C l=]
=
@]
@)
J}L e e v . . =

15 20 25

Figure 3.9 Energy dispersive-ray (EDX) spectrum of AdPd (2:1) nanoparticles. (
Region of interest from where the spectrum was collected (scale bar = 10 nn

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

1.2/1.

4 Map data 30
MAG: 910kx HV: 300kV S N MAG: 510kx HV: 300kV

MAG: 910kx HV: 300kV

-

Intensity

0 10 20 30 40 50
Distance, nm
Figure 3.10 Elemental analysis of ABd (2:1) nanopatrticles. (a) HAADF images o
random group of Au:Pd 2:1 nanoparticles). Compositiomaps of the particle
imaged in (a): (b) red pixels show the presence of Au, (c) green pixels shc
presence of Pd. The dotted line drawn across (b) and (c) show the region of lin

(d) Elemental composition determined from the line scan) (éhows coexistence o

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 tiltn@as observed that both Au and
Pd coexistedt all times, with varying compositionddowever, the EDX spectra of the
same cluster showed the composition (atomic weight %) to be 46% and 53% Au and Pd
respectively(Figure 3.1). Two similar measurements were made on two different
regions and the seilts of all d them are summarized in Tablel3 The composition of
Au varied between 436% and that of Pd ranged betweerS836. . The average atomic
wt% composition of Au is 45.9 +@% and that of Pd is 54.9 62 and the measured
Au:Pd ratio is 0.8:1. The EDX specum and maps shown in Figure 3.tlearly
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 vésarall, this result is
also in agreememwith the reported phase diagram for-Rd alloys, where Au content

between 40% and 60% is preferred underiemperature synthesis conditioti8.
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EDS 701 8nm
MAG: 1800kx HV: BOkV

cps/eV
1.2 Element [norm. [norm. | (d)
] wt. %] at.%]
107 1 Au 6136  46.18
Pd 38.64 53.83
0.8
> ] pd
& O~6“Auo | ;
(7)) & = Au Pd Cu Au
hd ] :
C 4
=5 0.41
o ]
@) i ,
0.24 | i 1 |
0_04 I I| : 1y vllllvl L "b ! - "I" - i R ‘|‘ - "'
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KeV

Figure 3.11 Elemental analysis of ARd (1:1) nanoparticles. Compositional maps ¢
randomly selected cluster of nanopdesc (a) red pixels show the presence of Au,
green pixels show the presence of Pd (c) overlaid compositional map showi
presence of both Au and Pd. All scale bars in a,b and c are 8 nm. (d) Energy dispe
ray (EDX) spectrum collected from tlsame nanoparticle cluster shown in a, b an
Table in the inset shows the Au and Pd atomic compositions to be 46 % and
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respectively.

Measurement Norm. wt % Norm. at. %

No

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 31 Elemental characterization of three randomly selected nanoparticle clus
Au:Pd 1:1 sample. Three different areas were analyzed with EDX spectroscop
average atomic wt% composition of Au is 4%.9.6% and tlat of Pd is 54.% 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 maarement is shown in Figure 3.48d the measured compositions
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of Au and Pd from all three measunents are summarized in Tabl& 3rhe main
observations include that Au and Pd were found mixed heterogeneously in all
nanoparticles. The EDX spectrum showeel composition (atomic weight %) to be 46%
and 53% A1 and Pd respectively (Figure 3.d2 The composition of Au varied between
43-44% and that of Pd ranged betweerS586. The average atomic wt% composition of

Au is 440+ 09 % and that of Pd is 56+ 0.9. % and the measured Au:Pd ratio is 0.78:1.
The EDX spettum and maps shown in Figure 34180 confirm an alloyed structure, as
observed for both Au:Pd 1:1 and 2:1 samples, with Au content varying betwegd 40

%, which is deemed as a preferabnfiguration under low temperature conditidffs.

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 AtPd nanoparticles instead of separate Au anddbparticles

or coreshell structures? We speculate thatreduction 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-P&u nanoalloys with heterogeous

compositions.
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EDS 704
MAG: 1300kx HV: BOkV

EDS 704
MAG: 1300kx HV: BOkV

MAG: 1300kx HV: BOkV

x 0.001 cps/eV

400 (d)
- Element [norm. [norm.
] wt. %] at. %]
300
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250 Pd 40.47 55.72
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Figure 3.2 Elemental analysis of ABd (1:2) nanoparticles. Compositional maps ¢
randomly selected cluster of nanoparticles. (a) red pixels show the presence of
green pixels show the presence of Pd (c) overlaid catgped map showing the
presence of both Au and Pd. All scale bars in a,b and ¢ are 10 nm. (d) Energy dis

X-ray (EDX) spectrum collected from the same nanopatrticle cluster shown in a, b
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Table in the inset shows the Au and Pd atomic compaositto be 44 % and 55 ¢

respectively.

Measurement | Norm. wt % | Norm. at. %
No
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 randgpis¢lected nanoparticle clusters
Au:Pd 1:1 sample. Three different areas were analyzed with EDX spectroscop
average atomic wt% composition of Au is #4.88 % and that of Pd is 560.89.% and

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

An ultrafast laseinduced reduction scheme was shown to produce surfdotant
Au-Pd nanopatrticles 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 thdcmetal
precursors or controlling the size distribution, respectivelyin-situ electronic
spectroscopy was used to track the reduction kinetics of thBdAprecursors and the
formation of the nanoparticles. Highsolution STEM performed on the prepared
bimedallic nanoparticles confirmed the formation of randomly mixed alloys with Au

content varying between 460 % depending on the initial mixing ratio of Au and Pd.
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CHAPTER 4.

APPLICATIONS OF LASE R SYNTHESIZED METALL IC NANOSTRUCTURES
TO CATALYTIC RE DUCTION OF 4-NITROPHENOL

4.1 Introduction and motivation

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

irritant 247 148

The reduction producbf 4-NP, 4aminophenol (4AP), is used as a
photographic developer of black and white films as well as a corrosion intilitor.
Another prominent application of-AP lies in the manufacturing of paracetamol and
other analgesic and antipyretic drdgs.*** **° The reduction of NP to 4AP is a
commonly studied reaction and noble metal nanoparticles are often emplaadlgsts

in the presence of excess sodium borohydride for the conversiohiBftd 4AP °+153

In fact, this particular reduction reaction is often utilized as a model reaction to
benchmark the catalytic actiyiof a given catalyst.*®* 1°® %1t is to be noted that this
reaction (Figuret.1) only proceeds in the presence of a metal catalyst and excess sodium
borohydride, has no side products and the kineticsbeareadily monitoredria UV-

visible spectroscopy (Figure 4.1)*" 13 The decrease of the 400 nm band arising from

4-nitrophenolate anion is used to track the kinetics and derive the rate cofistahe
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400 nm band decreases with time and a new band at 300 nes argaling the
generation of 4AP .13

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. Surfactat capped AtPd nanoalloys have been used
extensively for catalyzing-#IP to 4AP %> 104 187 gnd the kind of ligand esl dictates
the feasibility and the rate of this catalytic transformatfdrin this chapter, surfactant
free laser synthesized Au, Pd and-Rd nanostructures wilbe used to catalyze the
reduction of 4 NP to AP in the presence of excess NaBHIhe 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 changingtlegree 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 figreend reaction.
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Reaction scheme

4- nitrophenol 4- aminophenol

NOZ H2
NaBH,
Au-Pd

OH catalyst

N
OH

4- nitrophenolate

o~

'4-'aminoph'er}oll

—_— —_—
D =)
¥ T * T
o
|

Extinction (a.u.)
(]
(o]

S 3
T & T
(_)

350

400 450

Wavelength, nm

Figure 4.1 The reduction of NP to 4AP. The reaction scheme shows that the reduc

of 4-NP occurs in presence of NaBEnd a catalyst (AfPd in this case). The 400 n

feature is attributed to-ditrophenolate anion (evidence with pH dependefc&NP is

shown in AppendixC) and the new band appearing with time at 300 nm is dueA®.

As the reaction progresses the 400 nm feature decreases signaling the conversi

NP.
4.2.Experimental methods
4ni trophenol (Fluka, O 99.5%) and sodi ul
as received. Ultrapure deionized (DI') (18

the solutions ofhitrophenol (4NP) and NaBH The Au, Pd and A®d nanoparticles
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were syithesized 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
aqgueous sol uiNP and7 oM NaBgD The 8blutbn was added to a 1 cm
path | ength quartz cuvette and the catalyt
the catalyst (effective concentrations shown in Table 4.1). The catalytic activity was then
monitored usi ng UVapparest rak poastantpkossetasnpined by T h e
measuring the absorbance at 400 nm over the course of the reaction, where, the reaction
behavior is governed by a pseuist-order reaction given bgquation(4.1)

Q0
Qo

0 o} 1g5)

where the [C] is theoncentration of 4 NP at a given time t. Since the concentration of
NaBH, is 100times greater than theMP, this termremain relatively constant and can

be excluded from the rate equation. To extragi khe slope should be determined from
the plot of In(A/A) vs. time, where,trepresents the position in time taken after the
induction period (Figure 4.4-d). The r#ée constant was extracted from Au:Pdatios

which included: 0:1, 1:9, 3:1, 1:1, 9:1, 3:1, and.1:0 (Figure 4Qptical spectra were
obtained using a Jasco UV/vis Spectrophotometer V650. The extinction spectra,

collected over the wavelength range @02 800 nm, were collected at wavelength

increments of 0.2 nm.
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Ratio of Molarity Molarity Effective
Pd:Au of Pd of Au concentration
1:0 0.12 mM 0 mM 0.011 mM
9:1 1.08 mM 0.12 mM 0.11 mM
31 0.36 mM 0.12mM 0.0436 mM
11 0.12 mM 0.12mM 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 kigure 4.3.Effective conentration of catalysts in 200

nmL 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).0n introducing sodium borohydie solution, the light yellow color ofMP
changes to greenish yellow due to the generationrofrdphenolate ions, which is basic
in nature(AppendixB, Figure B 1.1 The 4NP peak appearing at 318 nm red shifts to
400 nm which is the characteristibsorption of the nitrophenolate anion. In the absence
of the catalyst, 4 NP is usually not reduced by NaBldnly, or the reduction rate is
much slower The eaction of 4NP with NaBH, without Au catalysis shown in Figure
4.4 a, hwhere no change ithhe absorption at 400 nm was observed until the catalyst was
added'®® After the addition of the catalyst, the 400 nm peak decreasea med peak
appears at 303 nm. This new peak at 303 nm is due to the formatiehRyfdenoting
the successful reduction ofNP to 4AP. Thefull catalytic transformation is a multi
step procedsard thereaction scheme shown in Figur@ AVhen excess NaBHand an
appropriate metal catalyst are added, the reaction is p$estdorder and depends solely
on the concentration of-MP in solutior: The metal catalyst binds theNP molecule
using the two oxygens of the nitro grotipThe adsorbed geometry is shown in Figure
4.3, where a single molecule is known to bind to two atoms of a (10@celirfThis

binding creates a pent agon & ISincethi® fedtiiodis M
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pseudefirst-order in the presence of excess NaBtHe slope of a plot of the natural log

of the absorbance 400 nm yields the apparent reaction raig, k

20 T———T /T T ™NO, T T T T T
g "2 Absat318 nm
= Abs at 303 nm X  Abs at 400 nm |
E 15 /
L
2 y
Z 1.0
s _
=
505 |

350 400 450 500
Wavelength, nm

250 300

Figure 4.2 Characteristic UVis absorption spectra of-mitrophenol (318 nm), 4
nitrophenolate (400nm) and-Aminophenol (303nm). NP + NaBH yields the 4

nitrophenolate anion which, in the presence of a catalyst, reducesmméphenol.
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4- nitrophenol  4- nitrophenolate  4- aminophenol
NO, NO, NH,
I/\ NaBH, ~ X, NaBH, I/\
b il i catalyst \l//ﬂ
OH 0~ OH

Figure 4.3 Reaction scheme showing reductionNP4to 4AP*

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

Initially, the absorption spectra of-ritrophenol mixed with NaBlH was
monitored as a function of time (Figure 4.4 a, o change was detected until the
catalyst was added, as for example in Figure 4.4 whbre no changm the absorption
at 400 nm occurred for theMP and sodium borohydride mixture until Au or-Rd 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 dd?dAl1:9 the
reaction commenced immediately without any induction period (Figure 4.4 b). The plot
of In(A/A,) for both pure Au and Afd 1:9 is shown as an example to show hgyik
extracted ( Figure 4.4 c,d). The In(A)Aor Au-Pd 1:9 is zoomed inFigure 4.4c to
show the start of the reaction at 70 s and the reaction reaches completiorvwishiA
linear fit is carried out between &=t and 77s =t;. Similarly, fits are carried out for

all other concentrations studied and reported in réigh.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 Th¥)
concentratios of Au and Pd precursors used are provided in Tablg 4o separate
batches of all the different ratios were preghand 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 nanopatrticles, respeely (Figure 4.4a,b and d)l'he performance of the
catalystswhen compared with the previously published findings (Table th&ate the

laser synthesized ABd (1:9) amongst the best with gJper unit surface area around

117 ' m? Thedetals of calculationgre giverin AppendixC.
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Figure 4.4 Catalytic activity of Au, Pd and Pd:Au nanoparticlRate constant:

extracted from Pd: Au ratios were 1:0, 9:1, 3:1, 1:1, 3:1, 1.9 and(&d) Steps

followed in extracting the rate caast.

(e)Two separate batches of all t

different ratios were prepared and their catalytic activities were testec

compared for reproducibility. Pd:Au 9:1 w#se most catalyticallyactive for

both the batches. Pd: Au 9:1 was 12 X and 8 X moreeattian pure Pd and Al

respectively. The concentrat®nf Au and Pd precursors used are provide(

Table 4.1.
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The hallmark of bimetallic nanostructures, in the context of heterogeneous
catalysis, is that the-band center can be tuned by changesmposition’ As predicted
by the HammerNgrskov model, the center of thebdnd {n this case for AdPd)
determines the adsorption energy of the adsorbate on the metal Surfdpen
interaction with 4nitrophenol and the A®d surface, the adsorbate state overlaps with
the metal states and is split off into bonding and antibonding interaétiéwssthe d
band decreases below the Fermi energy, the antibonding states become populated and the
overall adsorption energy decreases. A scatter plot of-bend against the adsorption
energy for various alloys is shown in Pozenhal* When a metal of larger lattice
constant is alloyed with one having a smaller constant, the orbital overlap between atoms
increases This shifts the dband center away from the Fermi level, decreasing the
reactivity atthe site of compressidh. This modulation to the -denter concurrently
facilitates the energy of adsorption betweenRPdisurface and the-itrophenol* This
trend suggests that thdeal catalyst is one which binds thendrophenol in such a way
that is not too tight as to prevent a reaction. In the casanitfaphenol and metal alloys,
theoretical predictions by Pozem al. point to an idebbinding energy 0f0.95 eV? Pure
Au and Pd are predicted to have an adsorption energy.65 eV and-1.05 eV,
respectively. Therefore, the ideal theoretical-RRdi 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 Particle Dimension (nm) Kapp Kapp/Area
Platform Shape (10°sh (s'm?
Au NP (1 Island dia. =6 1.85 8.9
nm)169
CuNP (3 Island dia. =8 17.7 43.1
nm)169
Pd NP(3 Island dia.= 4.6 16.6 20.1
nm)169
Au Film (40 Film Planar 0.48 2.0
nm)lsg
Cu Film (20 Film Planar 39.0 162.5
nm)169
Pd Film (15 Film Planar 1.4 5.93
nm)169
Cu w/ Oleic'™ Cubic edge= 9.5 8.2 1.2
Cu via Urea® | Spherical dia=5.6 1.5 0.001
Pd Spherical dia. = 3.0 4.0 11.4
Dendrimer*™
Ag Dip Stherical dia. = 3.0 5.3 0.66
Catalyst'”
Ag Spherical dia. =3.1 7.1 238
Dendrimer'”
Pt Spherical dia. =2.3 ~1.45 ~0.067
nanop?rticleé7
Au W/1 7C5:TAB Spherical dia.= 13 6.1 104
Au on Spherical dia.=6.9 7.9 10
PMMA *>°
Au Spherical dia. =3.1 25.1 254
Dendrimer*®
Au Ligand- Spherical dia.=7.2 n/a 57
free'’®
Au on Wulff Shape dia. =80 0.3 1.2
Sapphire™
AuCu on Hemispheri dia. =100 3.3 17
Sapphire'™ cal
AuCu on Triangular edge =160 0.7 2.9
Sapphire'™
Pd Dip Spherical dia. = 1.4 4.4 .0301
Catalyst'”’
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Catalytic Particle Dimension (nm) Kapp Kapp/Area
Platform Shape (10°sh (s*m?)
Ag Dip Spherical dia. = 3.0 53 .66
Catalyst
Au@Pt Concave edge=12.8 4.3 2.3
Cubes’™ Cubic
Au Cylindrical | (l,w) =(1000, 5) 6.5 7.14
Nanoforest"®
Pd Spherical dia. = 3.0 4.0 11.4
Dendrimer*™
Au-Pt Cylindrical (I, dia) = (7.4, n/a 42
Dumbbells'®® 39.5)
AuCu Star (arm, corg = (20, 85 86.6
Pentacle®! 25)
Au Hollow (edge, wall = 47.2 199
Nanocage¥? Cube (50, 5)
This Work Au-Pd, 6.1nm dia 0.25 117
sphere

Table 42 Table showing the compann of catalytic activity of nanoparticles in

literature with the present work in reducing\®.

4.3.3. Reproducibility studies
It was observed in Figure 4.#hat there is some variability in the results of

duplicate experiments.

carried out witithe Au : Pd 1:1 sample.

i) For testing the reproducibility of the catalytic activity of different batches of
Au:Pd samples of the same compositionbatches of Au:Pd 1:1 (0.16 mM: 0.16 mM)

samplewere prepared, five of which were prepared on the same day (Figure 4.5, samples
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A-E) and the sixth sample was synthesized on a different day. The measured rate
constants, pfor samples A, B were around 0.22, svhereas that for C, D, E were 0.49,

0.31 and 0.059% respectively. The sixth sample, which was prepared on a totally
different day had ads,around 0.27°S The average J,for these six trials was 0.26 s

with a standard deviation of 0.14.s These results demonstrate that etreugh all the
samples are prepareander apparently identical experimental conditions (precursor
concentrations, laser wavelength, irradiation and laser power), there is a significant
difference in their catalytic activity. Such differences could eitagse due to
fluctuations in room temperatui@ humidity, which affects the laseoutput ( power,

beam profileused for generating the nanoparticles.

0.6
AverageK,,,=0.26 + 0.14 51
0.5
0.4
0
-——& 0.3
=~ 02
0.1
o | B
> Q C Q < F
\ } Synthesison a
Y different day

Same day synthesis

Figure 4.5 Testing the reproducibility of the catalytic activity of different batche:
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Au:Pd samfes of the same composition Samplef Aad Au and Pd mixed in 1:1 rati
with 0.16 mM each. Laser irradiation parameters were held constant at 4 mJ 10 1
and a 790 nm beam was used. Samplds Were made on the same day while F \
made on a diffrent day. Samples A, B.D and F seem to have similar activity wh

andE are outlier}

i) Testing the reproducibility in measuring the catalytic activity of the same
sample separatety 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 epfiest 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 measugnhe catalytic activity of a given batc
of catalyst. Threedifferent trials were carried out with 3 identical aliquots (20 of a
single Au:Pd 1:1 (0.16 mM each) sample synthesized by SSTF (4 mJ, 10 minute

790 nm) laser irradiation.

4.4. Conclusions

Au, Pd and AePd nanostructures synthesized using photochemical irradiation
were utilized for the catalytic reductiorf d-nitrophenol to 4Aminophenol. It was
observed that AdPd (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 feed 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 synthesize®Pddamongst the best,

with a kypper unit surface area arouhti7 s' m?
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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 phqgtamsose energy is
resonant with the surface plasmderads to thegeneration of plasma oscillatignshich
can decay into hot electrofis™ *° This strong interaction offers the opportunity to
couple light to drive chemical reactions and provides a means to generakeale
product with relatively low energy inpat. The probability of generating surface
pl asmons and fAihoto electrons is increased
than the wavelength of the incident radiatfonRecent studies have focused on the
transfer of hot electrons from excited talesurfaces to orbitals of nearby molectfies.
Mukherjee et al. provided the first experimental evidence for the room temperature
photocatalytic dissociation of+bn 5- 30 nm gold nanoparticles using visibight.>*°
Their results demonstrated that a fraction of theelattrons generated by the resonantly

excited gold nanopatrticles| | owed f or el e c t*ami-honding arbitad f er |

of physisorbed K molecules leading to dissociatidn®® The requirements for this
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process are that (i) the Au NPs be excited resonantly, (iilr¢élsebach energy overlaps

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

the weight fraction of Au supported on TBiQr SiQ, be between 0.53 % > and (v)

the nanoparticles are sufficiently small (< 10 fmiy order to maximize the surface to

volume ratio and increase the fraction of lower coorddnmathighly reactive surface

atoms'® 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 andatrcr
generation i n bul kficieneproaekss requisng largeancidentilighte | y i
intensities to produce any appreciable eflectdue t o momentum mism
phonons and photon$. Hot electrons have been used imagiety of other applications,

e.g, oxidation of ethylene on Ag nanocub&swater splitting®™ *%® solar energy

188 generation of K from alcohol*®® hydrocarbon

harvesting?’ sensind? ®3 catalysis>
convesion® the fabrication of novel molecular electronic devitesplasmonic

switches®® and nanoscale electronits.

Before the hot electron induced dissociative capabilities of Au nanoparticles were
realized and used for sensing by Mukherjee et ah,indirect nanoplasmonic sensing
scheme using the localized surface plasmon resonance (LSPR) was r&pdftéy.

The LSPR is a sensitive probe of the changes in the local environment, such as
perturbations in the dielectric properties of the meditim.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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nearfield of resonantly excited Au nanoparticles, areexal analyte molecule(g, Hy)
changes the dielectric properties of, Rehich in turn shifts the LSPR of the Au
nanoparticle§? 1%91% pd was chosen due to its well established ability to dissociate and
absab hydrogen and undergo a reversible lattice expansion and undergo changes in
dielectric constant making it more transmissive®” As shown by Liuet al, as the Pd

NP approaches the neigeld of a resonantly excited Au nanotriangle, the spectral
position and scatterinigntensity of the Au system shiftgpon hydrogen exposure due to
the formation of Pd hydride (PdHwhich has different dielectric properties compared to
Pd!*® Langhammeret al. used substratéased 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 nanoparticléd’ However, Liuet al.and Langhammeet al. did not
report any hydrogen sensing with the Au nanostructures aloré! The discovery of

the hot electron induced photocatalytic activity of Au nanoparticles by Mukhetrgge®

> showed that the Au LSPR could drive the dissociation oiithout 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 dissiociaf hydrogen has yet to be reported.

The interaction of Au with hydrogen, especially the formation oftAbonds, is
far from being understood due to the inert nature of bulk Au. However, there are studies,
both theoretical and experimental, whideaiss the adsorption of hydrogen onto Al
201 and the formation of Aukf® 2°*2%7 Buset al. reported that small gold nanoparticles

(~1.4 nm) supported on aluminassiociatively adsorb hydrogéH. This is accompanied
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by a change in electronic properties as it was showiX by absorption near edge
spectroscopy that the; b (excitationof a metal 2p electron to fitked d orbitals creates
characteristic absorption peaks known as L edge) edges of 8y/Adcorded in
hydrogen undergo a shift of several V. Previous reports also mentioned that the
formation of sifacebased AuH and AuH, are stabilized by relativistic effeété and
are likely to occur in electrerich systems provided by lasablation and plasm&S$.The
catalytic activity was associated with atorsites of lower coordination and high surface

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

In this chapter, both direct and indirect plasmonic detection schemes used for
optical sensing of Hwill be demonstrated. The direct plasmonig $¢nsors were
fabricded using Au nanostructuresThe novelty stems from the room temperature
optical detection of hydrogen using (i) thermally setembled substrabased Au
nanohemispheresnd (ii) surfactantfree structures (allowing for close contact between
the nanoBuctures and the analyte). In the present study, & 2 26 change in optical
transmission was achieved at room temperature using Au nanostructures beR@een 5
nm in diameter upon incoherent optical excitation. To substantiate the claim qf AuH
formaion, discrete dipole approximation (DDA) simulations were carried out using
dielectric constants of Au hydride previously measured by Giangregori® The
dielectric constant of Au was measured using spectroscopic ellipsometry both in the
presence and in the absence of hydrogen to confirm if the presengeuntiét 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. lioagdididirect
nanoplasmonic hydrogen sensors were fabricated using bimetallic alloys-/A¢ Aad
Au-Cu. All the hydrogen sensing platforms described here are surfactant free and
provide informationon the interaction of hydrogen exclusively with Au atel 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: Substratdbased Au nanostructures were produced using thermal
dewetting®®® This process involves two steps (i) sputter deposition (Gatan High
Rewlution lon Beam Coater Model 681) of a Au thin film (typically ~10 nm) onto
sodalime silica microscope glass slideish the resultant filmbeing blue in color and
then (ii) heating from room temperature to 500°C in 15 minutes (Lindberg Blue M tube
furnae, TF55035A1) followed by cooling back to room temperature. All samples were
heated in a constant flow of ultra high purity argon at 65 scdrhe assembled Au

nanostructures have a hemispherical morphology (Figure 8%1dJhe sputter coating
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time in step (i) is also varied from 5s to 30s to deposit different amainAu which
when heated at 500 °C vyield dewetted Au nanostructures with different sizes, as
discussed latet.

Au-Ag films: Templates of Au were premar on (000Lpriented 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 lithograpHyee templated assdily techniqué® while the
random structures were generated by thermal dewettinthe experiments shown here,
random Au structures were used. Téestratecoated with Au nanoparticlesnd a
rectangular Ag foil of approximately the same dimensions were then inserteslatso
cut into an alumina crucible (Fig. 5.1bYhis maintained a small wetlefined distance
(0.5 mm) between the two surfaces while preventing contatie crucible was then
placed in a tube furnace with flowing Ar and heated to 775 °C, a tempesatficgent to
drive a flux of Ag from the sublimating foil onto the adjacent substrgtgosure 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 toi@angular nanoprism and
(i) a compositional transformation from pure Au to a AuAg afloy.

Au-Cu films: The Au templates used were fabricated on sapphire (0001)
substrates by the solid state dewetting of 12tick 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 cruciblé. separation of 0.5 mm is maintained

between the foil and the Au sample (Figbr&c). The crucible is then heated at 885°C in
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presence of Ar for upo 24 hours in a tube furnac@&he heating causes Cu to sublimate
from the foil, on to weakly faceted Au truncated octahedrons. Heterogeneous nucleation
and solid state diffusion traform Au templates into alloyed triangular Auw
nanostructures (Figure 5.1cfhe morphological and compositional transformation of Au

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

Thermal Dewetting (a)

(a) Sputter coated Au Thin Film on glass slides (b) Anneal (500°C) 15 minutes

Dynamic Templating

(b) Apply Ag foil
[Auon Al,O; Ag foil v

Y- e
‘ ~

(d) The assembled
AuAg nanoprisms

(a) Au templates

(b)

Ar flow

Au on Al;0;
2 RA

(a) Au templates  (b) Apply Cu foil (c) AuCu nanotriangles (C)
Ar flow
YA v
o - 3
Alumina crucible 1.cm
=+ Heat

(d) Au templates AuCu nanotriangles

e

Figure 5.1 Fabrication of Au, AvAg and AuCu nanostructures. (a) Fabrication of ,

nanostructures by thermal dewettih@h) A sapphire substratiecorated with randoml
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distributedAu nanostructures was placed in an alumina crucible, heated to 800 °C
presence of an Ag foil, and transformed to-Ag nanoprism$.(c) Fabrication of AtCu

nanoprisms using dewetted Au nanostructures agléées and a Cu fofl.

5.2.2 Characterization of nanostructures

The morphological characterizations of the samples were carried out using SEM
(FEI Quanta 450FEG SEM) and AFM (Agiit 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 usingrig\épectroscopy (JASCO
630).

Au: The sputter coating time was variedvieeen 5s to 30s and the morphology
of the Au nanostructures (sputtering times20 s) was analyzed using transmission
electron microscopy (TEM). The sample that was sputter coated foraB@ was then
characterized using atomic force microscopy (AFMAn Evolution 201 U\vis
spectrometer was used to study the spectral behavior obAoparticlesn the presence
and absence of hydrog&ravelength range: 190700 nm, bandwidth: 1 nm, integration
time: 0.1 s, data interval: 1 nm, scan speed: 600 my/mt was observed from the
TEM and AFM images (Figure SaPthat the nanoparticles on samples sputter coated at
(5s) were the smallest in size3& 2.0 nm) with an LSPR around 550 nm (Figure 5.2).
Increasing the sputtering time increases the avgragele size and reshifts the LSPR
of the Au nanoparticles. The 30 sputtered thin film was characterized using AFM

(Agilent 550 SPM)which revealed the presence of particles betwee201®m and with
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the LSPR centered at 700 nm (Figure 5.R)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 sytitherariability, the LSPR of a few Au 15 s
dewettedsamples on microscope glass sligespared on different daygere checked. It

was observed that the LSPR varied within 585 nm for different samples prepared by
sputtering for 15%. The data in Figte 5.2 b suggest a synthetic variability of 10 nm in

the position of the LSPR of the dewetted samples, sputteree2fdos 5
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Figure 5.2 Morphological and optical characterization of Au nanostructure
microscope glass slideShe sputter coatingrtie was varied from 580 s and all the
sputtered thin films except the 30 s one were dewetted at 500 °C for half an hou
samples sputter coated at (5 s) were the smallest in size with an LSPR around !
Increasing the sputtering time increaties average particle size and +sdfts the LSPR
of Au. The 30 s sputtered thin film was characterized using AFM, which reveale

presence of particles between-20 nm and with the LSPR centered at 700 (o).
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Dependence of the position of the LSRR the sputtering time for dewetted /

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

Au-Ag: The AuAg nanostructures were characterized primarily with SEM and
optical spectroscopy. The SEM images in Figures 5.3 a,iv she morphological
transformation of the Au templates (described in section 5.1) tAg\nanotriangles
upon exposure to the Ag vapor at elevated temperatuliesias observed that the Au
templates appeamore 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® The UVivis spectra (Figure 5.3 c) show that the Au templates have an LSPR
around 580 nm, which red shifts to 600 nm and also broagemsalloying with Ag.

After 90 mins of heating the composition of the -Ag alloy is moughly 60:40
respectively as determined by energy dispersiwayxspectroscopy. These AuAg
samples were fabricated on sapphire substrates and ti#g Aamples were sputtered
with a thinlayer (1 nm) of Pdefore being utilized for indirect nanoplasmonic hydrogen

sensing.
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Figure 5.3 Morphological and optical characterization of-Ag nanostructures grow
on sapphire (0001) substrates. Titieew SEM images of a periodic array of (a) /
templates andb) the AuAg nanoprisms derived from them. The insets show aojl
65° tilt-view images of the individual structurgs) UV-vis spectra of Au templates ar
Au-Ag nanotriangles. Au templates have an LSPR at 580 nm which broadens ai

shifts to 600 m upon alloying with Ag for 90 minutés.

Au-Cu: The AuCu nanostructures were characterized primarily with SEM and
with optical spectroscopy. The SEM images in Figures 5.4 a,b show the morphological
trangormation of the Au templates to ADu nanotriangles upon exposure to the Cu flux
at elevated temperatures, 885 °C (described in sectio % 1yas observed that the Au
templates form at random positions over the surface of the sapphire substrate and have an

average diameter of 80 nmThe 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.
Exposure to the Cu flux for 15 hours at 885 °C transforms the Au structures to highly
faceted nanoprismsith an edge length of ~160 nm. The TUN& 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 tfgAu
alloy is roughly 50:50 respectively as determined by energy dispersinayx
spectroscopy). The AuCu samples were sputter coated with a-thirer (1 nm) of Pd
before being utilized for hydrogenrseng. The UWis spectrum in Figure 5.4 ¢ showed
further red shift of the AWCu LSPR peak to 598 nm and broadening upon the addition of

Pd.

SEM characterization

(c) UV-vis spectra

400 600 800 1000
Wavelength, nm

Figure 5.4 Morphological and optical characterization of-@uw nanostructures grow

on sapphire (0001) sulbates. SEM images of a periodic array of (a) Au templates
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(b) the Au Cu nanoprisms derived from them. Figures in the insets show high resc
images of individual structures taken from a-t@gmd a sidesiew. The histogram:
display the distribubn of template diameters and triangle edge lengthsUV-vis

spectra of Au templates and Atu nanoprisms both with and without Pd. Au temple
have an LSPR at 580 nm which broadens anéhgts to 592 nm upon alloying with C
for 15 hrs at 885° CCAddition of Pd by sputter coating further broadens and red <

the LSPR of AuCu nanoprisms.

5.2.3 Experimental Setup

The optical setup (Figure 5.5) initially consisted 06@ W incandescent lamp
which has a broadband emission in the visible region (40000 nm). Later on, a
tungsten halogen source {1SSeries Tungsten Halogen Light Source) emitting photons
from 300-900 nm was utilized for experiments due to higher tgbiA 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 thexeamyadependence of the
excitation intensity on the plasmonic response of the Au nanostructures to hydrogen, a
combinationof neutral density filters (Thor Labs and Eksma Optics) ranging frori.6.5
optical density units were placed in the beam path bdfex sample. A BK7 lens (&
cm) was then used to focus the light onto the samflee power of the broadband

excitation at the sample was 6 mW (measurement shovappendix D). The initial
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testing was carried out in a 1 mm quartz cuveliee samp was mounted firmly inside

the cuvette using double sided scotch tafpeschematias shown in Figure 5.6 @and the
resultsarereported in our 2014 ACS Nano publicatirHowever there were problems

of the sample movement during gas floWhereforejn order to minimizéhe movement

of the sample during gas flow, another sample cell was designed (schematic shown in
Figure 5.7 b). The flow cell isquipped with a port for flowing gas (ultra high purity
10% H in Ny). The probable concentration of other gases, e,gisOL ppm as per
Airgas Inc. and that for moisture is3lppm which is well below our detection limiThe

flow rate of the gasestm the sample chamberascontrolled 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 moitire content of B ppmwasused (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 outtaconstant laboratoryfemperatureof 20 + 2°C. The transmitted light
wascoupled 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 inFigure 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, Hvas 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 H). Data analysis was done using Igor Pro (Wavemetrics).
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Figure 5.5 Schematic of the experimental setup for plasmonic detection of gi
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Figure 5.6 Spectra of filters used for varying the wavelength of excitation (a) Spectra
individual filters. Light blue filter 1, dark blue filter 2, green 3, orange 4, red filter

T 5, 800 nm cutoff filter- 6 (b) Excitation profiles of filter combinations used for
illuminating the Au sample at different wavelength ranges. THiewsdine 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) arrangeme
carrying out plasmonic sensing in a 2 mm path length quaxtztteu The ample is
mounted with scotch tape to the walls of the cuveftevo hol es ( 1/ 1¢

drilled on the Teflon cuvette toptoallowHo f |l ow t hrough spa

diameter) and flow out of the celllThe quartz wallsof the cuvette allow the transmitte

81



photons to be collected. The total volume of the cuvette is 1.125 ml and if a sampl
thick, 8 mm wide and 30 mm in length is placed in the cuvette, the dead volume is
ml. (b) Teflon cell: The flow cell haan inlet and exit for gas flow and quartz windo
which allow for transmitted light to pass through the sample and then be collectec
optical fiber. Thesample is screwed down over the bottom window to prevent
movement during gas flow. The tot@ad volume in the cell 8.14 mIThe detailed
designis shown in AppendiE. The cuvettdas 9 x smaller dead volume than the Tel

cell.

5.2.4 Theoretical calculations

In order to betteunderstand the interaction of atomic H with Au natraictures
we havecollaboraéd with theBansil group (Christopher LanBy. Bernardo Barbiellini,
Prof. Robert S. Markiewicz and Prof. Arun Bansil) from Northeastern Univevkityare
experts in the application density Functional Theory (DFTip solid state marials

problems

The firstprinciples calculations were done using the pseudopotential projected
augmented wavenethod*' implemented in the Vienna ab initio simulation package
(VASPY*? 283 with an energy cutoff of 350 eV for the plamave basis set. The
exchangecorrelation functional was treated using the generalized gradient approximation

(GGAY* where a 7 x 7 x 1 Monkhorftack kpoint mesh was used. Thuptical
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properties were calculated following the method described in Refét2nceThe
dielectric tensor was calculated using VASP for bare Au (111rawerageof 1 H for 9

surface Au atoms.

Additional calculations using discrete dipolppaoximation and electromagnetic

finite difference time domain simulations are presemiefppendixG andH

5.2.5 Ellipsometry Measurements

In-situ spectroscopic ellipsometry measurements were caougdo determine
the dielectric constants of Au ingsence and absence of. HThe measurements were
performeda t Prof . Zahra Faakhrai 6s LabJAat t he
Woollam Spectroscopic Ellipsometer (M2000V) was used for this purpose. The sample
was housed in a cell (LinkamTHMS 600, Lark Scientific Instruments) which has
guartz windows to let incident broadband (20800 nm) irradiation in and out of the
sample. The angle of incidence was fixed at 70°. The pseudo optical/ dielectric constant
is<e> =<e>+i<e>, where<e;> and<ey> are the real and imaginary parts of the
dielectricfunction. Pseudo ptical constants se and <e> were evaluated by using the
Complete Ease software (J.A. Woollam Inc). The optical constagtsarel <g> were
not fitted with any optical model and et 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 antbi&he Au sample was plasmonically

excited from top with a broadband excitation (zBID nm) as shown in Figure 5.8.

— Broadband plasmonic excitation
SpectroscopicEllipsometer

(b) Ellipsometry cell

Gas outlet

Gasinlet

Top cover

Gold sample seen underneath the window

Figure 5.8 Experimental setugor measuing the optical propertiesof Au

nanoparticle films in B and H using spectroscopic ellometry (a) The
ellipsometry beams are set at an angle of incidence of 70°. The samp
additionally illuminated from the top with a broadband white light source. (
zoomed in view of the Linkam cell used for performiimgsitu 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 nanostructuras a wide inhomogeneously broadened feature at ~ 570 nm.
The peak position geared to be red shifted by about 50 nm from the previously reported
position of plasmon band for spherical Au nanopartitie4his shift in spectral position
of the plasmon bal could be attributed to two effects: (a) nanoparticle shape induced
effects and (b) nanopatrticle size related changes in surface plasmon resdrarngper
sizes have plasmon resonances at longer wavelengths and smaller particles absorb
photons at shoet wavelengths. The geometry induced shift was observed previously for
other metal$!’ and was attributed to the effective dipole being closer to the substrate. It
was found that hemispheres have a stronger interacttortive substrate as compared to
spheres” 2!’ Nanoparticle dimension induced changes in the surface plasmon resonance
arise due to increased electromagnetic retardation in larger nanopéftitiesn the
present case, the red shift could be a cumulative result of the two aforementioned

phenomena.

5.3.2 Plasmonic sensing rets
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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 ywids 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 % was obsengewithin 0.3- 1 s of turning on the
H, flow. The Au nanostructured film was exposed to 1096nHN; for 10- 20 s during
which time the transmitted intensity stayed constant. Upon turning off tlilew| the
transmitted intensity recovered to the @litvalue. Thus, the real time monitoring of the
response of Au to H(Figure 5.9) suggests that these nanostructures act as rapid and

reusable optical FHsensors upon resonant excitation at the LSPR.

Teflon cell: The Teflon cell hasine timesmore dad volume than the @m path
length cuvette Therefore the response times in freflon cellareexpected to be longer
than that obtained with the cuvette. Three separate samples of dewetted Au samples
(sputtering timel5 9 on glass slides were tested timee different days, right after
preparation. The Au nanostructure films were exposed to %0H, in N, and an
instantaneous ~ % increase in transmitted intensity was observed. The hydrogen was
kept on for 4650 s after which it was turned off. Thesbrption of hydrogen was much
slower and it took about 13540 s to reach almost complete recovery of the initial

transmitted intensity.
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All remaining experiments reported here, exdeptthe data presented in Figure

5.9 a, were carried out in the Tafloell.
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Figure 5.9 Real time monitoring of changes in transmitted intensity of dewette
nanostructures (sputtering time 4grown on aeagle glass,-glass substrates) upc
introduction of 10% Hin N,. Each point plotted is the percentage gjgam the
transmitted intensity between 5000 nm as a function of time. Data points w
0.3 s apart. On the left hand side is the typical response of the sample when n
in a 2 mm path length cuvettaith total volume =1.125 manddead volume= 0.8t
ml. Part @) shows the rapid response after 7 cycles of hydrogen, (b) 11 cycl

hydrogen and (c) 1 cycle of hydrogen close up to show bothOtkeand OFF
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response. On the right hand side is a typical response of Au nanostructures
homebuilt Teflon cellwith a dead volume = 8.14 ml.Three differentdewetted
samples with identical preparation conditiasfssputtering time of 15svere tested
and a ~ 2% increase in transmitted intensity is obtained in each@aserption took

about 115140 s for all the three samples.

5.3.3 Spectral response of Au nanostructures ihe presence and absence of H
tracked with UV -vis spectroscopy

The surfae plasmon resonance of dewetted Au nanoparticle filmas were
sputter coated fot5 son microscope slideand housed in the Teflon cell was tracked
with and without hydrogen exposure by recording transmission spectranioéution
201 UV-vis spectometerprocured fromThermo Scientificfor a period of 20 minutes
each. In the absence of hydroghe signal stayed stable at a transmittance of ~ 46 %,
and LSPR peaked at 580 nm. Upon introducing hydrogen for 20 minutes, a ~ 1 %
increase in transmittae was observeas shown irFigure 5.10. After stopping the 10%

H, flow with no gasflowing and ambient aibeingfree to diffuse back in and waiting for
40 minutes, the transmittance signal recovered to the initial value. The presence of

hydrogen inducg 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 nanostmittures
sputtering timeof 15 son microscope glass slides housed in a Teflon cell in 19%itH

a UV-vis spectrometer.The ed spectrum is without any HThe blue spectrum displays
the optical response during hydrogetposureand greenvas recordeafter the hydrogen
flow was stopped. The presence of hydrogeaused a reversible 1 % change in

transmittancenda blue shift of ~L nm at the Au LSPR

5.3.4 Control Experiments

i) Response to Inert gases. DoJ¥ind 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. Consequeimslymiperative 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 af§mure 5.11b) in the Teflon cell.
Nitrogen and argon wendtrahigh purity grade supplied by Airgas InA 1.5% increase

in the transmitted intensity was observed in both cases, which is lower in comparison to
that obtained in 106 hydrogen (~ 2% chanpeTherefore, we conclude that the dewetted

Au nanoparticle samples (Au sample sputter coatetiSay with LSPR at 580 nm) were

also responsive towards the inert gasash asitrogen and argon.

2 1.5 ‘ '
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Figure 5.11 Response of dewetted Au nanopartidlen fon microscope slide
(Au sample sputter coated fbb 5 with LSPR at 580 nm) to inert gases. (a)
Sample undergoes a 1.5% change in response, increase in transmitted i
(b) Ar: Sample undergoes a 1.5% increase in transmitted intensity. thzsh

experiments were carried out at a flow rate of 100 sccm.
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i) 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 coatedlfars with LSPR at 580 nm) to
hydrogenand nitrogerwas tested. The sample used for checking the optical response to
nitrogen and argofFigure 5.11) was selected to check the stability over time. Initially,
the Au nanoparticléilm was tested after 1 hour pfeparation. A 2% and 1.5% increase
in transmitted intensity was observiedhydrogen and nitrogen, respectively (Figure 5.12
a) when the sample was freshAfter 1 hour elapsed with the sample being in the sample
chamber in air, the test was repeatetihe 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 nitrogetayged constant at 1.5%. A similar test was performed on
another sample exposed to ambient air for a period of 4 @gysendix F). It was
observed that the response to hydrogen was initially greater thato thiiogen. After
exposure to ambient aihe response to both,tdnd N decreased by 50% within 4 days.
Thus, the samples of dewetted Au nanoparticles (sputteringltivgge LSPR 580 nm)

underwent decrease in its sensitivity due to exposure with the ambient.
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Figure 5.12 Stability of Au reanopatrticle samples (sputtering tidie 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 preparain. After 1 hour the reactivity of the sample decreased to 1.5% for
hydrogen. (b) The sample used in (a) was tested after a Tag.response to nitrogen

stayed constant (~1.6%) whereas the optical response to hydrogen decreased further to

1.2%.

5.35 Experiments confirming plasmonic origin of response

5.35.1 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 wasd iast
hydrogen (Figure 5.13). It was observed that the presence of hydrogen was not enough to
perturb the optical transmissiohis result points to the fact that the change in optical
transmission occurs only when the Au nanoparticles were presergessing a

plasmonic effect
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Figure 5.13. Response of a blank glass slide to hydrogen used as substrate
deposition ofAu nanoparticle films. No change in optical transmission was

detected in the presence of hydrogen.

5.35.2 Wavelength Depedence

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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experimentsvere carried out at 293 K covering photon wavelengths froma8000nm.
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Figure 5.14 Effect of excitation wavelength on the magnitude of change ir

transmission of Au nanoparticle films (sputter coating tirfhe on glass slide) ir

hydrogen. Excitations within 30 nm of the LSPR of Au nanostructures (57(

demonstrate larger changes in transmittance. The LSPR of the Au nanostri

film is the bold yellow dotted line.

5.35.3Dependenceon LSPR wavelengthof samples used

It was shown in Figure 5.2 that by changing the sputtering timeqthef LSPR

of the Au nanostructures, and tageerage 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 sizebdtgin were
important in determining the magnitude of the change in the optical response of Au
nanoparticles in hydrogenThe sampls usedwere sputter coated for 5, 10, 15 and 20 s
(Figure 5.2, Table 5.1, Figure 5.15lpand then dewetteat 500° C.The dewetted 5, 15

and 20 s samples were characterized by electron microsgogyhadAu nanostructures

with avelage sizes 06.3 £ 2.0 nm, 7.9 + 2.3 nm, 8.0 £ Zifin respectively. The average
sizes were determined by doing particle size analysis Usiage J (NIH) softwareThe
sample sputtered for 10 s was not separately characterized using TEM.aripless
sputter coated for longer times, e.g. 30 s, formed a film with nanostructures between 10
20 nm (Figure 5.15-d). It was observed that smalleanostructures haithe LSPR at
shorter wavelength(Figure 5.15 al). 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 epuatiated for 26 and with an
average size d8.0 nm showed the biggest change in transmitted intensity in hydrogen.
The sample which was sputter coated for 5 s and dewetted, with an average ske of 6
nm was least responsive to hydrogen. It is todiedhthat shorter sputtering times imply
less deposited gold, which is why they dewet to form smaller structurks. results
shown in Figure 5.15 suggest that Au nanoparticles betweh rin with an LSPR
around 580 nm show optimum response to hydrogéenwexcited resonantly at
wavelengths closely matching their LSPRgure 5.15 i). This experiment was repeated

at leastthree times Figure 5.15 i), and the average size dependence is sinokigure
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5.15 ). The observation that the dewetted Au nanastmes 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,Mlhere a maximum change was obserwvauen the

& 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 | SfRuced the biggest change

in optical transmission imydrogae, 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 micros
slides to 10 % hydrogen in,N Optical response to hydragef (a) 5 s dewette:

Au film, (b) 10 s dewetted film, (c) 15 s dewetted film, (d) 20 s dewetted filrr
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30 s dewetted film, (f) 30 s thin film. All filmexcept (f)were heated to 500°
and shown in (g) is the characterization of the LSPR for alfiliing used in the
study. Shorter LSPR wavelengths are characteristic of smaller particles. Th
distribution of these films can be found in Figure 5(B) Excitation spectra use
for each of the films to resonantly excite the LSPFhe maximum rgsonse is
obtained with 20 s dewetted film with an average siz&@hm with an LSPR a
580 nm. (i) Plot of % change in transmitted intensity as a function ofatverage
LSPR of all the Au filmsof three different trials. (j) Ae averagehange, of the
three trials shown in (i), in transmitted intensity is plotted as a function of av
LSPR wavelength.The vertical error bars (i) represent the variability of th
optical response while the horizontal error $aepresent the variability in th

pe& of LSPR for each deposition conditiohthree independent trials.

5.4. Discussion

5.4.1. Possible reasons explaining spectral shift of the Au LSPRthre presence of
hydrogen

In order to understand the reasons behind the observed spectral psinft u
exposure to hydrogen, the contributions from the following factors were considered:

a) Changes in the refractive index

The LSPR extincti on mywia geaditieenta thehdielecaix i mu m,

constant U (or r?oftheserrondingemediumd Ehereforenchanges = n
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in the properties of the local environment, such as the refractive ifitex even the
presence of an adsorbed species with different optical prepentiay also induce a shift
in amax 1 for adsorbed species changing LSPR as opposed to refractive indes of
environment The optical shift in the LSPR due to changes in refractindex of a

neighboring medium may be estimated as:

O __=m(n - n)(1- exp(-2d/1,)) (5.1)
where m = refractive index sensitivity;, my= refractive indices of medium 1 and 2
respectively, d= diameter of the nanostruct(teken to be7 nm based on the TEM
measuements shown in Figure 5.12)= electromagnetic decay length assumed to be 5
nm® As a consequence of equationl,5the change in refractive index of the

surrounding medium can inde 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
enough to induce Aalue shift, the sensitivity of the Au LSPR toodificationsin the
refractive indexof the local environmentas measured. The refractive index sensitivity
factor, m for the dewetted Au nanoparticles on microscope glass slides (sputtering time
15 s) was determined by acquiring Wis spectrgFigure 5.5) of the Au samg@ 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 tetrablystan (n = 1.407). The shifts in the
LSPR of the dewetted A{Table 51) were measured by comparing thespon of the Au

LSPR measured in air (medium 1) versus the other solvents (mediuRed)shift of
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13-16 nm wereobserved. Theneasued spectral shifts were substituted in equatidn 5.

to extract the refractive index sensitivity of these dewetted Awperticles (sputtering

time 15 9 on microscope slides (Tablelp. The average m was calculated to be 45
(R.I.LU/ nm) by using equation 5.IThe estimated refractive index sensitivity factor was
then used to estimate how much the LSPR of the dewettathAaoparticles (sputtering
time 15s) on microscope glass slides wosldft when introduced to nitrogen, hydrogen
and argon(Table 5.2). Since the refractive index of nitrogen is slightly greater tiha

of dry air, a red shift is expected in the AuBR peak upon exposure to nitrogen. Ar and

H, are both expected to cause a blue shifth respect toair. Finally, spectra were
acquired of a dewetted Au nanoparticle sample (sputtering time 15 s) on microscope
glass slide imair, nitrogen, argon and hyagen (exposure o0 seach) (Figure 5.17).

The measured spectral shifts were then compared to the estimated spectral shifts in N

Ar and H with respect to air (Table 5.2).
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Figure 5.8. UV-vis spectra of dewetted Au (sputtering tifites) nanostratures on
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microscope glass sliden different environments. A red shift of 15 nm in the Au LSP

was observed due to the change in the surrounding medium from air to water.

Medium LSPR, | N mn , gL SPR, | Measured m | Average

nm (R.ILU) nm (R.ILU/ m (R.I.U/
nm) 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 51. Determiration oftherefractive index sensitivity factor, jof dewetted Au
(sputtering time 15) dewetted on microscope glass slides. The average diameter used
for the estimation of m is held constant at 7 nm gmeldssumed to be 5 nm. Based on
the LSPR slits observednd the difference in refractive inddoqth with respect tair,

the refractive index sensitivity was found to be0464.9 R.1.U/ nm. The calculations

were done using equationlb.

The measured experimental shifts (Figure 5.17) werepaogd 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 thexperimental results do not correlatellvweith the predictedspectral

shifts shown inTable 5.2(nitrogen, argon and hydrogess. air). Theexperimentally
observed shifts are orders of magnitude biggegure 5.17) Furthermorea blue shift is
observed instead of an expected red shift gpafTable 5.2). This anomalous red shift

in argoncould possibly pointowards the adsorption of wateroleculesfrom humid air

to the nanoparticle surface which desorbs upon introductiodryoN, and Ar, also
observed by Bingharat.al?*® Since the refractive index of water vapor is slightlysles
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 magnitudelfle 5.2).

Figure 5.7 Transmission spectra of dewetted Au films (sputtered forsilon

microscope glassides before and after exposure to different gases fa. 6&pectre
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