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Abstract:

Solution-based synthesis methods have been widely used to synthesize
nanocrystals as it provides control over the size and shape. As a result of the rapid
success of the solution based synthesis methods, new applications have been found for
some metallic nanoparticles (e.g. gold nanorods), and metal chalcogenides (e.g.CdS)
while showing promising properties. In addition, the synthesis of nanoparticles has
extended beyond the metal nanoparticles and metal chalcogenides, with increased
attention towards synthesizing metal phosphides due to their potential applications in the
semiconductor industry, as magnetic devices, and as catalysts. In the following chapters,
synthesis of nanostructures from three different classes of material (gold nanorods, gold
phosphides, and cadmium sulfides) will be presented using solution-based approaches
while further studying their properties.
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CHAPTER I

SYNTHETIC STRATEGIES FOR GENERATING INORGANIC
NANOPARTICLES WITH OPTICAL, CATALYTIC, AND BIOLOGICAL

IMPORTANCE

1.1 INTRODUCTION

Nanotechnology deals with materials at the nano-scale that demonstrate new chemical
and physical properties different from than their bulk counterparts by virtue of the high surface to
volume ratio and quantum confinement.'” Nanoscale materials can be synthesized following two
different approaches; the chemical approach and the physical approach. Nature uses small
building blocks to create highly ordered nano-scaled structures with distinct shapes and functions
by following the chemical method, which is known as the “bottom-up” approach.*” This method
involves the building of nanoparticles starting from atoms and molecules. Nanoscale materials
can also be synthesized using the “top-down” method that involves the reduction of the size of
solid using techniques such as grinding and lithography.® Compared to the top-down method,
bottom-up approach has the advantage of producing nanoparticles with less defects, high purity,

and homogeneous chemical composition.’ The synthesis of nanoparticles using solution-based



methods can be classified into the “bottom-up” method where nanocrystals with controlled shape and
size can be accessed."’ Some of the most widely used solution-based chemical approaches employed
in the synthesis of nanocrystals include thermal decomposition of organometallic complexes,®

solvothermal chemical synthesis protocols,g’lo reduction of metal salts,'"*'?

and precipitation
techniques.”'* Solution based synthesis protocols generally require the use of surface stabilizers to
facilitate shape control by acting as structure directing agents while providing tight control over the

size, shape, and dispersibility.'>'®

In the following chapters, synthesis of nanostructures from three
different classes of material (metals, phosphides, and sulfides) will be presented using chemical

synthetic methods such as solution-based approaches while further studying their properties.

As a result of the success of the solution based synthesis methods, new applications have
been found for some metallic nanoparticles (Au, Ag, Ni, Co). Particularly, anisotropic nanoparticles
such as gold nanorods have been used in a wide range of applications in photothermal therapy,
biosensing, bioimaging and drug delivery.'®"” The seed-mediated method is the most commonly used
synthesis protocol to access a variety aspect ratios of gold nanorods and utilizes CTAB as the surface
capping agent. Many researchers have studied the cellular uptake and cytotoxicity of rod- shaped Au
nanoparticles:*"** however, the results of some of these studies are in conflict with each other. Even
though the higher aspect ratios have promising photothermal properties such as a surface plasmon
peak in the near-IR region and enhanced fluorescence properties,'® no current literature reports have
examined the cellular uptake and cytotoxicity of Au nanorods beyond the aspect ratio 7. Chapter 11
focuses on the synthesis and cellular uptake of four different aspect ratios of gold nanorods ranging
from 2.6 to 11.5, while also considering the influence of other parameters such as the surface
stabilizer, effect of the supernatant, and serum proteins present in the medium. Cell viability studies
were conducted with all four aspect ratios of CTAB functionalized gold nanorods at different time

intervals and results have been compared with thiolated poly (ethylene glycol) (mPEG) stabilized



gold nanorods. Furthermore, cellular uptake studies with different aspect ratios of gold nanorods were

performed using inductive-coupled plasma analysis and transmission electron microscopy.

Nano-scale metal chalcogenides synthesized chemically have also shown some promising
applications in the semiconductor industry with potential applications in solar cells, sensors,
optoelectronic devices, and light emitting diodes.”** Among the many types of metal chalcogenides,
CdS has been one of the most widely studied semiconductor material due to its applications in solar
cells.” Even though several methods have been developed to synthesize nanoparticles and thin films
of CdS, obtaining high quality, phase pure CdS thin films and nanostructures at low temperatures has
been a challenge with variables such as pH, temperature, and type of substrate affecting the quality of
the films.”*** Chapter IV highlights the formation of thin films and nanostructures of CdS by
chemical bath deposition and it also emphasizes the importance of pH in determining the purity of the
crystal phase of CdS. The effect of substrate topography or roughness on the morphology and crystal
structure of CdS were evaluated by depositing CdS onto flat epoxy, glass slides, and epoxy having
micropillar arrays. Time studies were conducted at two different pH conditions (pH 8 and pH 10) in
order to identify the effect of pH on the morphology and crystal structure of CdS. The optical
properties of the CdS films were studied using UV-Vis specrophotometer. Studies were also
undertaken to determine whether CdS nanowires could be nucleated on the epoxy micropillar arrays

using chemical bath deposition.

In the past few decades, the synthesis of nanoparticles has extended beyond the metal
nanoparticle and metal chalcogenides, with the increased attention towards synthesizing metal
phosphides due to their potential applications in the semiconductor industry, as magnetic devices, and
as catalysts.”>® Several transition metal phosphides such as NiP, CoP and FeP have been synthesized
by diffusing elemental phosphorous into metallic nanoparticle precursors. These materials have
shown excellent catalytic activity towards the hydrogen evolution reaction (HER) at the nanoscale.’”

* Since the synthesis of phase pure gold phosphide, Au,Ps, is a challenge because of the use of harsh
3



reaction conditions such as high temperatures and high pressure, the catalytic activity and other
physical properties of this material are not well known. Therefore, there was a need to develop a
chemical synthesis protocol that uses mild reaction conditions to obtain pure metastable gold
phosphide nanocrystals to further study the properties of the material. Chapter III discusses the
synthesis and catalytic activity of gold phosphide nanoparticles synthesized by using gold nanorods as
a metal template while reacting with tri-n-octylphosphine (phosphorous source). The goal of this
work was to examine the effect of capping agent and the morphology of the metal nanoparticle
precursors on determining reactivity and how this affects the overall purity of the phase. From the
results, it is apparent that the surface capping ligand of the precursor gold nanorod templates can
determine the purity of the metastable gold phosphide phase, the extent to which it will form.
Furthermore, the phase pure gold phosphides also displayed higher catalytic activity for the hydrogen

evolution reaction compared to polycrystalline gold.



CHAPTER 1II

CELLULAR UPTAKE OF DIFFERENT ASPECT RATIOS OF GOLD NANORODS

2.1 INTRODUCTION

Gold nanorods have been studied extensively in past several years due to their unique
optical properties which make them widely useful including as photonic devices and biomedical
applications.** When gold nanoparticles interact with incident light, excitation of the conduction
band electrons creates an oscillating dipole moment which is known as Localized Surface
Plasmon Resonance (LSPR).**** Due to the anisotropic shape of gold nanorods, two dipoles are
created by interacting with light; a transverse peak that results from the short axis that can be
observed in the visible region around 520 nm and the longitudinal peak from the long axis. The
transverse peak is insensitive to the aspect ratio of gold nanorods, but the longitudinal peak shifts
significantly from the visible to the near-infrared (NIR) region with the increasing length/width
ratio or aspect ratio of the nanorod.*” This change in the longitudinal peak is particularly
advantageous for biological applications such as drug delivery and photothermal therapy, since
light penetration is maximum and less harmful in the NIR region.***” Furthermore, the sensitivity

of the SPR band towards the local environment makes gold nanorods desirable for sensing



applications.'® The strong scattering near the surface plasmon wavelength makes them suitable

for biomedical imaging as well.**

Several methods have been reported for the synthesis of gold nanorods such as template-
assisted synthesis,* electrochemical synthesis,”® and wet chemical synthesis methods.'**4**'=?
Among the many synthesis protocols, the seed-mediated method has been used extensively to
produce nanorods due to its reproducibility, high yields, purity, and ability to access a wide range
of aspect ratios.””>* Despite the extensive work in applying gold nanorods in biomedical
applications, there are many drawbacks in the effective delivery of these materials to the affected
or diseased tissue. On average, only 0.7% of the nanoparticle dose is actually delivered to the
target area such as a tumor. Particle aggregation, flow, diffusion, protein adsorption, and
phagocytosis sequestration are among the many barriers that continue to impede the effective use
of nanoparticles, which makes it imperative to understand the interactions of gold nanorods with
biological systems.> In recent years, a number of research studies have been devoted to
identifying how the surface ligands, size, and charge of gold nanorods affect cellular endocytosis,
exocytosis, localization, and cellular toxicity.*****"*>>" Even with the large number of studies, a
firm conclusion on the effect of different aspect ratios of gold nanorods on cellular endocytosis
has yet to be made. For example, Chan et al.”>*’ observed a decrease in the cellular uptake of
hexadecyltrimethylammonium bromide (CTAB) functionalized gold nanorods with increasing
aspect ratio (1 to 6) with the HeLa cancer cell line. However, Ghandehari and co-workers™®
showed an increase in the cellular uptake for poly (ethylene glycol) functionalized Au nanorods
(with aspect ratio 3.5 & 4.5) compared to the aspect ratio 1 in prostate cancer cells. In contrast,
Choi et al.” found a lower uptake of poly (ethylene glycol) coated Au nanorods for higher aspect
ratio (aspect ratio 7) compared to the smaller ones (1, 2 & 4) when used with mouse endothelial
cells. Choi et al. also observed a higher cell uptake specifically for aspect ratio 2 compared to the

other aspect ratios (1, 4 & 7) when the surface of the Au nanorods was functionalized with a



DNA oligonucleotide.”' Most of these cellular uptake and cytotoxicity studies used Au nanorods
with an aspect ratio of 7 or less. Even though the higher aspect ratios (length > 200 nm) shown
enhanced fluorescence, photoluminescence and photothermal properties due to the longitudinal
surface plasmon oscillations,* and which can be more useful in biological imaging and
photothermal therapy. To the best of our knowledge, no literature reports have been reported on
cellular uptake and cytotoxicity of Au nanorods with an aspect ratio as high as 11.5, which we
report here. We systematically study the effect of aspect ratio of Au nanorods on cell viability and
cellular uptake with nanorods ranging in aspect ratios from 2.6 to 11.5 while also considering the
influence of other parameters such as the surface stabilizer, the effect of supernatant and serum

proteins present in the medium.

Here, four aspect ratios of Au nanorods were synthesized including 2.6, 3.2, 5.4 and 11.5
using a seed-mediated growth protocol with CTAB as the surface capping agent. Furthermore, to
identify the effect of surface functional group on cellular interaction, the Au nanorods were
subsequently functionalized with a thiolated poly (ethylene glycol) (mPEG) molecule. Cellular
uptake and toxicity studies were carried out with CTAB and mPEG functionalized Au nanorods
using HeLa cells as the model cell line. Our results show higher uptake for CTAB functionalized
Au nanorods compared to mPEG. Importantly, Au nanorods of aspect ratio of 11.5 showed the
highest uptake when CTAB was used as a surface capping ligand compared to mPEG coated Au
nanorods and shorter aspect ratios. These high aspect ratio Au nanorods could have potential

applications in photothermal therapy and imaging.



2.2 EXPERIMENTAL SECTION
2.2.1 Chemicals

Gold (III) chloride trihydrate (99.99%), cetyltrimethylammonium bromide (CTAB, 99%),
sodium borohydride (99%), L-ascorbic acid (99%), sodium hydroxide (97%), sodium citrate
(99%), hydroquinone (99%), silver nitrate (99%), and O-[2-(3-Mercaptopropionylamino)ethyl]-
O'-methylpolyethylene glycol (MW = 5000 g/mol, 99.99%) were purchased from Sigma-Aldrich
(Missouri, USA). All chemicals were used without further purification, and all solutions, except
those of gold and CTAB were prepared freshly using deionized water (18.2 MQ). Dedicated
glassware was cleaned before each reaction with aqua regia (CAUTION: Corrosive) and then
rinsed with deionized water. Standard solution of gold (1000 mg/L in 3% HCI) was purchased
from RICCA chemical company. Analytical grade hydrochloric and nitric acid were purchased

from Thermo Fisher Scientific.
2.2.2 Seed-Mediated Growth of Gold Nanorods
Synthesis of gold nanorods with aspect ratio (AR) of 2.6

AR 2.6-CTAB stabilized Au nanorods were synthesized by seed-mediated growth
method as described elsewhere> with minor modifications. Briefly, the seed solution consisted of
CTAB (0.20 M, 5.00 mL) and HAuCl,-3H,0 (0.50 mM, 5.00 mL). NaBH,4 (0.010 M, 600 uL)
was added to the CTAB and HAuCl,-3H,0 solution, while vigorously stirring with a magnetic
stir bar for 2 min. The seed solution was kept at 27 °C and used within 2 — 3 h. For the growth
solution, CTAB (0.20 M, 5.00 mL) was mixed with HAuCl,;-3H,O (1.0 mM, 5.00 mL). AgNOs;
(4.0 mM, 250 pL) was added to the growth solution. After gentle mixing of the solution, ascorbic

acid (78.8 mM, 70 pL) was added to the growth solution and swirled until it became colorless.



Finally, 12 uL of the seed solution was added to the growth solution and kept at 27 °C overnight.

The colloidal suspension was centrifuged twice at 8,000 rpm for 30 min. and stored in water.
Synthesis of gold nanorods with AR of 3.2

Gold nanorods with an AR of 3.2 were synthesized by a seed mediated method as
described elsewhere.’' In the seed solution, CTAB (0.10 M, 7.50 mL) was mixed with
HAuCl;-3H,0 (0.01 M, 250 pL). Then, NaBH, (0.01 M, 600 pL) was added while stirring. After
vigorous stirring, the solution was kept at 27 °C and used within 2 h- 3 h. The growth solution
was made by mixing CTAB (0.10 M, 4.75 mL) with HAuCl,-3H,O (0.010 M, 200 uL). AgNO;
(0.010 M, 30 uL) was added to this mixture. After gently mixing the solution, ascorbic acid (0.10
M, 32 uL) was added and swirled until the solution became colorless. Finally, 10 uL of the seed
solution was added to the growth solution and kept at 27 °C overnight. The reaction was

centrifuged twice at 8,000 rpm for 30 min. and stored in water.
Synthesis of gold nanorods with AR of 5.4

Au nanorods with an AR of 5.4 were synthesized by a seed mediated method as described
elsewhere’® with minor modifications. In the seed solution, CTAB (0.20 M, 5.00 mL) was mixed
with HAuCl,-3H,0 (1.0 mM, 5.00 mL). Then, NaBH, (0.010 M, 460 pL) in 0.010 M NaOH was
added to the seed solution while stirring with a magnetic stir bar for 2 min. The solution was kept
at 27 °C and used within 2 h- 3 h. The growth solution consisted of CTAB (0.20 M, 5.00 mL) and
HAuCl;-3H,0 (1.0 mM, 5.00 mL). AgNOs (0.10 M, 35 pL) was added to the growth solution.
After vigorous mixing, hydroquinone (0.10 M, 500 uL) was added and swirled until the solution
became clear and colorless. Finally, the seed solution (160 uL) was added to the growth solution,
mixed thoroughly, and allowed to age overnight at 27 °C. The nanorods were isolated by

centrifugation (13,000 rpm, 10 min.) and dispersed in water.



Synthesis of gold nanorods with AR of 11.5

Au nanorods were synthesized by a three-step seed mediated growth process as described
elsewhere.® The seed solution included HAuCl,-3H,0 (0.010 M, 0.50 mL) and sodium citrate
(0.010 M, 0.50 mL) in 18.00 mL of water. NaBH, (0.10 M, 500 uL) was then added while
stirring. The solution was aged at room temperature for 2 h without stirring and used
immediately. Three vials were labeled A, B, and C. Growth solutions A and B consisted of 9.00
mL of 0.1 M CTAB, HAuCl,;-3H,0 (0.010 M, 0.25 mL), ascorbic acid (0.10 M, 50 uL), and
NaOH (0.10 M, 50.0 uL). Growth solution C was prepared with CTAB (0.10 M, 90.0 mL),
HAuCl,-3H,0 (0.010 M, 2.50 mL), ascorbic acid (0.10 M, 500 uL), and NaOH (0.10 M, 500 pL).
Finally, 1.00 mL of the seed solution was added to growth solution A. After shaking vigorously
for 3-5 s, 1.00 mL of solution A was added to solution B. Solution B was shaken vigorously for
3-5 s, and the entire volume was transferred into growth solution C. This solution was aged
overnight at 27 °C. Gold nanorods were separated using sedimentation. Further purification was
carried out using 0.10 M CTAB to isolate a higher yield of gold nanorods. Finally, the gold
nanorods were isolated by centrifugation (twice at 1,500 rpm for 20 min.) and dispersed in 1.0
mL of water. To obtain a higher yield of nanorods for the cell experiments, this synthesis

procedure was scaled up by 4.
2.2.3 Determination of Gold Nanorod Concentration

Concentration of Au nanorods was determined by using a literature reported method with
further modifications.®' Briefly, by using the images taken from TEM, we measured the
dimensions of each aspect ratio and calculated the volume of a nanorod. For AR 11.5 volume was
determined by using equation (1) assuming the cylindrical middle (h) having 2 spherical caps
with the height (a) and radius (r) as observed in TEM. Since no spherical caps were observed

clearly for AR 2.6, AR 3.2 and AR 5.4, volume was determined only by considering the

10



cylindrical middle with length (h). Assuming atom density of gold (D) (59 atoms/ nm®)®' with the
face-centered cubic crystal structure, the mass of Au per nanorod was calculated for each aspect
ratio (equation 2) as shown in Table 2.1. By using the mass of Au per nanorod calculated
previously and by analyzing the Au atom content of all four aspect ratios separately using
inductively coupled plasma- atomic emission spectroscopy (ICP-AES), gold nanorod

concentration was determined by using equation (3).

Volume (V) = (g) a (31’2 + az) + (nr?h) Equation (1)

-1 23 .
Mass of Au per nanorod (g/nanorod) =V xD x 197 gmol /(6.022x 10 ) Equation (2)
Gold nanorod concentration (nanorods/L) = Au atom concentration from ICP (g/L) Equation (3)

Mass of Au per nanorod (g/nanorod)

After calculating the gold nanorod concentration, a calibration curves were prepared by
varying the concentration of Au nanorods and by observing the absorbance at A, for three
shorter rods (AR 2.6, AR 3.2 and AR 5.4) and at 520 nm for AR 11.5 by referring to a previous
protocol.”> Before every experiment concentration of Au nanorod in each sample was determined

using the calibration plots developed previously.

11



Table 2.1. Mass of Au per nanorod for all four aspect ratios calculated using ICP-AES and TEM data

Aspect Ratio Mass of Au per nanorod (g/nanorod)
AR 2.6 7.00 x 107"
AR 3.2 236 x 107°
AR 5.4 1.10 x 1077
AR 11.5 2.58 x 1077

2.2.4 Preparation of mPEG-Coated Gold Nanorods

Ligand exchange was carried out by making minor modifications to the traditional mPEG
functionalization protocols.**® For the ligand exchange of nanorods of aspect ratios 2.6, 3.2, and
5.4, amole ratio of 1: 1 x 10° between CTAB functionalized gold nanorods and mPEG (o-[2-(3-
mercaptopropionylamino)ethyl]-o’-methylpolyethylene glycol) was utilized. For nanorods of
aspect ratio 11.5, a mole ratio of 1: 2 x 10° of gold nanorods (CTAB) to mPEG was used for
ligand exchange. After determining the concentration of Au nanorods in each sample, pre-
determined amounts of mPEG were added to the purified Au nanorod having CTAB (2 mL) on
the surface. This was stirred with a magnetic stir bar in distilled water for 24 h at room
temperature, washed twice with deionized water, and centrifuged to separate mPEG-coated gold

nanorods.
2.2.5 Characterization of Gold Nanorods

UV-Vis-NIR absorption spectra of Au nanorods were collected using a Beckman Coulter

DU530 spectrophotometer and Cary 5000 UV-Vis-NIR spectrophotometer. Transmission
12



electron microscopy (TEM) images of the nanorods, taken on a JEOL-JEM 2100 TEM (200 kV),
were used to determine the size distribution of approximately 250 Au nanorods with the aid of
ImageJ 1.47vsoftware (Wayne Rasband National Institutes of Health, USA). The zeta potential
of gold nanorods was measured using dynamic light scattering instrument (Zetasizer Nano ZS90,
Malvern Instruments) at a temperature of 25 °C, to determine potential at the boundary of the
electrical double layer of the nanorods. ATR-FTIR spectroscopy was performed on Au nanorods

to identify surface ligands and ensure complete exchange.
2.2.6 Cell Studies

HeLa cells were cultured in complete RMPI- 1640 medium (Gibco, Life technologies)
containing 10% (v/v) donor calf serum (DCS) (Hyclone, GE Healthcare Life Sciences) and 1%
(v/v) penicillin-streptomycin (Gibco, Life technologies) in a CO, incubator (Symphony 5.3A,
VWR) at 37 °C and 5% CO, (Air gas). Frozen HeLa cells (1x 10° cells/mL, 1.00 mL) were
expanded in a T75 culture flask (Nunclone) with complete media. Once the cells reached 80%
confluency, cells were subcultured in T175 culture flasks (Nunclone) having complete media and
used for further cell studies. The cell viability assay was performed using the live/dead viability

assay kit (Molecular Probes) from Invitrogen Detection Technologies.
2.2.7 Cell Viability Studies with Gold Nanorods

Cell viability studies with four different aspect ratios were performed using live/dead cell
viability assay kit. First, cells (5 x 10* cells/cm®) were seeded in 96 multiwell plates and
incubated for 20 h. After removing the spent medium, cells were washed twice with phosphate-
buffered saline solution (PBS). Complete media containing CTAB stabilized Au nanorods (80
pM, 100 pL) was then added to each well. Control experiments consisted of culturing HeLa cells
without gold nanorods. Cells were incubated for time intervals of 3 h, 6 h, 10 h and 24 h. Then

the cells were washed twice with PBS and 100 pL of the live/dead reagent solution was added to
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each well. The cells were then observed using fluorescence microscopy (Olympus 1X83,
inverted) using GFP and RFP filters. Image] 1.47v software (Wayne Rasband National Institutes
of Health, USA) was used for image analysis and cell counts. Experiments were performed in
triplicates. Cell viability studies were also conducted with mPEG coated gold nanorods only at an
incubation period of 24 h following the same protocol. Cell viability studies were not conducted
at shorter time points with mPEG stabilized Au nanorods since there was no significant toxicity
observed even at 24 h. Viability studies were also performed with the supernatant of the CTAB
functionalized Au nanorods to determine whether toxicity was primarily a result of exposure to

nanorods or to the supernatant.
2.2.8 Cellular Uptake Studies with Gold Nanorods

Quantification of Au uptake by HeLa cells was performed using inductively coupled
plasma- atomic emission spectroscopy (ICP-AES, SPECTRO). For these experiments, cells at a
seeding density of 5 x 10 cells/cm” were cultured in 6-well plates for 20 h. After removing
media, cells were washed twice with PBS and treated with 2.00 mL of 80 pM Au nanorods
(CTAB or mPEG functionalized) dispersed in RPMI media. The HeLa cells were incubated with
CTAB functionalized Au nanorods for 3 h, 6 h, 10 h and 24 h for ICP-AES experiments. After
incubating, the cells were washed twice with PBS, trypsinized, pelleted, and soaked in aqua regia
(1.00 mL) overnight. Furthermore, the aqua regia solution was heated to 140 °C to completely
dissolve the Au nanorods. These digested samples were dispersed in a matrix of 3% HCI (5.00
mL) to match with the matrix of standard solutions used in the preparation of calibration cure and
the concentration of Au atoms in each sample was determined by ICP-AES. The concentration
Au atoms (ppm) was converted to concentration of Au rods by calculating number of atoms per
rod, which was estimated from the volume of an average Au nanorod assuming an atom density

3 61

of 59 Au atoms/ nm”.”" ICP-AES experiments were performed in triplicates for each nanorod size

and time point. For mPEG functionalized Au nanorods, ICP-AES measurements were performed
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only at time points of 10 h, 24 h and 48 h since the Au concentrations did not change and HeLa
cells did not readily uptake Au nanorods functionalized with mPEG. The concentration of
nanorods was verified for each Au nanorod synthesis using ICP-AES and TEM images prior to

exposing the cells to the particles.

2.2.9 Media Interaction Studies with Gold Nanorods

Zeta potential was used to determine the potential at the boundary of the electrical double
layer after allowing Au nanorods having CTAB and mPEG on the surface to interact with media
containing serum proteins. Au nanorods at a concentration of 80 pM were incubated in media
having 10% DCS (37 °C for 24 h). After incubation, nanorods were separated by centrifugation,
washed twice and dispersed in water and zeta potential was measured using dynamic light
scattering instrument. To further study the changes in the surface plasmon resonance band, Au
nanorods having CTAB and mPEG were analyzed using UV-Vis spectrophotometer after

incubating in complete media for 24 h.

Protein binding on to the Au nanorod surface having CTAB and mPEG were also studied
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After incubating Au
nanorods (80 pM, 3.00 mL) with different aspect ratios in complete media for 24 h having 10%
DCS, each nanorod sample was centrifuged twice to remove unbound proteins present. Then,
NaCl (1.00 M, 50 uM) was added into each Au nanorod sample and kept at room temperature
overnight to separate the proteins bound to the surface of the Au nanorod. Supernatant of each Au
nanorod sample was separated by centrifugation (8000 rpm, 30 min.), and mixed with a sample
buffer (containing Tris HCI pH 6.8 (1 M), 30% w/v glycerol, 10% SDS, 0.12% bromophenol blue
and dithiothreitol (0. 93 mg)) separately. This was heated (100 °C, 10 min.) and proteins adsorbed

onto the surface were identified by electrophoresis with a gel containing 10% polyacrylamide.
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2.2.10 Preparation of Cells for TEM Analysis

HeLa cells were cultured in a petri dish (100 mm) at a density of 5 x 10* cells/cm” and
incubated for 20 h to promote cell attachment. After washing twice with PBS, the cells were
treated with Au nanorods suspended in complete media (80 pM, 12.00 mL). These experiments
were carried out with all four aspect ratios of both CTAB or mPEG functionalized Au nanorods.
After incubating for 24 h at 37 °C, cells were washed twice with PBS, trypsinized, and pelleted by
centrifugation. Cells were then fixed for 2 h in 2% glutaraldehyde (pH 7.0), washed three times
with cacodylate buffer (0.2 M) for 15 min., and stained with OsO4 (1%) dissolved in 0.2 M
cacodylate buffer for 1 h. After washing the cells with cacodylate buffer, cells were serially
dehydrated in ethanol and embedded in a Poly/Bed 812 resin. These polymer samples were sliced

with an ultra-microtome (Sorvall MT 5000), and placed on carbon coated TEM grids for imaging.

2.3 RESULTS AND DISCUSSION
2.3.1 Preparation and Characterization of Gold Nanorods

Gold nanorods of four aspect ratios were synthesized by a seed-mediated method as
described in the Experimental Section. Figures 2.1A and B show TEM images and UV-Vis-NIR
spectroscopy of the CTAB functionalized Au nanorods. The aspect ratios (ARs) of the Au
nanorods synthesized were 2.6 (£0.3), 3.2 (£0.2), 5.4 (£0.7) and 11.5 (£2) as shown in the

representative TEM images in Figure 2.1A.
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Figure 2.1. Characterization of gold nanorods. A) TEM images of CTAB functionalized
Au nanorods synthesized by the seed-mediated method with aspect ratios of (a) 2.6, (b) 3.2,
(c) 5.4, and (d) 11.5. B) Representative UV-Vis-NIR absorption spectra of the Au nanorods
(CTAB-stabilized). Au nanorods exhibit transverse and longitudinal surface plasmon
resonance (SPR) bands that correspond with the aspect ratio of the nanorods.
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CTARB ligands on the as-synthesized Au nanorods were exchanged with mPEG (o-[2-(3-
mercaptopropionylamino)ethyl]-o’-methylpolyethylene glycol). Ligand exchange was monitored
using UV-Vis-NIR spectroscopy, FTIR, TEM, and by measuring the zeta potential of the Au
nanorods. A 4 nm red shift was observed in all samples in the UV-Vis-NIR spectra of Au
nanorods after mPEG functionalization (Figure 2.2A).* This suggests successful ligand
exchange.® Moreover, the absence of additional peak broadening in the UV-Vis-NIR spectra,
suggests that aggregation of the Au nanorods did not occur after functionalization with mPEG.
This was further demonstrated by TEM analysis, where the particles do not aggregate and the

sizes of the nanorods do not change after functionalization (Figure 2.2B inset).
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Figure 2.2. A) UV-Vis-NIR absorption spectra of AR 5.4-CTAB and AR 5.4-mPEG. Inset: TEM
image of AR 5.4-mPEG Au nanorods. B) ATR-FTIR spectra of Au nanorods before and after
functionalizing with mPEG. From top to bottom: mPEG coated AR 5.4 nanorods, neat mPEG,
CTAB coated AR 5.4 nanorods and neat CTAB.

ATR-FTIR analysis was conducted on Au nanorod samples. Figure 2.2B shows
representative ATR-FTIR spectra of neat CTAB, neat mPEG, and Au nanorods with an aspect
ratio of 5.4 before and after ligand exchange. Au nanorods functionalized with mPEG showed a

characteristic (C-O-C) stretching vibration at 1100 cm™ together with other IR absorption peaks
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characteristic of mPEG. The disappearance of the IR absorption peak at 3014 cm™ corresponds to
asymmetric N(CH;);" stretching vibration mode of CTAB that verified the replacement of CTAB
with mPEG on the surface of Au nanorods. Ligand exchange was further confirmed by
measuring the zeta potential of the Au nanorods in water. CTAB functionalized Au nanorods
exhibited a zeta potential of +40 mV while mPEG stabilized nanorods exhibited a negative zeta
potential (Figure 2.3A). All these data indicated the successful functionalization of gold nanorods
with mPEG for all aspect ratios. Observation of larger zeta potential value (> +30 mV) is
indicative of the higher stability of the CTAB functionalized Au nanorods suspension in distilled
water compared to the mPEG functionalized Au nanorods. Figure 2.3B shows the zeta potential
of Au nanorods after incubation in full serum media for 24 h. Exposing CTAB functionalized Au
nanorods to media resulted in a negative zeta potential (-20 mV) due to the adsorption of
proteins.””® Albumin, the most abundant protein in serum, is commonly adsorbed onto CTAB
functionalized nanorods as identified and verified by prior studies.'”*° The change in zeta
potential from +40 mV (> +30 mV) to -20 mV (< -30 mV) also demonstrates the reduced stability
of CTAB functionalized Au nanorods in full media after adsorption of proteins. The reduced
stability of CTAB coated Au nanorods were further verified by the UV-Vis spectrophotometer
with the change of the plasmon resonance band of AR 3.2 after 24 h of incubation in the presence
of 10% DCS (Figure 2.4A). But in the case of mPEG coated Au nanorods no such change in
plasmon resonance band was observed as shown in Figure 2.4B. Literature reports have shown
that proteins are less likely to adsorb onto pegylated surfaces,”"*"*® but we could not rule out the
possibility of protein adsorption since the zeta potential did change on pegylated Au nanorods.
Overall; pegylated Au nanorods retained a negative zeta potential. Gel electrophoresis studies
conducted by extracting proteins on mPEG coated Au nanorods, also confirmed the presence of

proteins on the surface as observed in CTAB coated Au nanorods (Figure 2.4C).
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Figure 2.3. Zeta potentials of A) CTAB-coated Au nanorods and mPEG-coated Au nanorods in
water after centrifugation and B) CTAB and mPEG coated nanorods dispersed in water after
incubating in media for 24 h at 37 °C.
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Figure 2.4. UV-Vis-NIR spectra of different aspect ratios of Au nanorods (80 pM) after incubating
for 24 h in media having 10% DCS A) CTAB coated Au nanorods of (a) AR 2.6; (b) AR 3.2, & (¢)
AR 5.4, B) mPEG coated Au nanorods of (a) AR 2.6; (b) AR 3.2, & (¢) AR 5.4. C) Bands observed
in SDS-PAGE after incubating Au nanorods having CTAB and mPEG (80 pM) in complete media
having 10% DCS for 24 h. Most intense band was recognized as the serum albumin protein in the
supernatant separated from different aspect ratios of Au nanorods. Complete media having 10%
DCS and DCS free media was used as control experiments.
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2.3.2 Cell Viability Studies with Gold Nanorods

Cytotoxicity studies of CTAB functionalized Au nanorods were carried out with HeLa
cells at time intervals of 3, 6, 10, and 24 h (Figure 2.5C). Approximately 100% of the cells were
viable for all aspect ratios of Au nanorods after incubating for 3 h. For Au nanorods of aspect
ratios 2.6 and 5.4, the cell viability quickly dropped below 5% over a 24 h period. About 50-60%
of the cells survived after incubating with Au nanorods of aspect ratio 3.2 and 11.5 for 24 h
(Figure 2.5B). Importantly, these results indicate that there was no direct correlation between the
aspect ratio of the nanorods and cell viability. Cytotoxicity studies with mPEG stabilized Au
nanorods show that 80% of the cells survive under the same nanorod concentrations and
incubation times (Figure 2.5B). These data are consistent with the non-toxic nature of mPEG-

functionalized Au nanorods as reported in the literature.**®

CTAB functionalized nanoparticles have been shown to be toxic for various cell lines
including HeLa cells, bronchial epithelial cells and adult stem cells.'” However, there are some
discrepancies in the literature as to whether CTAB facilitates cell endocytosis, whether or not
this stabilizer is toxic in general, or only toxic to specific cell types. The concentration of CTAB
determines the size and shape of the Au nanorods during synthesis, but it is difficult to eliminate
all traces of the toxic surfactant using washing steps and centrifugation prior to exposing the Au
nanorods to cells.*’ Additionally, excessive washing (> 2x) causes the Au nanorods to form
aggregates due to loss of CTAB on the surface. In this study, a strong correlation was observed
between cell viability and free CTAB present in the media, but not with the aspect ratio of the Au
nanorods. Figure 2.5A shows that the viability of HeLa cells is reduced upon exposure to the
supernatant resulting from the washing steps (2x) of the Au nanorods. The supernatant can
contain CTAB, AgNQO;, and hydroquinone depending on the protocol used for the synthesis of Au
nanorods. The concentration of CTAB used for the synthesis of nanorods of AR 2.6 and 5.4 was

0.2 M and for ARs 3.2 and 11.5 was 0.1 M. The results in Figure 2.5A suggest that there is more
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unbound (free) CTAB in the supernatant when higher concentrations of CTAB are used in the

synthesis of Au nanorods, and that free CTAB is the main cause of cell death.
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Figure 2.5. Fluorescence microscopy images of live/dead assay with live HeLa cells stained with
Calcein Am green fluorescence dye. A) Images of viable cells after incubating (24 h) with complete
media (control: cells not exposed to Au nanorods or supernatant), CTAB functionalized Au nanorods
(80 pM) of different aspect ratios (2.6, 3.2, 5.4 & 11.5), and nanorod supernatant. B) Comparison
between the cell viability of HeLa cells after 24 h treatment with CTAB and mPEG functionalized Au
nanorods of four different aspect ratios. C) Graph of the cell viability of HeLa cells upon exposure to
different aspect ratios of Au nanorods (80 pM) stabilized with CTAB as a function of time. Standard
deviations were calculated from triplicate experiments.
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Figure 2.6A shows a control experiment with HeLa cells exposed to various
concentrations of free CTAB. There is nearly a 65% reduction in the viability of HeLa cells at a
concentration of 20 uM over a 24 h period. The concentration of free CTAB in our experiments
was estimated to be between 20 uM to 60 uM when considering the dilutions during the washing
steps of the Au nanorods. The significant drop in cell viability upon exposure to free CTAB
correlates well with the significant cell death upon exposure to supernatant alone as illustrated in
Figure 2.5A. To show that CTAB and not another supernatant component was responsible for
reduced cell viability, the effect of AgNO; on cell viability was also evaluated for comparison.
Au nanorods of ARs 2.6, 3.2 and 5.4 were synthesized with AgNO; concentrations of 100 uM, 60
uM and 350 uM, respectively. No AgNO; was added during the synthesis of Au nanorods of AR
11.5. Figure 2.6B shows the effect of standard solutions of AgNO; on cell viability. Exposure to a
1 uM solution of AgNO; resulted in a 20% reduction in cell viability. The concentration of
unreacted Ag” was estimated to be between 0.5 uM to 10 uM considering that AgNO; was diluted
in the washing steps during the isolation of the Au nanorods. Murphy and co-workers have shown
that a Ag" concentration of less than 5 pM is non-toxic to the HeLa cells,” suggesting that these
lower levels of Ag” used here would not be detrimental to HeLa cells. Protocols for the synthesis
of nanorods of AR 2.6 and 5.4 utilized both a higher concentration of CTAB (0.2 M) and AgNO;.
It cannot be completely ruled out that there may be an additive effect on viability when cells were
exposed to both higher concentrations of CTAB and AgNOs;. However, the magnitude of cell
death is not consistent with AgNO; being the primary cause of cell death in these experiments
(Figure 2.6B). Nanorods of AR 3.2 and 11.5, however, used the same concentration of CTAB
(0.1 M) and showed similar cell viabilities even though the synthetic process of Au nanorods with
an AR of 11.5 was free of Ag’. This data strongly suggests that free (unbound) CTAB has a
significantly higher effect on cell viability than AgNOj;. For Au nanorods of AR 11.5, a slightly
higher viability was observed than AR 3.2. This may be due to the initial purification process that

utilized sedimentation and, which may have resulted in a slightly lower amount of CTAB in the
24



supernatant than if centrifugation was used to isolate of the nanorods instead. Since the synthesis
of AR 5.4 used hydroquinone as the reducing agent, the toxicity of free hydroquinone was also
analyzed. Hydroquinone is toxic at a concentration as low as 0.5 pg/mL. The concentration of
hydroquinone in the supernatant of AR 5.4 was determined to be ~0.02 pg/mL by UV-Vis
spectrometry. The cell viability in this system is quite similar to AR 2.6, a system that used
NaBH, as the reducing agent (Figure 2.5B). Based on this data, it does not appear that
hydroquinone has an evident effect on cell viability (at this concentration). Taken together, the
data show that there is a strong correlation between free CTAB and cytotoxicity. This work is
consistent with the work of Murphy and others.'**>'""° The goal of these experiments was to
determine whether a correlation between the aspect ratio of the Au nanorods and cytotoxicity

exists, but no such conclusion could be reached given that free CTAB has an inordinate effect on

cytotoxicity.
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Figure 2.6. Cell viability studies of HeLa cell after incubating for 24 h as a function of A) different
concentrations of CTAB (1 uM, 10 pM and 20 uM); B) concentrations of AgNO; (1 uM, 10 uM and
20 uM); and C) concentrations of hydroquinone (0.05 pg/mL, 0.1 pg/mL and 0.25 ug/mL, 0.5
ug/mL). Standard deviations resulted from triplicate experiments are denoted by error bars.
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2.3.3 Cellular Uptake of Gold Nanorods

ICP-AES measurements were conducted to estimate the amount of Au internalized by
HeLa cells. After a 3-24 h incubation period with a Au nanorod concentration of 80 pM, cells
were digested in aqua regia and the concentration of Au’” was measured in a matrix of 3% HCI
by ICP-AES (see Experimental Section). Using the concentration of Au®* from ICP-AES
experiment, the number of Au nanorod internalized per cell was calculated by estimating the
amount of Au in an average sized Au nanorod. Figure 2.7A shows a plot of the concentration of
Au per cell versus time for all four aspect ratios of Au nanorods. The most striking result is that a
significantly higher cell uptake (p < 0.001) was observed for CTAB-stabilized Au nanorods of
AR 11.5 at all-time points. Both the viability and the internalization (Figure 2.7A) of the Au
nanorods were much higher for AR 11.5 than all other aspect ratios including nanorods
functionalized with mPEG (Figures 2.8A & B). A slightly higher uptake was observed for CTAB
functionalized nanorods of AR 3.2 compared to AR 2.6 (p <0.05) and 5.4. This data is consistent
with the cell viability study (Figure 2.5C). Cells exposed to nanorods that were synthesized with a
higher CTAB concentration (0.2 M) resulted in higher cell death and, thus, the sample consisted
mostly of live, adherent cells being analyzed by ICP-AES. [Note that analyzing dead cells would
complicate the study since nanorods in the media could not be easily differentiated from those
that were internalized and released upon apoptosis.] HeLa cells internalized a significant number
of CTAB functionalized Au nanorods of AR 3.2 after a 24 h period. [Note: Longer time points
were not considered here, however, since media exchanges would affect the overall nanorod
concentration.] Since lower aspect ratio nanorods (AR 3.2) remain dispersed in the media for a
longer time than the larger aspect ratio nanorods (11.5), it is likely that the difference in uptake
may not necessarily be related to a size-dependent endocytosis mechanism but to the time point at
which the nanorods physically come in contact with the cells. Abergand’' and Xia'* have also

shown that physical contact may be necessary for endocytosis of Au nanorods.
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Figure 2.7. A) Cellular uptake studies conducted by using ICP-AES after incubating HeLa cell
for 3 h, 6 h,10 h and 24 h with different aspect ratios of Au nanorods (80 pM) having CTAB.
Experiments were performed in triplicates. B) TEM images of HeLa cells treated with CTAB
functionalized Au nanorods (80 pM) for 24 h; (a,b) AR 2.6, (c,d) AR 3.2 (e,f) AR 5.4 (g, h) AR
11.5-CTAB.

27



Investigators have shown that albumin proteins adsorb on the surface of the CTAB-
functionalized nanorods, forming a protein corona that results in higher rates of endocytosis in
HeLa cells.”” Given the changes in zeta potential of CTAB functionalized nanorods upon
exposure to media (Figure 2.3), it is clear that a protein adsorption occurs in this case too. Taken
together, the results of our experiments show that the aspect ratio of Au nanorods does not alone
affect the endocytosis of nanorods, but also the other chemical components or impurities from the

synthesis, such as CTAB, will also affect the cellular interactions and overall internalization.
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Figure 2.8. A) Cellular uptake studies conducted using ICP-AES after incubating HeLa cell for
10 h, 24 h and 48 h with different aspect ratios of mPEG functionalized Au nanorods (80 pM). B)
Comparison of cellular uptake of CTAB & mPEG functionalized different aspect ratios of Au
nanorods (80 pM) using ICP-AES after incubating with HeLa cell for 24 h. Experiments were
performed in triplicates.

2.3.4 TEM Studies

Experiments were reproduced at a larger scale (6x) in order to generate enough cells for
embedding and sectioning for TEM studies (see Experimental Section). Figure 2.7B shows TEM
images of HeLa cells upon exposure to Au nanorods for 24 h. Consistent with the ICP-AES data,
TEM experiments show that the largest AR of CTAB functionalized Au nanorods had the highest
cellular uptake. These larger nanorods were localized primarily in the endosomes as clusters

rather than individual particles (Figure 2.7). A few short rods, discoid and triangular shaped
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particles were also observed inside the endosomes since the synthesis protocol for Au nanorods of
AR 11.5 can yield a broad range of other shapes. Using sedimentation to isolate the particles and
size-selective centrifugation for purification yields mostly nanorods (82% of long rods and 18%
of small rods). Small amounts of low AR Au nanorods that were visible inside the cells were
predominately in the cytoplasm (Figure 2.7B(a) to B(f)). The Au nanorods at an AR of 11.5 are
currently the highest aspect ratio nanorods to be internalized by mammalian cells. This represents
an experimental verification of a theoretical study by Zhang and co-workers” that predicted
higher uptake for spherocylindrical particles with higher aspect ratios due to an increase in the
bending energy which is required for the higher uptake of nanoparticles with the increase of the
aspect ratio. Additionally, the quantity of internalized mPEG stabilized Au nanorods by HeLa
cells was quite low (Figure 2.9). TEM images of HeLa cells show low endocytosis of Au
nanorods, which is consistent with ICP-AES data. The low uptake is probably due to the poor
interaction between mPEG molecules and the cell membrane.®"*’ Short mPEG functionalized

nanorods were found as clusters in the cytoplasm (Figure 2.9).

(A) ®B)

A mnm

500nm .

Figure 2.9. Magnified TEM images of HeLa cells treated with mPEG functionalized Au
nanorods (80 pM) for 24 h. A) AR 5.4-mPEG and B) AR 11.5-mPEG.
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2.4 CONCLUSION

This study demonstrated that the cell viability does not depend on the aspect ratio of Au
nanorods alone and that the supernatant composition has a significant effect on cell viability. Au
nanorods with aspect ratio 11.5 showed higher internalization compared to shorter aspect ratios. It
is clear that the differences in the synthesis protocols, functionalization, and purification process
also have a major effect on cellular uptake and not just the aspect ratio alone. Contrary to other
experimental studies, the higher AR nanorods were readily internalized and at a higher cell
viability when the stabilizer (CTAB) is surface bound. It is expected that cells treated with AR

11.5 nanorods may be useful for cellular imaging and laser photo-thermal therapy.
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CHAPTER III

SYNTHESIS OF THE MATASTABLE PHASE OF GOLD PHOSPHIDE

Note: This chapter was published in J. Solid State Chem., 2016, 242, 182-192. DOL:

10.1016/j.jssc.2016.07.009, and reprinted with permission.

3.1 INTRODUCTION

Transition metal phosphides have shown unique physical properties which makes them
useful in the semiconductor industry,”* and as electronic devices” and magnetic devices.”® Most

importantly, nanoscale transition metal phosphides have been widely studied as catalysts in the

77-83 77,84-98

hydrogen evolution’ ™ and hydrodesulfurization reactions that have led to greater interest

in synthesizing these materials at the nanoscale. As a result, several synthetic protocols such as

99,100

high temperature annealing of organometallic or solid-state precursors, reactions of

. 101 . 102 . . . .
organometallics,'"' solvothermal reactions,'"” reactions of metal nanoparticles with phosphine or

103,104
other phosphorous precursors'®'”

and thermal decomposition reactions of single-source
precursors' %7 have been developed to synthesize nanostructured transition metal phosphides.
Thermal decomposition of tri-n-octylphosphine (TOP) is the most widely used method used to
produce a variety of transition metal phosphides including Ni,P, NisP4, PtP,, Rh,P, Cu;P, FeP,

76,103,104,108,110
and MnP, among others.™ """
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In 1991 year, Weizer and Fatemi''' carefully studied the interface of the Au-InP system,
where the metallized gold was used to make electrical contacts with the InP semiconductor, they
reported the formation of Au,P; at the interface which resulted in a drop in contact resistivity by
two-to-three orders of magnitude depending on the thickness of the Au,P; at the metal—
semiconductor interface. This work demonstrated that the Au,P; has unique electronic properties
that can be useful in the semiconductor industry. Although there is a great interest in developing
the synthesis protocols to study the properties of metal phosphides, only a few studies have
reported on the synthesis of gold phosphide (Au,P3).'"*"'*'"* Many physical properties of Au,P;
have not been sufficiently studied at the nanoscale since it is a challenging material to synthesize
in bulk and no methods are currently available to control the purity, shape, or size of Au,Ps
nanoparticles. For the synthesis of Au,Ps, solution synthesis methods result in large amounts of
gold impurities and the resulting morphology is difficult to control at the nanoscale. The goal of
this work is to explore solution-synthesis methods to generate Au,P; by examining the reactivity

of ligand stabilized gold nanorods towards phosphorous incorporation.

103,104
1.,'%1% where metal

Here, we focus on a synthesis method developed by Henkes et a
nanoparticle templates are used to retain the shape of the resulting transition metal phosphide. ''*
"' We illustrate that the surface capping agents on the precursor gold nanoparticle templates can
affect the purity and extent to which the metastable gold phosphide phase will form using either
1-dodecanethiol or cetyltrimethylammonium bromide (CTAB) as surface capping agents. We
demonstrate that thiol- functionalized gold nanorods undergo digestive ripening to produce
uniform spherical particles under the reaction conditions required to decompose tri-z-
octylphosphine (TOP) into elemental phosphorous. The thiol-functionalized gold nanoparticles
showed reduced reactivity towards phosphorous incorporation and resulted in lower conversion

of the gold nanoparticles to gold phosphide. In contrast, phase pure Au,P; can be obtained when

CTAB functionalized gold nanorods are used as the metal precursor. Interestingly, Au,P; was
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found to phase separate during TEM imaging experiments. The synthesized Au,P; nanoparticles
were evaluated for catalytic activity towards the hydrogen evolution reaction (HER). We find that

the gold phosphide particles exhibit higher activity than polycrystalline gold.
3.2 EXPERIMENTAL SECTION
3.2.1 Chemicals

Tri-n-octylphosphine (TOP, 90%) and tri-n-octylphosphine oxide (TOPO, 98%) were
purchased from Alfa Aesar. Hexadecyltrimethylammonium bromide (CTAB, >99%), Gold (III)
chloride trihydrate (99.999%), sodium borohydride (99.99%), L-ascorbic acid (>98%), silver
nitrate (>99%), and 1-dodecanethiol (DDT, >98%) were purchased from Sigma-Aldrich. All
chemicals were used without further purification, and all solutions, except gold (III) chloride
trihydrate and CTAB were prepared freshly using deionized water (18.2 MQ). Dedicated
glassware was cleaned with before each reaction with aqua regia and then rinsed with deionized
water. Handling of TOP was carried out in a dry, nitrogen atmosphere by using standard Schlenk

line and glove box techniques.
3.2.2 Synthesis of Gold Nanorods

Au nanorods were synthesized by the seed mediated method as described elsewhere®
with minor modifications. The seed solution consisted of CTAB (0.2 M, 5.00 mL), HAuCl,-3H,0
(0.5 mM, 5.00 mL), and NaBH, (0.01 M, 600 pL). After stirring vigorously for 2 min., the
solution was stored at 27 °C, and used immediately after aging (2 h-3 h). The growth solution
consisted of CTAB (0.2 M, 5.00 mL), HAuCl4-3H,O (1 mM, 5.00 mL), and AgNO; (4 mM, 250
uL). Ascorbic acid (78.8 mM, 70 uL) was pipetted into the growth solution and swirled until it
became colorless. Next, the seed solution (12 puL) was added to the growth solution and kept

overnight at 27 °C. The nanorods were isolated via centrifugation (8000 rpm, 30 min.) and
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washed twice in deionized H,O. Au nanorod quality was verified by UV-Vis spectrophotometry.
Once dried, Au nanorods functionalized with CTAB were dispersed in TOP by sonication and

stored in a vacuum desiccator in preparation for the phosphide reaction.
3.2.3 Ligand Exchange

Gold nanorods functionalized with CTAB were dispersed in a mixture of nanopure H,O
(1.00 mL), acetone (2.00 mL), and 1-dodecanethiol (1.00 mL) in a 5 mL-glass vial. The
suspension was sonicated (5 min.), vortexed (5 min.) and allowed to phase separate. After 1 h, Au
nanorods were separated into the organic phase and isolated via centrifugation (8000 rpm, 30
min.). The Au nanorods were washed with ethanol to remove excess thiol and dispersed in TOP

by sonication in preparation for the phosphide reaction.

3.2.4 Synthesis of Au,P;

The Au,P; conversion reaction protocols were adopted from Henkes et. al.,'”'* with
minor modifications. In a typical reaction, TOPO (2.53 g) was heated to 120 °C for 1 h under an
inert atmosphere while stirring with a glass stir bar. After raising the temperature to 360 °C, Au
nanorods (3.9 mg) dispersed in TOP (5.1 mL) were injected into the hot TOPO. The reaction time
was varied from 1-10 h. A ratio of 1:1 or 2:1 of TOP/TOPO was used as the phosphorous/solvent
source. During the course of the 10 h reaction, the color of the solution transformed from purple
to green and finally to dark brown, indicating the formation of Au,P;. The reaction was allowed
to cool to 100 °C and saturated with ethanol. The black product was recovered by centrifugation
using chloroform to remove unreacted TOP and TOPO.”® Nanoparticles were dispersed in ethanol

and kept in a vacuum desiccator prior to characterization to limit oxidation of the TOP coating on

the surface of the particles.
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3.2.5 Characterization

Nanoparticles were characterized using JEOL-JEM transmission electron microscope
(TEM) operating at an accelerating voltage of 200 kV. Samples for TEM analysis were prepared
by drying a 2 pL of ethanol containing nanoparticles on carbon coated copper grid. X-ray powder
diffraction data were collected using a Rigaku SmartLab X-ray diffractometer (Cu Ko radiation).
The UV-Visible analysis was carried out using DU 530 Beckman Coulter UV-Visible

spectrophotometer. IR spectra were collected on a Nicolet iS50 ATR-FTIR spectrometer.
3.2.6 Hydrogen Evolution Reaction Experiments

An Autolab single channel potentiostat from Eco Chemie, Metrohm Autolab B.V. was
used to obtain electrochemical measurements. For the purpose of controlling the rotation of the
working electrode, modulated speed rotator (Pine Instrument Company) was used. A homemade
reversible hydrogen electrode (RHE) was used as the reference electrode having glass tube
containing hydrogen-saturated HCIO, acid (0.1 M) and a Pt wire connected to the main
electrochemical cell by a Luggin capillary. The working electrode was prepared by coating Au,P;
nanoparticles onto glassy carbon (5 mm diameter, area 0.196 cm?) at a loading of 50 pg/cm’. Inks
were prepared having 9.8 mg catalyst per 10 mL of ink (76% water, 24% 2-propanol). To
improve the ink dispersion, Nafion ionomer (5 wt. %, Sigma Aldrich) was added at 40 pL per 10
mL of ink. Inks were sonicated in ice by horn sonication for 30 s, bath sonication for 20 min., and
horn sonication again for 30 s. Onto each electrode 10 puL of ink were pipetted and air dried at 40
°C for 20 min. Since the electrodes were not active for HER, electrochemical break-in (50 cycles,
-0.3to 1.6 V) was used in 0.1 M HCIO, acid and HER/HOR (hydrogen oxidation reaction)
activities were taken anodically (scan direction did not appear to matter). Rotating disk electrode

(RDE) was used to measure the activities using reversible hydrogen electrode (RHE) as the
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reference while having Au mesh counter electrode and activities were also corrected for internal

resistance.
3.3. RESULTS AND DISSCUSION

Different from previous studies, the gold nanoparticle morphology was controlled in
order to determine effect of the morphology of the gold nanoparticle reactants on the resulting

13 showed the

morphology of the gold phosphide product. Since the work done by Sanchez
formation of 1D structures of Au,P; when synthesized in solution, we chose to study gold
nanorods as a morphological template to promote the formation of rod shaped Au,P; particles in
the final product and also to determine whether the morphology of the gold nanoparticle reactants
affected the resulting morphology of the gold phosphide. From the results obtained, it is clear that
the gold nanorod templates undergo dissolution in the process of generating Au,P; and do not
significantly affect the final Au,P; morphology. The gold nanorods simply act as a reagent rather
than a template. The purity of Au,P; was affected by the capping agent on the surface of the gold
nanorods, either 1-dodecanethiol or CTAB. With the use of 1-dodecanethiol as surface capping
ligand on the precursor Au nanorods, spherical nanoparticles of Au,P; were produced showing

less likelihood to agglomerate and sinter. The use of CTAB, a weaker surface stabilizer produced

Au,P; in a higher purity and yield.
3.3.1 Characterization of Gold Nanorods

Gold nanorods were synthesized using a seed mediated method with CTAB as the
stabilizing agent.” Gold nanorods showed characteristic surface plasmon resonance (SPR) bands
in the UV-Visible spectrum (Figure 3.1B) having the mean dimensions of 57 nm % 24 nm (length
x width) as seen in TEM images (Figure 3.1A). Surface plasmon resonance bands, which
correspond to the transverse and longitudinal oscillation modes of the gold nanorods, appear at

520 nm and 660 nm, respectively.
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Figure 3.1. Characterization of surface functionalized gold nanorods. A) TEM image of gold
nanorods synthesized using the seed-mediated method with CTAB as the surface stabilizer. B)
UV-Vis absorption spectra of CTAB functionalized gold nanorods with SPR bands at 520 nm
and 660 nm. C) ATR-FTIR spectra of the gold nanorods prior to and after ligand exchange with
1-dodecanethiol. From top to bottom: gold nanorods after ligand exchange with 1-
dodecanethiol (Au-Thiol), neat 1-dodecanethiol (Thiol), gold nanorods functionalized with
CTAB (Au-CTAB), and neat CTAB.

For the purpose of studying the effect of surface capping agents on gold phosphide
conversion reactions, the CTAB bilayer on the gold nanorods was replaced with 1-dodecanethiol
as mentioned in the Experimental Section. Figure 3.1C represents the ATR-FTIR spectra of the
gold nanorods before and after the functionalization with 1-dodecanethiol. Characteristic peaks at
3014 cm™ and 1040 cm™ correspond to the asymmetric N(CHs); ™ and C-N stretching vibrational
modes of CTAB while bands at 2900 cm™ and 1460 cm™ are characteristic to the CH; and CH,
stretching vibrations. After functionalizing with 1-dodecanethiol, gold nanorods show three
distinct bands at 2954 cm™, 2921 cm™ and 2852 cm™, together with the weak peak around 1280
cm’ that can be assigned to CH; asymmetric stretching, CH, asymmetric stretching, CH,
symmetric stretching and CH,-S wagging vibration, respectively. Peaks for CH, rocking and C-S

stretching of 1-dodecanethiol also appeared at 720 cm™ and 654 cm™ proving the presence of 1-
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dodecanethiol on the Au nanorod surface. The absence of C-N and N(CH;);" peaks that

correspond to CTAB also indicate complete ligand exchange from CTAB to the thiol.
3.3.2 XRD Analysis

A coordinating solvent mixture of TOP/TOPO was reacted separately with CTAB and 1-
dodecanethiol functionalized gold nanorods at 360 °C. TOP acts as the reactive species that
produce phosphorous in situ by decomposition at elevated temperatures and TOPO act as the
solvent for the reaction.'™ As shown in Figure 3.2, limited conversion to the Au,P; was observed
when 1-dodecanethiol functionalized gold nanorods were reacted in a 1:1 ratio of TOP/TOPO for
1 h to 10 h of reaction time. Powder XRD analysis of the resulting nanocrystalline products show
gold as the major product, (Fm3m, PDF card no. 00-001-1172). Major peaks at 2-Theta values of
38.2°,44.6°, 64.7° and 77.5° correspond to the respective (111), (200), (220) and (311) planes of
face centered cubic (FCC) gold. Between 1 h to 10 h of reaction times, small amounts of Au,P;
was formed as demonstrated by of minor peaks at 2-Theta = 32° that correspond to the (041)
plane of the monoclinic phase (C2/m, PDF card no.01-071-0590) (Figure 3.2). The strong Au-S
bond between the Au nanorods and 1-dodecanethiol limit the access to gold atoms at the surface
while inhibiting the diffusion of phosphorous. Therefore, complete conversion to the Au,P; phase
was not possible with the use of 1:1 TOP/TOPO ratio with 1-dodecanethiol functionalized gold

nanorods.
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Figure 3.2. Powder X-ray diffraction patterns of nanocrystal products formed by reacting gold
nanorods functionalized with 1-dodecanethiol with a 1:1 TOP/TOPO ratio for 1 h, 3 h, 6 h, and
10 h. All reactions were carried out at 360 °C. Gold nanoparticles were the major product.
Peaks at 2 Theta = 32° demonstrate the formation of small amounts of Au,P; from 1 h— 10 h.

When gold nanorods functionalized with 1-dodecanethiol were reacted with a 2:1 ratio of
TOP/TOPO, higher yields Au,P; particles were generated as shown in Figure 3.3. During the
reaction, small quantities of Au,P; were observed at 1 h and 3 h (Figure 3.3). XRD data show that
the optimum reaction time was 6 h, where the monoclinic C2/m Au,P; phase was the most
prominent (Figure 3.3). The reactivity of the gold surface was still hindered by the thiol coating
so complete conversion to the phosphide was not achieved. However, the higher concentration of
TOP favors the formation of Au,P; by increasing the partial pressure of the phosphorous
generated in situ. Powder XRD analysis indicates that 6 h was the optimum reaction time and
that decomposition of the Au,P; monoclinic phase was observed at 10 h. This is most likely due
to the vaporization and loss of phosphorous (Figure 3.3) because the reaction vessel is not
completely closed to the environment and there is a possibility to observe fluctuations in the

pressure of the system over the time. This could have resulted in the decomposition of the gold
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phosphide phase or incomplete phosphorous incorporation especially at lower TOP
concentrations, which may be one reason that gold phosphide is typically produced with large

amounts of gold impurities.
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Figure 3.3. Powder X-ray diffraction patterns of nanocrystal products formed by reacting gold
nanorods functionalized with 1-dodecanethiol with a 2:1 TOP/TOPO ratio for 3 h, 6 h, and 10
h. All reactions were carried out at 360 °C. Gold phosphide was the major product at 6 h but the
phase decomposes by 10 h.

When CTAB was used as a capping agent instead of 1-dodecanethiol, a similar trend in
the reactivity of the gold nanorods towards conversion to the gold phosphide was observed. Like
the thiol reaction, when a 1:1 ratio of TOP/TOPO was used, only small quantities of the gold
phosphide resulted at 1 h and 3 h (Figure 3.4). Compared to the thiol functionalized gold (Figure
3.2), larger quantities of Au,P; were produced at 6 h when CTAB functionalized gold nanorods
were reacted with 1:1 TOP/TOPO ratio. Au,P; phase was the most prominent phase observed at
10 h of reaction time when CTAB was used as a surface stabilizer on the gold nanorod surface
compared to the thiol. The increased reactivity of the gold nanorods is attributed to the weaker
CTAB interactions between gold surfaces which make the gold surface more accessible for

phosphorous incorporation. Since the conversion of gold to phosphide is more effective at 6 h
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(Figure 3.4) with CTAB functionalized gold nanorods, the decomposition of the gold phosphide
phase is not as evident at 10 h when compared to the reaction of thiol functionalized gold
nanorods in a 1:1 TOP/TOPO ratio (Figure 3.2). With the use of 1:1 TOP/TOPO ratio and CTAB
functionalized gold nanorods, both FCC gold and monoclinic Au,P; (C2/m) crystalline phases

were observed at 10 h as shown by powder XRD analysis in Figure 3.4.
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Figure 3.4. Powder X-ray diffraction patterns of nanocrystals formed after reacting gold
nanorods functionalized with CTAB in a 1:1 TOP/TOPO ratio. Gold nanorods were converted
to gold phosphide when reacted in a 1:1 TOP: TOPO ratio for 6 h at 360 °C. Gold impurities
are present at 10 h.

For the purpose of improving the purity of the Au,P; product, the TOP/TOPO ratio was
further increased to 2:1 while maintaining CTAB as the gold surface stabilizer (Figure 3.5). As
evident by the prominent reflections of Au,P;in powder XRD analysis (Figure 3.5), increasing
the reaction time to 6 h resulted in Au,P; formation. Unlike the thiol system, it was possible to
generate Au,P; as the major phase at 10 h when reacting CTAB stabilized gold nanorods with a
2:1 TOP/TOPO ratio (Figure 3.5). Complete conversion of gold to gold phosphide is probably
due to the synergistic effect of the weaker surface stabilizer and the higher amounts of TOP used

during the reaction. A weaker surface stabilizer such as CTAB allows the surface to be more
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reactive and the use of larger quantities of TOP affect the partial pressure of the gases produced
in the reaction vessel which creates more favorable conditions for the synthesis of the Au,P;
phase (Figure 3.5). As shown in Figure 3.5, powder XRD analysis confirms the formation of the
metastable monoclinic Au,P; phase as the major product with the observation of peaks at 2-Theta
values of 12.2° (020), 17.1° (110), 23.5° (021), 31.9° (041) and 32.1° (200) (PDF card no.01-071-
0590). From these results, it is clear that both the surface stabilizer on the gold surface and the

amount of TOP available for the reaction is important in obtaining Au,P; in high yields.
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Figure 3.5. Powder X-ray diffraction patterns of nanocrystals formed after reacting gold
nanorods functionalized with CTAB in a 2:1 TOP/TOPO ratio. Gold nanorods were converted
to the gold phosphide phase after reacting for 6 h at 360 °C. Au,P; is the major phase produced
at6 hand 10 h.

3.3.3 Characterization of Nanoparticle Products by TEM

To further confirm the results obtained in powder XRD, transmission electron
microscopy (TEM) was used to characterize the nanoparticles resulting from the phosphide

reactions. Little to no gold phosphide was observed by TEM when thiol functionalized gold
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nanorods were reacted in a 1:1 TOP/TOPO ratio (Figure 3.6), as observed in powder XRD

(Figure 3.2). In fact, gold nanoparticles were seen as the major product in this set of reactions.

Figure 3.6. Time evolution of the morphology of gold nanorods functionalized with 1-
dodecanethiol after reacting in a 1:1 TOP/TOPO ratio at 360 °C. TEM images of the gold
nanoparticles after reacting for A) 1 h, B) 3 h, C) 6 h, and D) 10 h. The gold nanorods transform
into cubes and rectangular shapes before yielding to spherical morphologies as they undergo
digestive ripening through the course of the reaction.

As shown in Figure 3.6 TEM images highlight the change in morphology of the gold
nanoparticles in these reactions. Figures 3.6A-D show images of the time evolution of the gold
nanorod morphology after reacting with 1-dodecanethiol functionalized gold nanorods in a 1:1
TOP/TOPO from 1 — 10 h. Gold nanorods functionalized with thiol were changed into truncated

rods and spherical particles with a mean size of 24 (£4) nm after reacting for 1 h (Figure 3.6A).
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When the reaction was carried out for 3 h, small cubic gold nanoparticles were observed (Figure
3.6B). Later, these cubic particles formed truncated edges at 6 h (Figure 3.6C) and finally
transformed into spheres when the reaction reached 10 h (Figure 3.6D). Lighter contrast regions
observed by TEM images at the periphery of the cubic and spherical particles indicated the
presence of core-shell structure as the reaction progressed (Figures 3.6C & D). However, the
presence of phosphorous in the core-shell structures could not be verified by energy dispersive x-
ray spectroscopy (EDX) due to the overlapping of phosphorous K-a peak and gold M peak.
Although the lattice spacing of the lighter contrast regions corresponds to FCC gold (2.4 A), this
does not necessary disregard the formation of a core-shell structure (e.g. alloy formation at the
shell). Further studies will be performed in the future to confirm the formation of a core-shell

structure.

Studies done by Klabunde and others''”""® have previously shown that the average size
and the polydispersity of gold nanoparticles can be significantly reduced by refluxing the
particles in the presence of alkylthiols. This process is known as digestive ripening where a
colloidal suspension is heated to or near the boiling point of the solvent while having a surface-
active ligand, which results in monodisperse spherical particles.' "> As shown in Figure 3.6, the
change in the morphology and sizes of the gold nanorods is possibly due to a digestive ripening
process that took place in the presence of 1-dodecanethiol and TOPO. According to the literature,
monodisperse spherical particles of gold and other metals have been successfully synthesized
through the digestive ripening process in the presence of TOPO and 1-dodecanethiol.'"” In the
presence of TOPO and 1-dodecanethiol, rod shaped gold particles transformed into small cubes
eventually leading to a spherical morphology with long reaction times and at a high temperature
(Figure 3.6). This result contrasts to the work done by Henkes et al., where they used metal

nanoparticles as a template to retaining the shape of the final phosphide products.'®
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Figure 3.7. TEM images of the nanoparticles synthesized from the reaction of gold nanorods
stabilized with1-dodecanethiol and TOP/TOPO in a 2:1 ratio. A) The morphology of the gold
nanorods quickly evolves from rods to cubes after reacting with TOP/TOPO for 1 h. B) Gold
particles with irregular shapes and rounded edges were the major product at 3 h. C)
Nanospheres of Au,P; decorated with gold nanoparticles (high contrast areas) were observed at
6 h. The unique morphology results from phase separation of gold to the surface of Au,P; D)
Decomposition of the Au,P; phase was observed at 10 h, which results in gold particles as the
major product. E) 3 h and F) 6 h confirm the particles to be gold (d;;;= 2.3 A) and gold
phosphide (d; ;o= 5.1 A), respectively.

Figure 3.7 shows the TEM images of nanoparticles produced by reacting gold nanorods

functionalized with 1-dodecanethiol with a 2:1 ratio of TOP/TOPO. After a 1 h of the reaction,
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gold nanorods were transformed into truncated rods and small cubic gold particles as shown in
Figure 3.7A. At 3 h, gold nanoparticles were observed as the major product having a pseudo
hexagonal or spherical morphology (Figure 3.7B). These changes in morphology are probably
due to digestive ripening as mentioned previously. After the reaction utilizing 2:1 ratio of
TOP/TOPO with thiol stabilized gold nanorods, spherical Au,P; particles were produced at 6 h as
shown in Figure 3.7C. Small gold particles of approximately 7 nm in diameter (high contrast
dots) were observed on the surface of Au,P; Little to no Au,P; was observed by TEM analysis at
1 h and 3 h (Figure 3.7A & B). Larger quantities of Au,P; were produced at 6 h (Figure 3.7C). At
10 h, decomposition of the Au,P; phase was observed as shown in Figure 3.7D. High
magnification TEM images of particles from a 3 h reaction and a 6 h reaction can be seen in
Figures 3.7E and 3.7F and confirm that gold and Au,P; were produced as evidenced by the lattice
spacing of 2.3 A and 5.1 A that correspond to the Au (111) and Au,P; (110) planes, respectively.
It should also be noted that the observation of small gold nanoparticles on the surface of gold
phosphide particles is due to phase separation (Figure 3.7F). When a 1:1 ratio of TOP/TOPO was
used (Figure 3.6), low yields of gold phosphide was produced due to the strong binding of thiol
ligand to the gold surface, which caused reduced reactivity on the surface. However, increasing
the ratio of TOP/TOPO to 2:1 led to higher yields of gold phosphide even in the presence of a
strong surface stabilizer such as 1-dodecanethiol. As observed in 6 h reaction, Au,P; morphology
remained spherical although the particles did undergo sintering (Figure 3.7F). This suggests the
possibility of having size and shape control in the gold phosphide system with strong surface
stabilizers. Although the thiol capping agents does limit the conversion efficiency of gold to gold
phosphide, the vapor pressure appears to have a much larger effect. The vapor pressure of the
gaseous phosphorous produced in-situ increased with the amount of TOP, and likely affected the
yield and purity of the final product. As mentioned earlier, vaporization of phosphorous can result
in the decomposition of gold phosphide back into its constituent elements during prolonged

reaction times.
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When gold nanorod precursors are functionalized with a weaker surface stabilizer such as
CTAB, larger quantities of gold phosphide are generated in higher purities (Figure 3.8). As
shown in Figure 3.8, after the CTAB functionalized gold nanorods are reacted with a 1:1 ratio of
TOP/TOPO for 1 — 3 h (Figures 3.8A & 3.8B), spherical particles and large irregular shaped gold
nanoparticles are generated. Since CTAB is a weaker surface stabilizer, the gold nanorods can
quickly lose their morphology. Figures 3.8C and 3.8D show representative TEM images of the
particles synthesized at 6 h and 10 h, respectively. The lighter contrast particles correspond to
gold phosphide while the high contrast particles correspond to gold as confirmed by the high
magnification TEM images of the resulting particles (Figure 3.9) (approximately 50% of the
particles are gold phosphide). Interestingly, the gold phosphide particles are not very stable under
the electron beam and phase separation occurs during TEM imaging experiments. Figure 3.8E
tracks the decomposition of a gold phosphide particle synthesized from a 6 h reaction using a
TEM imaging experiment. A rectangular box in Figure 3.8E TEM image highlights a Au,P;
particle at low magnification. Black arrows in the higher magnification later panels highlight the
growth and fusing of gold particles on the surface of the same Au,P; particle. The Au,P; particles
begin to decompose under the intense electron beam and segregate to the surface forming gold
nanoparticles. With the formation of gold particles on the surface, the size of the gold phosphide
particle decreases from 34 nm to 30 nm. However, throughout the imaging experiment, the

interplanar spacing of 5.1 A that corresponds to (110) plane of Au,P; remained constant.
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Figure 3.8. TEM images of the nanoparticles synthesized from the reaction of gold nanorods
and TOP/TOPO in a 1:1 ratio. A) The morphology of the CTAB gold stabilized nanorods
quickly changes from rods to irregular shaped particles after reacting with TOP/TOPO for 1 h.
B) Gold particles with irregular shapes and rounded edges remain the major product at 3 h. A
mixture of Au,P; (low contrast particles) and gold (high contrast particles) were observed at C)
6 h and D) 10 h. E) Decomposition of a gold phosphide particle was followed by TEM imaging.
The rectangular marquee highlights a Au,P;particle. At low magnification, there are no gold
particles on the surface of the phosphide particle. The arrows in the subsequent panels highlight
the coalescence and growth of gold particles on the surface of the same Au,P; particle at a
higher magnification. Gold particles begin to segregate to the surface of Au,P; particle under
the intense electron beam. The interplanar spacing of 5.1 A corresponds to (110) plane of Au,P;,
[Note: The 5 nm scale bar corresponds to the last three panels taken at the same magnification.]
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Within 1 minute of exposure to the electron beam of TEM, high contrast spots were
observed due to the formation of gold particles. After 5 minutes of exposure to the TEM beam,
the coalescence of the gold particles at the surface was quite prominent. Phase separation of gold
to the surface of the gold phosphide nanoparticles was observed in several samples (Figures 3.7F
& 3.8E). This could be due to the vaporization and loss of phosphorous during the TEM imaging
experiments and/or diffusion of gold to the surface. Sanchez and co-workers also observed a
similar composite structure where gold nanoparticles are embedded within a gold phosphide
matrix (Au—Au2P3).113 However, in their study, the formation of the composite was not described

as an effect resulting from imaging experiments.

Figure 3.9. HRTEM images of Au,P; formed by reacting CTAB stabilized gold nanorods
with TOP/TOPO at 360 °C in a (A) 1:1 ratio for 3 h; (B) 1:1 ratio of 10 h; (C) 2:1 ratio for 3
h, and (D) 2:1 ratio for 10 h. Images (A), (B), and (D) show the interplanar spacing of 5.1 A
that correspond to the (110) planes of Au,P; and image (C) shows the interplanar spacing of
2.7 A that corresponds to the (041) plane of Au,Ps.
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By reacting CTAB functionalized gold nanorods with a TOP/TOPO ratio of 2:1, phase
pure samples of Au,P; could be prepared as shown in Figures 3.5 & 3.10. Figure 3.10 shows

representative TEM images of the particles produced during the 1-10 h reaction.

Figure 3.10. TEM images of nanoparticles synthesized by reacting CTAB stabilized gold
nanorods with a 2:1 TOP/TOPO ratio. A) Nanorods and irregular shapes of gold particles
were the major product at 1 h. B) Larger spherical gold particles were produced after reacting
gold nanorods in TOP/TOPO for 6 h. C) A mixture of Au,P; particles (low contrast particles)
and gold (high contrast particles) result from the reaction of CTAB functionalized gold
nanorods with TOP/TOPO (2:1 ratio) at 6 h. D) Low magnification image of Au,P; “nano-
networks” after reacting with a TOP/TOPO ratio of 2:1 for 10 h. After high magnification
images were taken of the sample, the Au,P; nanoparticles show evidence of phase separation
during the TEM imaging experiments as evidenced by the dark spots of gold on the surface.
Inset: TEM image of lattice fringes with lattice spacing of 5.1 A that corresponds to (110)
plane of Au,P;.
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When the reaction was carried out for 1 h to 3 h, gold nanoparticles were obtained as the
major products (Figures 3.10A & B). As can be seen in Figure 3.10C, Au,P; particles were
produced at 6 h (low contrast particles). It should be noted that phase separation of Au,P;to gold
nanoparticles was only observed at high magnification and not during low magnifications TEM
imaging experiments (Figure 3.10C). After reacting CTAB functionalized gold nanorods in a 2:1
TOP/TOPO ratio for 10 h, phase pure Au,P; was produced (Figure 3.10D). Analysis of the final
product using TEM revealed the formation of 45 nm — 85 nm sized “nano-networks” consisting
large, polydisperse crystallites (Figure 3.10D). These nanostructures exhibit distinct lattice
fringes with a spacing of 5.1 A that correspond to the (110) planes of monoclinic Au,P; as shown
in Figure 3.10D (inset). Gold nanoparticles present within a layer of Au,P; were observed as
darker high contrast regions as shown in Figure 3.10D and these uniform sized spherical particles
had the average size of 7 (£ 1) nm (Figure 3.10D). Figure 3.5 shows the powder XRD pattern of
the same sample of Au,P; shown in Figure 3.10D. Although the gold phase was not observed by
XRD, TEM images clearly show the presence of gold nanoparticles. From the TEM imaging
experiments it is clear that the Au,P; samples undergo decomposition in the presence of the

intense electron beam, forming gold nanoparticles.
3.3.4 Catalytic Activity

Phase pure Au,P; “nano-networks” synthesized by reacting TOP/TOPO 2:1 ratio with
CTAB functionalized gold nanorods were tested for catalytic activity towards the hydrogen
evolution reaction (HER). Figure 3.11 shows the electrocatalytic activity of the gold phosphide
nanoparticles tested using 0.10 M HCIO, in a standard electrochemical configuration, The
nanoparticles were coated onto glassy carbon working electrodes having the diameter of 5 mm
and an area of 0.196 cm” with a loading of 50 ug/cm’. The synthesized Au,P; nanoparticles
generally showed 2-3 times higher HER activities than polycrystalline Au as shown in Figure

3.11. The increase in the HER activity is probably due to the increased in the surface area of
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nanoparticles instead of using a metal disk. Pt activities are provided as a reference since Pt is the
typical baseline catalyst. The Nernstian diffusion limited overpotential is also given as a reference
for HOR activity. As shown in Figure 3.11, the HOR activity of Pt is in line with the Nernstian
diffusion limited overpotential. This indicates that we are not measuring kinetics, but the limited

transport of hydrogen diffusion to and from the working electrode in HER experiments.
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Figure 3.11. Polarization data for three Au,P; electrodes in 0.1 M HCIO, acid with
polycrystalline gold and platinum for comparison.

The gold phosphide particles generated from CTAB functionalized gold nanoparticles
ripen significantly, which reduces the surface area of the particles. Analyzing phase pure Au,P;
particles, pure TOPO, and TOP using FTIR showed a sharp peak at 1144 cm™ corresponding to
P=0 stretching of TOPO or oxidized TOP which got shifted to 1096 cm™. This confirms the

presence of metal bound P=O groups™'*’

on Au,P; surface even after sonication and cleaning
treatments (Figure 3.12), which can also lead to the reduced reactivity of the Au,P;. It may be

possible to improve the reactivity of Au,P; by reducing the size of the particles and elimination

surface capping ligands.
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Figure 3.12. FTIR spectra of pure TOP, pure TOPO, Au,P; prepared by reacting CTAB

coated gold nanorods and TOP/TOPO 2:1 ratio for 10 h (Au,P;-Before treatment), and Au,P;
sample used for catalysis experiments (Au,P;-After treatment).

3.4. CONCLUSION

In this study, the metastable phase of gold phosphide was synthesized by reacting gold
nanorods with TOP at 360 °C by generating elemental phosphorous by the thermal decomposition
of TOP. Although the pre-synthesized gold nanorods were used as the templates to control the
shape of the gold phosphide, gold nanorods simply act as reactants instead of templates. Results
show that the gold phosphide reaction is sensitive to the surface capping agent on the gold
nanorod precursors and the amount of TOP used. Increasing the TOP/TOPO to a 2:1 ratio
compared to 1:1 results in higher yields of Au,P; with both CTAB and 1-dodecanethiol stabilized
gold nanorods. When CTAB stabilized gold nanorods were reacted with 2:1 ratio of TOP/TOPO,
Au,P; was generated with the highest conversion efficiency. Even though lower yields of Au,P;
obtained with 1-dodecanethiol functionalized gold nanorods, the thiol capping agents generated
discrete particles of Au,P; while reducing sintering and agglomeration. This study shows that
with the choice of a carefully chosen surface stabilizer and by optimizing the reaction conditions
further, it may be possible to generate Au,P; particles having control over the size and shape.
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Interesting, phase separation and growth of gold nanoparticles on the surface of Au,P; was also
observed during TEM imaging experiments. Compared to polycrystalline gold, Au,P; showed
higher catalytic activity for hydrogen evolution reaction. However, by controlling the size of gold

phosphides particles further, an improvement on the catalytic activity is expected.
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CHAPTER IV

CADMIUM SULFIDE DEPOSITION ON MICROSTRUCTURED SURFACES BY

CHEMICAL BATH DEPOSITION

Note: This chapter was published in Mater. Sci. Semicond. Process. 2015, 30, 174-180. DOL:

10.1016/j.mssp.2014.10.002, and reprinted with permission.
4.1 INTRODUCTION

CdS is a direct band gap semiconductor (2.4 eV), having applications in optoelectronic
devices such as photo-conducting cells, photo-sensors, transducers, laser materials, and optical
wave guides and non-linear integrated optical devices.”'*"'** Due to these applications, several
synthetic methods have been developed to produce CdS that include hydrothermal,'*’
electrochemical,’® and chemical bath deposition (CBD).'** Among these synthetic protocols,
chemical bath deposition is known to be a simple and inexpensive method for the deposition of
CdS on large surface areas.'”>'*® In a typical chemical bath deposition process, CdS will be

deposited onto the desired substrate based on the slow release of Cd**and S* ions in an aqueous

alkaline conditions.'?’

Previous studies have demonstrated that both the cubic and hexagonal crystal structures
of CdS films can be prepared using chemical bath deposition. Generating phase pure films and

nanostructures, however, remains a challenge since variables such as temperature, pH, and
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the identity of the substrate can affect the phase of the resulting film. For example, the work done

by Lejmi and Savadogo'*®

showed that CdS films deposited on glass substrates resulted in the
prominent cubic phase (20% hexagonal and 80% cubic) when the deposition was carried out for
more than 1 h in the presence of hetero-polyacids. It has also been reported that crystal structure
and optical properties of CdS films can also be affected by the type of substrate used (i.e. glass,
polycarbonate, polyethyleneterephthalate, and octadecyltricholorosilane functionalized

silicon).'?*%

Given the importance of the substrate on the crystal structure and the fact that textured,
non-uniform substrates can be potential targets for CdS deposition, the current study was
developed to test the effect of substrate topography on the uniformity and crystal structure of the
CdS films deposited using CBD and also to identify the effect of microstructured surfaces on the
growth of CdS as nanowires. To our knowledge, there are no current reports on the deposition of
CdS using CBD on microstructured surfaces except one of the studies regarding the growth of
polygonal rings and wires of CuS on microstructured surfaces via CBD.” In this work, we
demonstrate both that the CBD method can be used for conformal and uniform deposition of CdS
films onto patterned microstructures, and that the phase purity of CdS varies with deposition time
and pH, but not necessarily with the identity of the substrate. Both the metastable cubic CdS and
the high-temperature bulk hexagonal type CdS are accessible at low temperatures (85 °C) by
varying pH on textured surfaces bearing micropillar arrays. In addition, we also demonstrated that
the textured surfaces used in this study do not appear to have any effect on the nucleation or the

growth of CdS as nanowires.
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4.2 EXPERIMENTAL SECTION
4.2.1 Chemicals

Cadmium acetate (Cd (CH;COO),, 98%), ammonium acetate (NH,CH;COOQO, 98%),
thiourea (SC(NH,),) and ammonium hydroxide (NH4OH) were purchased from Sigma-Aldrich.
All chemicals were used without further purification, and stock solutions were prepared using
deionized water (18.2 MQ). Dedicated glassware was used and cleaned before each reaction with
aqua regia and then rinsed with deionized water. Epoxy OG-142(EPO-Technology) was used to

make the epoxy substrates.

4.2.2 Preparation of Microstructured Surfaces

A Si wafer bearing an etched hexagonal array of micropillars with dimensions, d =1 um, /=
4 pum, and interpillar spacing d;,, = 3 pm was used as a master mold from which the microstructures
were replicated into poly (dimethyl)siloxane (PDMS) molds using soft lithography techniques as

. 12,13
described elsewhere. =

Microstructures which is present in PDMS were then replicated into epoxy
by the use of UV curing and these epoxy molds were used for CdS deposition. Flat epoxy samples

were also generated from PDMS molds as control samples.
4.2.3 Deposition of CdS on Microstructured Surfaces using CBD

CdS deposition methods were adapted from Oladeji and Chow."" Briefly, distilled water (250
mL) was heated to 85 "C while stirring at 400 rpm. Once distilled water reached to 85 °C, two
substrates (25.4 mm x 76.2 mm) were dipped in the water bath and cadmium acetate (0.5 M, 1.20
mL), ammonium acetate (2.0 M, 6.00 mL), ammonium hydroxide (14.4 M, 12.16 mL) and thiourea
(0.5 M, 7.00 mL) were added into the same distilled water bath. Finally, the volume of the solution
was adjusted to 300 mL by adding distilled water which was pre-heated to 85 “C. CdS deposition was
carried out for 30 min. to 240 min. while keeping the volume of the solution constant. After the

desired deposition time, one substrate was air-dried and the other was sonicated in warm water for 5
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min. To study the effect of pH on CdS deposition, initial pH of the solution was adjusted to pH 10 and
pH 8 by varying the ammonium hydroxide concentration while having the Cd: S ratio as 1:6. The pH
of the solution was also monitored throughout the reaction time and flat epoxy samples and pre-
cleaned glass slides were also used as the control samples. Furthermore, to study the possibility of
growing CdS nanowires on epoxy microstructured surfaces by using pillar heads as nucleating sites,
Au/Pd coated epoxy and Au/Pd coated, 1-dodecanethiol functionalized epoxy microstructured

surfaces were also used as substrates in CBD.
4.2.4 Characterization

All epoxy substrates, glass slides, and CdS powder was characterized using SEM (FEI Quanta
600). Bruker D8 Advance XRD was used in analyzing the crystal structures of CdS. UV-Vis
absorption spectra were taken by using Cary 4E spectrophotometer and photoluminescence studies
were done by using Fluorolog-3 spectrophotometer at the excitation wavelength of 420 nm. The

thickness of the CdS films was also analyzed using Dektak XT profilometer.
4.3 RESULTS AND DISCUSSION
4.3.1 XRD Analysis

CdS can exist either in the thermodynamically stable hexagonal wurtzite crystal structure

(WZ, P6;mc) or cubic zinc-blende (ZB, F 4 3m) structures.'*>'** At room temperature (25 °C) and
a pressure of 1 atm, the WZ crystal phase of CdS is the most stable phase when compared to the
metastable zinc-blende (ZB) crystal phase although the energy difference is only a few milli-
electron volts per atom."** It has been reported that colloidal CdS generally exists in WZ crystal
structure like bulk samples,'** whereas, nanocrystalline CdS can form in both the WZ and the less
stable ZB structure.'” In this study, we observe that both the crystal phases of CdS (WZ and ZB
crystal phase) can co-exist under the same reaction conditions depending on the pH of the
solution.
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Based on the time-dependent XRD data gathered by analyzing CdS films grown at pH 8
and pH 10 on micropillar arrays, flat epoxy samples and glass slides, it is clear that the crystal
structure of CdS does not vary depending on type of substrate used for deposition. The same CdS
crystal structure was detected in the solid particles obtained from the reaction precipitates as
observed on the substrates used at both the pH values. CdS deposition was carried out at pH 8
with varying deposition time from 30 min. to 240 min. According to the XRD data obtained at pH
8, it is clear that the hexagonal crystal structure of CdS is the most prominent phase at all
deposition times starting from 30 min. to 240 min. (Figure 4.1). As shown in Figure 4.1, the
observation of a relatively intense (002) peak for CdS deposited at pH 8 compared to the bulk
hexagonal crystal phase indicates preferential growth along the c-axis rather than random
orientation.”*'*** At the initial reaction pH of 8, no impurities were observed that could be
attributed to the cubic phase of CdS (e.g. absence of (200) cubic CdS peak). The WZ CdS phase
is known to be accessible only at temperatures as high as 800 °C, with many groups reporting the
minimum temperature for phase transition from cubic (ZB) to hexagonal (WZ) as 300 °C.* In this
study, we were able to achieve phase pure WZ crystal structure of CdS at a temperature as low as
85 °C. This observation suggests that pH of the reaction mixture plays an important role in the
decomposition kinetics of thiourea and aids in the formation of this high temperature phase at

temperatures as low as 85 °C.
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Figure 4.1. Time — dependent X-ray diffraction patterns of hexagonal (WZ-type) CdS
synthesized by CBD at pH = 8. The WZ structure is dominant at all-time intervals and no
impurities due to the cubic ZB structure.

Figure 4.2 shows the XRD patterns of CdS deposited at pH 10 with varying reaction time
from 30 to 240 min. At an initial reaction pH of 10, the ZB crystal structure was observed on all
substrates analyzed (micropillar arrays, flat epoxy samples (control), glass slides (control)), and
even in solid precipitates. The presence of the (111), (220), (311) and (200) reflections of the ZB
phase at 20 values of 26.5°, 43.9°, and 52° together with a small broad peak at 32° can be
attributed to ZB crystal structure. Some impurity peaks were also visible throughout the reaction

process which could be attributed to the WZ phase of CdS. However, under the reaction
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conditions used for the chemical bath deposition process, the metastable ZB structure was the
most prominent phase at all deposition times. When the pH of the solution mixture was
monitored, a drop of two pH units starting from pH 10 to pH 8 was observed during the 3 h
deposition time. This suggests that the ammonium hydroxide equilibrium greatly influences the

crystal phase and is a likely reason that the reaction results in a mixture of hexagonal and cubic

crystal structures.
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Figure 4.2. Time — dependent X-ray diffraction patterns of CdS synthesized by CBD at pH
= 10. The ZB structure is dominant at all-time intervals with some impurities due to the
hexagonal WZ structure.
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This is consistent with the work done by Huang and workers where they observed
changes in the structure of CdS thin films by varying the ammonia and ammonium acetate
concentrations while affecting the pH of the reaction mixture.”*® At pH 10 when a high
concentration of ammonium hydroxide is present, the equilibrium shifts towards the formation of
ammonia which complexes with Cd*" to form [Cd(NH;),]*" (Egs. (1) and (2)).** Previous studies
have reported that the hydrolysis of thiourea (Egs. (32) and (3b)) is highly sensitive to the
temperature, pH, and even to the catalytic effect of certain solids species and surfaces.”'
However, when a high concentration of OH ™ is present in the reaction mixture the thiourea
hydrolysis would take place at a fast rate producing free S* ions in the solution while decreasing
the OH" concentration. This free S* will combine with available Cd*" to precipitates as CdS as
shown in Eq. (4). This process shifts the thiourea equilibrium continuously to the right.** Since
the concentration of ammonium hydroxide effects the formation of [Cd (NH;),]*" complex (Eq.

(2)), it can also affect the Cd(OH), formation during the course of the reaction as shown in Eq.

(5).
NH," + OH < NH; + H,0 (1)
Cd*" + 4 NH; « [Cd(NH;),]*" )
(NH,),CS + OH «> SH + H,0 + H,NCN (3a)
SH + OH < S* + H,0 (3b)
Cd*" + 8% & CdS 4)
Cd*" + 2 OH « Cd(OH), 5)

According to the literature, two mechanisms have been reported on the formation of CdS
by chemical bath deposition: the ion-by-ion mechanism and cluster (hydroxide) mechanism.

Depending on the concentration of reaction precursors, these two mechanisms can shift from one
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to the other throughout the deposition process.* In the cluster (hydroxide) mechanism, small
amounts of Cd(OH), initially form on the substrate, and CdS forms when the OH groups in
Cd(OH), are replaced by S* ions. The cluster mechanism or the hydroxide mechanism can be
simple as shown in Eq. (6) or it can happen via the formation of the complex (Eq. (7)) that

subsequently decomposes to produce CdS.
Cd (OH), + S* — CdS +20H (6)
Cd (OH),.SC (NH,), — CdS + H,NCN+ 2H,0 (7)

In the case of the ion-by-ion mechanism, heterogeneous nucleation of CdS would take
place in the presence of a surface (substrate) where it is less likely to go through the formation of
Cd(OH),. The ion-by-ion can also be categorized as simple ion-by-ion mechanism (Eq. (4)) or a

complex-decomposition ion-by-ion mechanism (Egs. (8a) & (8b)).
Cd*" + (NH,),CS < [(NH,),CS- Cd]* (8a)
[(NH,),CS-Cd]*" + 20H" — CdS + H,NCN + 2H,0(8b)

Based on the results obtained at pH 10, the cubic (ZB) crystal structure was observed as
the prominent phase. At basic pH, with the faster hydrolysis of thiourea and controlled release of
Cd*, both the cluster mechanism and the ion-by-ion mechanism can occur simultaneously
leading to a mixture of crystal structures. At high pH, since Cd(OH), can form on the substrate

surface, the cluster (hydroxide) mechanism is favored which leads to a prominent cubic phase.

At pH 8, S* jons are not released in considerable amounts, due to the slow decomposition
of thiourea at a low concentration of OH". Therefore, it is less likely undergo the cluster
mechanism forming Cd(OH),.**"*” Since the ion-by-ion mechanism is favored over the cluster
mechanism, a prominent hexagonal phase is observed at pH 8. In addition, impurities of the

hexagonal phase are observed when the experiment is carried out at pH=10 as the pH decreases
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over time to approximately pH 8, which again provides evidence that pH affects the formation of

the crystal structure.

4.3.2 SEM Analysis

Figure 4.3 shows the SEM images of CdS thin films deposited on the epoxy surfaces at

pH 10 with varying deposition time.

Figure 4.3. SEM images of CdS thin films deposited on a hexagonal array of epoxy
micropillars synthesized by CBD at pH = 10. A) SEM images of as deposited CdS thin
films at 30 min., 100 min., 180 min., and 240 min. (from left to right). B) SEM images of
epoxy micropillar arrays with CdS thin film at 30 min., 100 min., 180 min., and 240 min.
(from left to right) after sonication (5 min.). The micropillar array samples form densely
packed aggregates at shorter times (below 100 min.) and flower-like structures, or
network-like structures at longer deposition times (above 180 min.).

According to the SEM analysis, compact and conformal thin films of CdS were observed
on the micropillars having granular-like morphology (Figure 4.3A). The formation of these
compact aggregates is probably due to the faster hydrolysis of thiourea at pH 10 that leads to a
high deposition rate. The integrity of the films on the micropillar arrays was not affected by
sonication as shown in Figure 4.3B. At longer deposition times, flat flower- like structures were

also observed on the tips of the micropillars in some samples (Figure 4.3, 180 min.). Together
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with these different morphologies, small colloidal particles of CdS were also observed at the

bottom surface of the epoxy micropillar substrate.

Figure 4.4. SEM images of CdS thin films deposited on a hexagonal array of epoxy
micropillars synthesized by CBD at pH = 8 after sonication at A) 30 min., B) 100 min.,
C) 180 min., and D) 240 min. At 30 min., a large number of aggregates are observed at
the bottom surface of the micropillar array substrate. This may be due to CdS aggregates
formed in solution, that loosely deposit on the surface. Conformal CdS films are observed
at deposition times at 100 min. with the ridges of the epoxy microstructures uniformly
coated. Clustering of the micropillars can occur as a result of the drying process that
produces capillary forces between the structures. Aggregates can also nucleate (C and D)
at the surface of the microstructures at longer deposition times (180-240 min.), which can
form network-like structures and that connect neighboring pillars.

Figure 4.4 demonstrates representative SEM images of CdS films deposited on the
micropillar arrays at pH 8 from 30 - 240 min. Aggregates and precipitates of CdS were observed
for some samples at 30 min. This could be due to the more fragile adhesion of the CdS film to the
micropillars at short deposition times, which makes the films more susceptible to sonication and
stirring (Figure 4.4A). However, with longer deposition times, a uniform and a conformal layer of
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CdS is observed for all samples. Figure 4.4B shows a side view of the micropillar structures with
tiny ridges having uniformly coated CdS film. Clustering of micropillars that can be seen in
Figure 4.4B, which is probably due to the capillary forces formed as the aqueous solution dries
from between the microstructures. This can be avoided with careful sample handling and by using
slow drying process. Beyond 180 min., the tips of the pillars act as nucleating sites that result in
the formation of the “web-like” and “network-like” structures of CdS that start to grow from the
tips of the pillars (Figures 4.4C & 4.4D). These nano growths were formed by the fusion of
spherical CdS clusters that grow and connect neighboring pillars (Figure 4.4D) which are

consistent with the ion-by-ion mechanism.
4.3.3 Optical Properties

The UV-Vis absorption spectra of CdS thin films deposited on glass slides at pH 10 and
pH 8 are shown in Figure 4.5A. The absorption onset and the band gap values of the samples
were determined from the peak minimum values of the first derivative of the respective
absorbance plots. The absorption onset values and band gap calculated for thin films deposited at
pH 8 and pH 10 are given in Table 4.1. Slight blue shifting in the absorption spectra was observed
for both CdS thin films deposited at pH 10 and pH 8, compared to the bulk value. This could be

attributed to smaller and polydisperse crystallite size of CdS particles deposited on the films.

To further calculate the particle size of CdS in thin films deposited at pH 10 and pH 8,
effective mass approximation (EMA) (Eq. (9)) was used, which relates the particle size, d, and

the band gap E, for particles larger than 4 nm."*
E,=E, (0) + o/ d® )

where E,(0) is the band gap of the bulk hexagonal CdS (2.42 eV), and o and f are constants.

According to the experimental fitting data taken from Lippens and Lannoo, this o and 8 were
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determined as 13 eV.nm” and 2 respectively."*’ Based on the calculations, thin films deposited at
pH 8 consisted of particles with smaller crystallite size (13 nm) compared to thin films deposited
at pH 10 (20 nm) providing further evidence that the ion-by-ion mechanism is likely dominant at

pH 8.
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Figure 4.5. Representative A) UV-Vis and B) photoluminescence spectra of CdS thin films deposited
at pH 8 and pH 10 (180 min).

Table 4.1. Average absorption onset values, band gaps determined using UV-Vis absorption spectra of
CdS thin films deposited at pH 8 and pH 10 and estimated particle size of respective CdS thin films
using effective mass approximation.

Absorption onset Band gap (eV) Particle size of the
value (nm) CdS in the thin film
(nm)
pH 8 499 2.49 13
pH 10 507 2.45 20
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4.3.4 Photoluminescence Properties

Photoluminescence (PL) spectroscopy of the CdS films on the glass substrates was
performed at room temperature (Figure 4.5B) at an excitation of 420 nm. The samples were
yellow in color but transitioned over time to a darker yellow-orange color for both pH 8 and pH
10 experiments (for both glass and epoxy substrates). WZ and ZB type CdS thin films had
emission spectra dominated by a broad peak between 2.10 eV to 2.13 eV known as the “yellow
band” that arises from interstitial Cd or S vacancies.””'* A less intense peak at 1. 87 ¢V,
commonly referred to as the “red band,” was also observed which has been attributed to sulfur
vacancies in radiative recombination. The broad emission spectra are likely to contain bands in
the “orange” (2.07-2.18 eV) due to donor-acceptor recombination and “green” (2.18-2.54 e¢V)
associated with deep donor-states to the valence band (WZ to ZB phase transformation).'**"'**
The PL spectra are consistent with other CdS films grown via CBD with little difference between
WZ and ZB phases.””'*'** A more intense “red band” observed in our samples is likely due to
higher levels of interstitial Cd or S vacancies as a result of excess thiourea used in our reaction

conditions. However, a more detailed temperature dependent study is necessary to further

interpret the spectra.
4.3.5 Effect of Epoxy Substrate on the Growth of CdS as Nanowires

To identify the possibility of growing nanowires of CdS using pillar heads of
microstructured surfaces as the nucleating sites, epoxy substrates with micropillars were coated
with Au/Pd and functionalized with 1-dodecanethiol to promote the adhesion of CdS particles.
When Au/Pd coated epoxy microstructured surfaces were used as the substrates for chemical bath
deposition at pH 10 by varying the deposition time, thin films of CdS was observed covering the

pillars (Figure 4.6).
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Figure 4.6. SEM images of CdS thin films deposited on an Au/Pd coated hexagonal array
of epoxy micropillars synthesized by CBD at pH 10 for 180 min. A) Unwashed and B)
Sonicated samples. Thin films of CdS were observed on the micropillars.

When Au/Pd coated epoxy surfaces were further functionalized with 1-dodecanethiol,
small outgrowths of CdS were observed on the tips of the pillars at 3 h of deposition time (Figure
4.7a) which grew into short, chain-like structures at 6 h. With the longer deposition times (10 h),
long CdS nanowires were seen in some places of the epoxy substrate as shown in Figure 4.7c.

However, compared to the previous studies done with CuS, CdS showed a lower propensity to

grow as long nanowires when using micropillar heads as the nucleating sites.

Figure 4.7. SEM images of CdS deposited at pH 10 on 1-dodecanethiol functionalized, Au/Pd coated
epoxy substrates having micropillars by varying the deposition time to 3 h (a), 6 h (b) and 10 h (¢).
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4.4 CONCLUSION

Chemical bath deposition can be used for the conformal deposition of CdS films on non-
uniform surfaces such as micropillar arrays with dimensions as small asd = 1 pm and h =4 um.
It was demonstrated that both the ZB and WZ crystal structures of CdS are accessible by varying
the pH of the chemical bath. When a large excess of thiourea is present, both the cluster
mechanism and the ion-by-ion mechanism can occur, which results in the possibility of obtaining
either the ZB or WZ crystal structure. pH plays two major roles including affecting the
decomposition kinetics of thiourea as well affecting the Cd**- complex formation. The cluster
(hydroxide) mechanism is favored at pH = 10 since Cd(OH), can form on the surface of the
substrate that leads to a prominent cubic phase. The ion-by-ion mechanism is likely favored at pH
= 8 and results in the hexagonal phase of CdS. Deposition of CdS on the micropillar surfaces is
uniform and conformal with the formation of packed clusters on the micropillars at pH 10 that
form flower-like structures at long deposition times. Smaller crystallites are observed on
micropillar arrays at pH 8 with “net-work™ like structures observed at long deposition times. This
work suggests that the crystal structure of CdS and phase purity can be controlled by maintaining
the pH of the CBD reaction constant at pH = 10 for cubic and pH = 8 for hexagonal crystal

structure.
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CHAPTER V

SUMMURY AND CONCLUSIONS

Chapter II highlights interactions of gold nanorods with HeLa cells in terms of cell
viability and cellular uptake. Gold nanorods with different aspect ratios were synthesized using
seed-mediated method and effect of surface functionalization on the cellular uptake. The toxicity
was also studied by functionalizing the CTAB coated gold nanorods with mPEG molecules.
Studies demonstrated that the cell viability depends on the chemical composition of the
supernatant, especially the free CTAB and the aspect ratio of gold nanorod does not have any
effect. Cellular uptake studies of different aspect ratios of gold nanorods did not show significant
differences from aspect ratio 2.6 to 5.4. However, with aspect ratio 11.5, HeLa cells showed
higher cellular uptake compared to the shorter aspect ratios analyzed. Taken together, it is clear
that not just the aspect ratio plays an important role in cellular uptake of nanorods, the synthesis
protocols, functionalization and purification processes also have a major effect on cellular uptake.

Observations of higher uptake for AR 11.5 Au nanorods having CTAB as the surface coating,
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proves the positive effect of CTAB on cellular uptake, although the free CTAB is toxic to the
cells.In chapter III the metastable phase of gold phosphide was synthesized by reacting gold
nanorods with TOP. Although the pre-synthesized gold nanorods were used to template the size
and shape to the resulting gold phosphide, gold nanorods simply acted as reactants instead of
morphological templates. Our results highlighted that the gold phosphide reaction is sensitive to
the surface capping agent and the TOP/TOPO ratio used. Higher yields Au,P; were obtained with
both CTAB and 1-dodecanethiol stabilized gold nanorods with increased amounts of TOP/TOPO
ratio. Use of weak surface stabilizer such as CTAB on gold nanorods surface exhibited higher
conversion to gold phosphide. Even though lower yields of Au,P; were obtained with 1-
dodecanethiol functionalized gold nanorods, the thiol capping agents generated discrete particles
of Au,P; while reducing sintering and agglomeration. Phase separation and growth of gold
nanoparticles on the surface of Au,P; was also observed during TEM imaging experiments.
During hydrogen evolution reaction (HER) experiments, higher catalytic activity was observed
with Au,P; compared to polycrystalline gold. However, by controlling the size of gold phosphides
particles further and eliminating surface capping agents, an improvement on the catalytic activity

is expected.

In chapter 1V, the effect substrate topography in obtaining different morphologies and
crystal structures of CdS has been studied. This work demonstrated the possibility of obtaining
both the ZB and WZ crystal structures of CdS by varying the pH of the chemical bath. pH plays
two important roles affecting the decomposition kinetics of thiourea as well affecting the Cd*'-
complex formation, which can further affect the deposition mechanism of CdS. At pH = 10 when
the cluster (hydroxide) mechanism is favored prominent cubic phase was observed while forming
packed clusters on the micropillars and flower-like structures at long deposition times. In
contrast, at the pH=8 pure hexagonal phase of CdS was observed due to the presence of ion-by-

ion mechanism at lower pH and smaller crystallites are observed on micropillar arrays with the
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formation of “net-work™ like structures at long deposition times. This work suggests that the
crystal structure of CdS and phase purity can be controlled by maintaining the pH of the chemical

bath.
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