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Acknowledging that the optical properties of noble metal nanocrystals 

(NMNCs) are largely determined by their size, composition, and shape, the demand 

for NMNCs with controlled shapes is expected to increase. To expand the property 

discovery and application development of polyhedral NMNCs, it is pivotal to 

understand the key factors involve in the nucleation and growth processes of NMNCs 

for better control over the crystal facets. Furthermore, to implement polyhedral 

NMNCs into functional devices for applications in such as chemical sensors, 

photovoltaics, and catalysis, it is essential to design cost-effective methods to 

assemble NMNCs into two-dimensional arrays with controlled orientation and 

particle distance. 

This dissertation describes the stability and interaction of molecular species 

formed during the reduction of gold metal precursor, as well as factors that influence 

the formation of nanocrystals with different shapes.  This study suggests that during 



  

the Au reduction step, an intermediate complex is formed. Over time the complex 

degrades decreasing the concentration of gold ions and subsequently slowing down or 

inhibiting the nucleation; thereby, affecting the reproducibility of synthetic methods. 

These findings will provide guidance for the development of more simple, reliable 

methods to control the shapes of the nanocrystals. Additionally, I developed an 

immobilized seed-mediated growth strategy for the fabrication of two-dimensional 

arrays of mono- and bi-metallic polyhedral nanocrystals with well-defined shapes and 

orientations on a substrate. This method relies on the controlled solution-phase 

deposition of gold and palladium metals on a selectively exposed surface of self-

assembled seed nanoparticles that are immobilized on a substrate through collapsed 

polymer brushes. This synthetic approach presents an important addition to current 

tools for the fabrication of substrate-supported functional nanocrystals as new 

materials and devices. 
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Chapter 1: Synthesis, Properties and Applications of Noble 
Metal Nanoparticles  

 
 

           “Nanotechnology is the way of ingeniously controlling the building     
         of small and large structures, with intricate properties; 

 it is the way of the future, a way of precise, building with           
incidentally, environmental benignness built in by design.” 

 
         Dr. Roald Hoffman 

          Nobel Prize in Chemistry  
                                            1981 

1. Noble Metal Nanoparticles 

Noble metal nanoparticles (NPs) have unique physical and chemical 

properties that are dependent on their size1, composition2, and shape3. Upon 

interaction with electromagnetic field, the conduction band electrons of these NPs 

(i.e. Au, Ag,) collectively oscillate, thus exhibiting the so-called localized surface 

plasmon resonance4-6 (LSPR) (Figure1-1). The coupling between light and NPs 

surface plasmons results in optical force enhancement, and localization and 

manipulation of light.  
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Figure 1
Schematic diagrams illustrating (a) a surface plasmon polariton (or propagating plasmon) and
(b) a localized surface plasmon.

provided a fundamental understanding of how plasmons are influenced by local struc-
ture and environment, they also suggested the usefulness of plasmons as a sensing
modality. Today, plasmon spectroscopy enjoys a reputation as an ultrasensitive method
for detecting molecules of both biological and chemical interest, in addition to its con-
tinued role in enabling surface-enhanced spectroscopic methods, including SERS,
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Figure 1-1. Schematic illustration of localized surface plasmon resonance. When NPs 
are excited by an electric field (E0), the free electrons are displaced from the lattice 
and oscillate in resonance with the electric field. Figure adapted with permission from 
Annual Reviews [Ref 6], Copyright 2007. 
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 The LSPR of noble metal NPs has enabled a broad range of their applications 

in different fields such as, photovoltaics7-8, catalysis9-10, sensing11-12 and 

therapeutics13-15. In the field of photovoltaics, Atwater et al.16-17 conducted a study of 

light coupling to a silicon substrate coated with Ag NPs. Ag NPs coated in absorber 

layers scatter and trap sunlight in the photovoltaic cell. Therefore, the increase in the 

effective path of light passing through the semiconductor allows the reduction of 

photovoltaic layer thickness while keeping the optical absorption efficient (Figure 1-

2). Stuart and Hall et al.18-19 reported that dense arrays of plasmonic metal NPs can be 

used to scatter light into Si insulator photodetectors. A 20-fold increase in the infrared 

photocurrent was achieved using such NP arrays. Furthermore, NPs of size 

comparable to the wavelength of light are suitable for enhancing light-matter 

interaction in solid-state lighting (SLL) and hence the efficiency of light-emitting 

diodes20 (LEDs). In this case, NPs arrays serve as optical antennas providing resonant 

amplification and directional radiation. The process can be explained in two steps: 

transfer of energy from an emitter to plasmon modes, and radiative plasmon coupling 

which produces radiation enhancement.  
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guided modes in the semiconductor slab, whereupon the light is 
converted to photocarriers in the semiconductor (Fig. 2c).

As will be discussed in detail in the next section, these three 
light-trapping techniques may allow considerable shrinkage 
(possibly 10- to 100-fold) of the photovoltaic layer thickness, while 
keeping the optical absorption (and thus efficiency) constant. 

Various additional ways of using plasmonic nanostructures to 
increase photovoltaic energy conversion are described in the section 
on other plasmonic solar-cell designs.

Plasmonic light trapping in thin-film solar cells
Light scattering using particle plasmons. Light scattering from 
a small metal nanoparticle embedded in a homogeneous medium 
is nearly symmetric in the forward and reverse directions27,28. This 
situation changes when the particle is placed close to the interface 
between two dielectrics, in which case light will scatter preferen-
tially into the dielectric with the larger permittivity29. The scattered 
light will then acquire an angular spread in the dielectric that effec-
tively increases the optical path length (see Fig. 2a). Moreover, light 
scattered at an angle beyond the critical angle for reflection (16° for 
the Si/air interface) will remain trapped in the cell. In addition, if 
the cell has a reflecting metal back contact, light reflected towards 
the surface will couple to the nanoparticles and be partly reradi-
ated into the wafer by the same scattering mechanism. As a result, 
the incident light will pass several times through the semiconductor 
film, increasing the effective path length.

The enhanced incoupling of light into semiconductor thin films 
by scattering from plasmonic nanoparticles was first recognized by 
Stuart and Hall, who used dense nanoparticle arrays as resonant 
scatterers to couple light into Si-on-insulator photo detector struc-
tures30,31. They observed a roughly 20-fold increase in the infrared 
photocurrent in such a structure. This research field then remained 
relatively dormant for many years, until applications in thin-film 
solar cells emerged, with papers published on enhanced light cou-
pling into single-crystalline Si (ref. 32), amorphous Si (refs 33,34), 
Si-on-insulator35, quantum well36 and GaAs (ref. 37) solar cells cov-
ered with metal nanoparticles.

Although there is now considerable experimental evidence that 
light scattering from metal nanoparticle arrays increases the photo-
current spectral response of thin-film solar cells, many of the under-
lying physical mechanisms and their interplay have not been studied 
systematically. The full potential of the particle scattering concept, 
taking into account integration with optimized anti-reflection coat-
ings, is being studied by several research groups. In recent papers38,39, 
we reported that both shape and size of metal nano particles are key 
factors determining the incoupling efficiency. This is illustrated 
in Fig. 3a, which shows that smaller particles, with their effective 
dipole moment located closer to the semiconductor layer, couple a 
larger fraction of the incident light into the under lying semiconduc-
tor because of enhanced near-field coupling. Indeed, in the limit of 
a point dipole very near to a silicon substrate, 96% of the incident 
light is scattered into the substrate, demonstrating the power of 

a b c
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Figure 1 | Optical absorption and carrier diffusion requirements in a solar 
cell. a, AM1.5 solar spectrum, together with a graph that indicates the solar 
energy absorbed in a 2-μm-thick crystalline Si film (assuming single-pass 
absorption and no reflection). Clearly, a large fraction of the incident light 
in the spectral range 600–1,100 nm is not absorbed in a thin crystalline Si 
solar cell. b, Schematic indicating carrier diffusion from the region where 
photocarriers are generated to the p–n junction. Charge carriers generated 
far away (more than the diffusion length Ld) from the p–n junction are not 
effectively collected, owing to bulk recombination (indicated by the asterisk).

Figure 2 | Plasmonic light-trapping geometries for thin-film solar cells. a, Light trapping by scattering from metal nanoparticles at the surface of the solar 
cell. Light is preferentially scattered and trapped into the semiconductor thin film by multiple and high-angle scattering, causing an increase in the effective 
optical path length in the cell. b, Light trapping by the excitation of localized surface plasmons in metal nanoparticles embedded in the semiconductor. 
The excited particles’ near-field causes the creation of electron–hole pairs in the semiconductor. c, Light trapping by the excitation of surface plasmon 
polaritons at the metal/semiconductor interface. A corrugated metal back surface couples light to surface plasmon polariton or photonic modes that 
propagate in the plane of the semiconductor layer.

 
Figure 1-2. Schematic illustrating light trapping by scattering from metal NPs in a 
solar cell. Figure adapted with permission from Macmillan Publishers Ltd: Nature 
Materials [ Ref 17], copyright 2010.  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2. Shapes of Noble Metal Nanoparticles  

  The allure of noble metal NPs arises from the tunability of optical properties 

by varying geometric shapes.21-23 The shapes of noble metal NPs are largely 

dependent on two major structural factors: crystallinity and surface facets24-26. Take 

Au and Ag noble metal NPs as an example, the crystallinity of NPs is determined at 

the nucleation stage, where seeds acquire face-centered cubic (fcc) lattice, which can 

be single-crystalline, poly-crystalline, or multiply-twinned (i.e crystal twin defects). 

In a single-crystalline NP, the atoms are arranged in a periodic manner throughout the 

entire NP, without grain boundaries. On the contrary, NPs with multiple twin defects 

are composed of two or more inter-grown crystals with mirror symmetry to each 

other. Depending on growth conditions, seed NPs with the same internal structure (i.e 

single-crystalline or multiply-twinned) can evolve into nanocrystals (NCs) with 

different polyhedral shapes (e.g., cubic, octahedral, or cuboctahedral polyhedrons).  

Like conventional crystals, NCs have an internal regular lattice by which 

atoms organize based on the unit cell forming the facets of NCs27-28. The crystal 

facets are described in terms of the orientation of the facet with respect to the unit 

cell, {h,k,l}, known as Miller Indices.  The three main low-index facets in fcc are 

{100}, {111}, and {110}. These three crystal facets constitute the faces, which 

bounded together give NCs specific polyhedral shape. For instance, cuboctahedral 

NCs are composed of eight triangular {111} facets and six square {100} crystal facets 

(Figure 1-3).  
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Figure 1-3. 3D models showing the eight triangular {111} and six square {100} 
crystal facets of a Au cuboctahedron in three different orientations. 
 

The polyhedral shape of NCs is commonly attributed to the relative growth 

rate of the faces29 (Equation 1.1). 

R= A (Δµ/kT)2                                                  Eq. 1.1 

where R is the growth rate of a crystal facet, A is a constant, µ is the difference in the 

chemical potential of solution and solid phase, k is the Boltzmann constant, and T is 

temperature. Crystal facets of large R disappear, while those facets with small R 

increase in size to reach an equilibrium state with minimal surface energy (γ). 

According to Wulff’s surface energy theory, the combination of all crystal facets 

should be considered to determine the total minimum surface energy of the crystal30. 

For Au single crystalline seeds, depending on the growth conditions, the rate of 

growth can favor either {100}, {111}, or reach equilibrium between both crystal 

facets to produce octahedrons, cubes, and cuboctahedrons, respectively. 
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A classic example about the optical properties of noble metal NPs is the 

enhanced local electromagnetic field, which enables sensitive surface-enhanced 

Raman spectroscopy (SERS) detection of Raman active molecules. The enhancement 

of SERS signals is strongly dependent on the shape of plasmonic NPs. Au cubes can 

enhance the localized electromagnetic field at the eight vertices.31-33 Murphy et al.34 

investigated the edge corner effect of shaped Au NCs on their performance in 

surface-enhanced Raman spectroscopy (SERS) detection. Au NCs with cubic, 

spherical, and trisoctahedral shapes were used to trap methylene blue, a Raman-active 

molecule, by coating the surface with polyelectrolytes (Figure 1-4). Experimental 

study of these NP suspensions revealed that Au cubes and spheres exhibited the 

SERS signal intensity of 5.63 ± 0.56 x 103 and 0.87 ± 0.52 x 103 counts, respectively. 

Finite Element Simulation (FEM) was performed to correlate the SERS signal 

intensity to the morphology of NCs. A comparison between experimental and 

computational studies suggests that the largest enhancement in Au cubes arises from 

electromagnetic enhancement at the sharp corners.  
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software package (COMSOL Multiphysics 4.2). Bulk gold
optical constants were obtained from Johnson and Christy.23

Cubes, spheres, and trisoctahedra were simulated in a three-
dimensional scattering domain (Figure 4). Electromagnetic
enhancement is quantified by a factor G where it is assumed that
the Stokes’ shifted wavelength of Raman scattered light is
negligible: G = |E(λinc)|2·|E(λinc + δλ)|2 ≈ |E(λinc)|4. Assuming
submersion in water (n = 1.33), cubes were modeled with an
edge length of 54 nm, spheres with a diameter of 46 nm, and
trisoctahedra with an effective diameter of 52 nm, corresponding
to the average dimensions measured in TEM. The polyelec-
trolyte layers were not included in the simulation. Furthermore,
we neglect any chemical enhancement effects, as they are
expected to be minimal with our chosen reporter molecule.
Corner roundness was empirically determined from TEM image
analysis using ImageJ software developed at the National
Institutes of Health (Figure 1). As expected from the lightning
rod effect, nanostructures with the sharpest corners have the
highest enhancement factor G. Despite having more corners,
trisoctahedra are relatively smooth as compared to the edges of
gold nanocubes.
Surface integration of |E|4 normalized to nanoparticle surface

area reveals cubes have a 2.5× greater field strength as compared
to trisoctahedra and spheres. The observed Raman intensity,
however, of cubes is over 5× greater than that of spheres.
Trisoctahedra have an observed intensity greater than 4× that of
spheres. Therefore, we suggest that the primary mechanism of
enhancement is due to the lightning rod effect because of the
sharp edges and corners that exist on the cubes and trisoctahedra.
Differences in the simulated versus experimental data arise from
variability in the molecular trap coating process. In the absence of
definitive imaging results, we propose that the polyelectrolyte
coating process uniformly deposits over the entire surface of each
nanoparticle shape. However, molecules positioned at corners or
edges may be displaced farther from the surface than molecules
trapped near smooth features. Mismatch between theory and
experiment is likely due to the difficulties in determining the
positions of reporter molecules.
The quantitative approach to ensemble SERS measurements

presented here demonstrates a novel method to compute
observed Raman intensity using a spontaneous Raman
calibration curve. In combination with reporter molecule and
gold nanoparticle quantification, we have demonstrated that gold
nanocubes have the highest SERS signal relative to trisoctahedra
and spheres. Trisoctahedra bearing high-index facets such as
(221), (331), and (441)24 are of particular interest due to their
increased chemical reactivity.25 Future work will involve studying

the binding density and binding sites available to SERS-active
molecules on high-index nanostructures.
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corresponding transmission electronmicrograph (TEM) images.
Each synthetic step was verified using zeta potential measure-
ments to indicate successful wrapping.
The far-field optical properties of the colloidal suspensions are

nearly identical as shown in the experimental electronic
absorption spectra (Figure 2). Recently, we have demonstrated
a dependence on realized signal for in-suspension measurements
due to an interrelationship between localized surface plasmon
resonance (LSPR) and laser excitation wavelength.16 Nano-
particle suspensions were synthesized with similar LSPR maxima
to minimize these effects. Here, four independently synthesized
batches of cubes, spheres, and trisoctahedra had LSPRmaxima at
543, 537, and 529 nm, respectively, to maximize the signal for
785 nm excitation.16 Characterization with TEM revealed the
average size of each shape to be 54.3± 3.35, 46.54± 6.7, and 52.3
± 5.8 nm for cubes, spheres, and trisoctahedra, respectively. The
average number of reporter molecules (methylene blue) per
nanoparticle shape were quantified with ESI-LC-MS against
known concentrations of reporter standards (see Experimental
Section). On average, there were between 1200 and 2400
molecules per gold nanoparticle. Both experimental17 and
theoretical18 reports typically assume monolayer coverage of
Raman-active molecules. With an assumed molecular profile of
0.66 nm2/molecule for methylene blue,19 the expected
monolayer coverage was over 10 000 molecules per nanoparticle.
In all cases, each nanoparticle shape had less than 25% coverage
(Figure 2(d)).
Quantitative comparison of SERS data was performed by

measuring the spontaneous Raman intensity of methylene blue
in water with 25−400 μM concentrations. All measurements
were acquired with exactly the same laser power, acquisition
times, and laser configuration used for SERS measurements.
From these data, a spontaneous Raman calibration curve was
constructed via integration of the band at ∼1625 cm−1 (Figure
3). Due to conformational changes in the methylene blue
molecules during the binding process, SERS signal intensity was
quantified at 1616 cm−1. SERSmeasurements were performed in

aqueous solution on nanoparticle ensembles at an average
concentration of 0.074, 0.12, and 0.17 nM for cubes, spheres, and
trisoctahedra, respectively.
An observed Raman intensity (Table 1) may be calculated

from extrapolation of the spontaneous Raman calibration curve

such that: Observed Raman Intensity = (SERS1616 − 12 472)/
157NconcMmolec where Nconc is the average concentration of gold
nanoparticles and Mmolec is the average number of reporter
molecules per nanoparticle. The slope m = 157 and the y-
intercept b = 12 472 were determined from linear regression of
the spontaneous calibration curve. The indicated error
corresponds to the averaged standard deviation of reporter
molecules per sample as determined by ESI-LC-MS. Gold
nanocubes have the highest observed intensity of 5.63 × 103.
Nanostructures with high radii of curvature concentrate

optical fields through the so-called “lightning rod” effect of
SERS.20 Recent computational studies have emphasized the
importance of edge effects in SERS-based measurements.21,22

We performed FEM electromagnetic simulations to visualize
edge effects on nonspherical geometries. In contrast to other
popular techniques such as FDTD and DDA, FEM utilizes
adaptive meshes rather than cubic grids, subsequently improving
near-field accuracy as well as significantly decreasing solver
time.18 All calculations were performed using a commercial

Figure 3. (a) Spontaneous Raman calibration curve of the ∼1625 cm−1 band of methylene blue (black dots), compared to the same concentration of
methylene blue bound to gold nanospheres (red square), gold trisoctahedra (blue square), and gold nanocubes (green square). Error bars correspond to
the standard deviation of nanoparticle concentration and reporter molecules per nanoparticle as determined by ICP-MS and ESI-LC-MS, respectively.
Top left inset: spontaneous Raman spectra (between 1600 and 1650 cm−1) of varying concentrations of methylene blue in water (25−400 μM). Bottom
right inset: Example spectra calculated from the spontaneous Raman calibration curve with an assumed 0.12 nM gold nanoparticle concentration and
1800 reporter molecules per nanoparticle. (b) Methylene blue molecules experience a conformational change during the trap-coating process, resulting
in a slight shift in the observed Raman band. Ramanmeasurements of freemethylene bluemolecules (vertical bar at 1625 cm−1) versus surface-enhanced
trap-coated methylene blue molecules are shown (cubes, green; trisoctahedra, blue; spheres, red).

Table 1. Observed Raman Intensity of Each Nanoparticle
Shapea

nanoparticle shape observed Raman intensity

cubes 5.63 ± 0.56 × 103

spheres 0.87 ± 0.52 × 103

trisoctahedra 4.01 ± 0.20 × 103

aIntensity values were determined from extrapolation of the
spontaneous Raman calibration curve of methylene blue with SERS
measurements normalized to nanoparticle concentration (determined
by ICP-MS) and the average number of reporter molecules per
nanoparticle (determined by ESI-LC-MS).
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Figure 1-4 a) Schematic illustrating the loading of methylene blue (orange crosses) 
around Au cubes, spheres, trisoctahedrons coated with polyelectrolytes (purple and 
red lines) and their corresponding SEM images. b) Raman spectra for methylene blue 
bound to Au cubes (green line), spheres (red line), trisoctahedron (blue line). c) From 
left to right, electric field distribution of cube, sphere, trisoctahedron. Figure adapted 
with permission from American Chemical Society [Ref 34], Copyright 2013.  
 

Concurrently, the crystal facets of NCs determine their catalytic properties 

due to their facet surface energies. For instance, Wang et al.35 studied the effect of 

crystal facets of Au NCs on their performance as cathode catalysts in lithium-oxygen 

batteries. Au cubic NCs enclosed by {100} facets, truncated octahedral NCs enclosed 

by {100} and {111} facets, and trisoctahedral NCs enclosed by 24 high-index {441} 

facets showed catalytic performance toward oxygen reduction and oxygen evolution 
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reaction in lithium-oxygen batteries. The Au NCs with different crystal facets {100}, 

{111} and {441} reduced the reaction energy of Li and O atoms by 4.00, 3.81, and 

1.63 J m-2, respectively. The {411} crystal plane had the highest surface energy of 

2.55 J m-2 and provided more reactive sites for interaction with Li and O atoms, thus 

resulting in the lowest charge overpotential (~0.9 V) and the highest reversible 

capacity (~ 20,298 mA h g-1).  

3. Synthesis of Noble Metal Nanocrystals 

Wet-chemical synthesis of NCs relies on the reduction of metal precursor in 

solution phase36. The synthesis of NCs is commonly divided in two main steps: 

nucleation and growth. Experimentally, nucleation and growth can take place 

independently (i.e., in different reaction media), or consecutively (i.e., in the same 

reaction medium). When the nucleation and growth occurs in different reaction 

medium, the synthetic method is known as seed-mediated growth37-38. This method is 

based on heterogeneous nucleation, where growth of metal occurs on top of pre-

synthesized seeds. By isolating the nucleation phase from the growth phase, multiple 

nucleations are avoided during the growth step. This is because heterogeneous 

nucleation has lower energy barrier than homogeneous nucleation39.  Solutions with 

seeds and high concentration of metal precursor, atoms will prefer to deposit on the 

seeds rather than forming new nuclei (Figure 1-5a). Therefore, in a growth solution, 

all the metal precursor will be used for the growth of the pre-existing seeds. Seed-

mediated growth method is commonly used to fabricate NCs of different shapes like 

Au nanorods40 (This method is explained in detail in chapter 2). Another traditional 

method is the one-pot synthesis method, which relies on homogeneous nucleation41-42. 
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In this method, nucleation and growth occur consecutively in the same reaction 

medium. In the case of homogeneous nucleation, the nucleation depends on the 

concentration of the reduced metal to be used to form the seeds. This concept is 

supported by LaMer’s nucleation study43-44. According to LaMer’s nucleation 

mechanism, the experimental conditions to obtain monodisperse nucleation is to 

achieve a high rate of nucleation to burst of nuclei formation by reaching 

supersaturation of ions or atoms (Figure 1-5b). Homogeneous nucleation is 

commonly used in the one-pot synthesis to fabricate Au nanoparticles with spherical 

shapes45-46.  

reaction temperature) is needed for heterogeneous than for
homogeneous nucleation (Figure 4b). As a preventative
measure, supersaturation can be treated as the upper limit
to protect against the formation of additional seeds from
homogeneous nucleation during seed-mediated growth.

3. Technical Challenges and Their Solutions

Although the concept of seed-mediated growth may
sound very simple and straightforward, its successful oper-
ation critically depends on our ability to handle a number of
challenges. The first and most important is to have tight
control over all the reaction parameters, because even
a minor variation to the reaction conditions can sometimes
result in unexpected products. To this end, it is critical to
properly clean the reaction container and stir bar to prevent
impurities or possible side reactions from affecting the
outcome of a synthesis. It is equally important to pay
attention to the purity of reagents involved in a synthesis.
Next, it is important to choose a proper set of experimental
parameters, including the type and concentration of the seed/
precursor/reductant, temperature, pH value, and the injection
rate. When designing a seed-mediated synthesis, one must
also bear in mind the possible issues discussed in the following
sections.

3.1. Occurrence and Prevention of Homogeneous Nucleation

As discussed in Section 2, the lower energy barrier to
heterogeneous nucleation makes seed-mediated growth more

favorable than homogeneous nucleation. If the monomer
concentration exceeds the threshold for homogeneous nucle-
ation, however, both homogeneous and heterogeneous nucle-
ation can occur concomitantly, thereby resulting in the
formation of nanocrystals with diverse sizes, shapes, mor-
phologies, and internal structures. This problem can be solved
by maintaining the driving force sufficiently low so as to
prevent homogeneous nucleation but high enough to allow
heterogeneous nucleation and thus maintain growth. To
achieve this goal, the reduction kinetics have to be precisely
controlled to keep the concentration of monomers between
these two thresholds. Since the reduction involves collisions
between a precursor and a reductant, the kinetics can be
assumed to take a second-order rate law [Eq. (6)], where k
depends on the pre-exponential factor (A), the activation
energy (Ea, a parameter related to the nature of both the
precursor and reductant), and temperature (T) according to
the Arrhenius equation [Eq. (7)].

v à k Redâ äMnáâ ä Ö6Ü

k à A eˇEa= RTÖ Ü Ö7Ü

When the types of reagents and temperature involved are
fixed, Equation (6) indicates that the reduction rate can only
be varied by adjusting the concentrations of the precursor. A
syringe pump can be used to tightly control the injection rate
of the precursor into a suspension of seeds, thus allowing one
to easily manipulate the reaction kinetics (Figure 5 a).[36]

When the reductant is supplied in excess, its concentration
should remain relatively constant throughout the synthesis
and so the instantaneous precursor concentration (Ct) at
time t can be modeled using pseudo-first-order kinetics. If the
volume of precursor solution added is negligible relative to
the total volume of the growth solution, Ct can be calculated
from Equation (8), where N represents the total number of
droplets (with an initial concentration of Co) that have been
added at a time increment of t. The rate constant k depends
on the nature of the precursor and reductant, and it can be
derived experimentally from spectroscopy or inductively
coupled plasma mass spectrometry (ICP-MS) measurements.

Figure 4. a) Two different nucleation modes: homogeneous nucleation
(top) in the reaction solution and heterogeneous nucleation (bottom)
on the surface of a seed. b) Plot showing the change in Gibbs free
energy as a function of size for homogeneous nucleation (yellow line)
and heterogeneous nucleation (blue line).

Figure 5. a) Dropwise injection of a precursor (Mn+) solution into
a mixture containing seeds. The droplets were added at an interval of
t, with each droplet containing a given number Co of precursor ions.
b) Plot showing the number of precursor ions normalized to the
number of seeds as a function of reaction time. Modified from Ref. [36]
with permission. Copyright 2015 American Chemical Society.
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1), the positive surface energy increase is higher, thus pushing
the system toward dissolution: growth is unfavorable. Above rc,
the negative volume energy decrease is higher; thus, growth is
favored.
Figure 1 shows the evolution of the Gibbs free energy of a

cluster. The energy barrier ΔGc corresponds to ΔG at rc. Once

this energy barrier is overcome and the critical radius reached,
stable clusters form in solution: the nuclei. These nuclei can
further grow through heterogeneous nucleation.
Indeed, the surface energy necessary for nucleation is lower

at phase boundaries, which become so-called nucleation sites.
Therefore, once the nuclei are formed, subsequent nucleation
occurs preferentially on the present nuclei. However,
homogeneous nucleation is still possible and can occur in the
same time as heterogeneous nucleation. The concept of burst
nucleation was introduced by Victor LaMer and relies on the
separation of nucleation and growth of the nanoparticles. In
order to achieve efficient separation, the idea is to produce all
nuclei at the same time and let growth happen only later. Figure
2 describes the evolution of the concentration of monomers

versus time, showing the mechanism of the burst nucleation: in
phase I, either because of a swift injection of precursors or
because a critical temperature is reached, the precursors convert
into monomers whose concentration increases. The super-
saturation is reached at a concentration CS; however, the energy
barrier to start nucleation still has to be overcome. In phase II,
the saturation keeps increasing to reach a concentration Cmin at
which the activation energy is overcome: homogeneous
nucleation can occur. This nucleation is very fast, hence the
name “burst nucleation”. Due to the nucleation, the
concentration of monomers drops, decreasing the saturation
and therefore ending the nucleation step. In phase III,
nucleation has stopped and the remaining monomers will
only attach to the existing nuclei to grow the NPs.
The NP will grow in such a way to reduce its surface energy,

which is the limiting parameter, already present in the
nucleation step. Historically, in 1874,38 Gibbs suggested that
the shape of a crystal is dictated by the minimization of the total
surface energy. Therefore, the shape of crystals (and nano-
crystals, as it has been shown that the equilibrium shapes of the
macroscopic crystals and nanocrystals are the same when they
have the same chemical composition39,40) is therefore not
dictated by the minimum total surface (which is a sphere) but
depends strongly on crystalline facets. The final equilibrium
shape will be dominated by the facets with the lowest surface
energies. In 1901, Wulff41 assumed that the surface free energy
of a crystal depends on the facet’s crystallographic orientation:
the shape of the NP is then determined by the crystallographic
nature of the expressed facets with low surface energy. In
isotropic phases, this turns out to be a sphere, but for NPs
which express different facets, the shape may be more complex
than the mere spherical shape. An easy construction method
that allows one to determine the equilibrium shape of NCs has
been developed by Wulff and is called the Wulff construction.41

It requires knowing the energy needed to create a surface of
unit area in the directions normal to the atomic planes (hkl)
(which is the direction of the vector [hkl]) γhkl. This energy is
roughly proportional to the number of broken bonds on a
surface: due to smaller distances between atoms on facets with
high coordination such as close-packed facets, those facets have
less dangling bonds per area unit, lowering the surface energy
compared to facets with more dangling bonds. When this
energy is known, after choosing a set of axes, one can plot the
plane normal to [hkl] at a distance c·γhkl (where c is a constant)
of the origin of the axes. The same operation is repeated for all
(hkl) planes, and the geometrical shape lying inside all plotted
lines corresponds to the shape with the minimal total free
energy.40,42 Figure 3 presents an example of the Wulff
construction for an orthorhombic structure, with γ100 = γ110 =
1/2γ010, knowing that all other (hkl) planes have much higher
surface energies. The equilibrium shape in this condition is a
rod-like prism, which is indeed found experimentally for some
orthorhombic structures such as aragonite CaCO3.

43,44

For a face-centered cubic (fcc) structure, the surface energies
can be estimated as follows: γ100 = 4(ε/a2), γ110 = 4.24(ε/a2),
and γ111 = 3.36(ε/a2), where ε is the bond strength and a is the
lattice constant.2 Thus, the surface energies can be ordered γ111
< γ100 < γ110, showing that the NC should adopt a shape to
favor (111) facets. However, not only is the surface energy
important but also the surface area needs to be taken into
account, and the NC will tend to minimize it too, resulting in
truncated octahedrons enclosed by (111) and (100)
facets.45−48

Figure 1. Evolution of the Gibbs free energy of a cluster versus its size
(black curve). The evolution of the two terms in the Gibbs free energy
equation is also shown: the volume (or bulk) energy (blue curve) and
the surface energy (red curve). The critical radius rc and the activation
energy ΔGc are also presented. Adapted from ref 37. Copyright 2015
The Royal Society of Chemistry.

Figure 2. Evolution of the monomer concentration vs time according
to LaMer’s theory of burst nucleation. Adapted from ref 37. Copyright
2015 The Royal Society of Chemistry.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00164
Chem. Rev. 2016, 116, 10934−10982

10936

b) a) 

Figure 1-5. (a) Schematic showing the difference between homogeneous and 
heterogeneous nucleation. (b) Plot of monomer concentration as function of time 
showing the critical supersaturation that can lead to nucleation and subsequently 
growth of NCs. Figure (a) adapted with permission from John Wiley and Sons [Ref 
39], Copyright 2017. Figure (b) adapted from Ref [44] Open Access figure under a 
Creative Commons Attribution 3.0 International License. 
 

Mono-metallic NCs (e.g., Au and Ag) have been extensively studied for 

developing plasmonic-based materials47-49. In contrast, bimetallic NCs composed of 

two distinct metals exhibit enhanced photocatalytic properties50-52. The enhancement 

could be due to the coupling between the catalytic and optical properties of different 

compositions within such NCs. Bimetallic NCs can exist in different forms, such as 
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core-shell, dumbbell-like, etc. As in the core-shell form, the inner core metal (M1) is 

coated with a shell made of (M2) and the resulting NCs is typically denoted by 

M1@M2.   

Core-shell NCs have shown broad applications in catalysis, light harvesting, 

and sensing.51, 53 For instance, Au@Pd core-shell nanospheres are attractive for 

catalysis. Yamashita et al.54 designed Au@Pd NCs supported on a metal organic 

framework to catalyze the dehydrogenation of formic acid to produce H2 gas under 

visible light irradiation and room temperature (Figure 1-6). In this system, constituent 

Au islands absorb visible light and create hot electrons that are transferred to Pd, thus 

enhancing the catalytic property of Pd.  

ance. After absorption of visible light by Au, an energetic
conduction electron is formed. This energetic electron transfers
from Au to Pd due to the charge heterogeneity that exists in the
abrupt atomic interface between Au and Pd, promoting the
formation of electron-rich Pd.36,40,47 Reducing the abrupt
atomic interface by physically mixed Au/UiO-66(Zr85Ti15) and
Pd/UiO-66(Zr85Ti15) precludes electron transfer between Au
and Pd, leading to a small enhancement of the catalytic activity,
as shown in Figure 3. Therefore, integration of a Au@Pd
nanoparticle and photoreactive Ti-doped MOFs can allow the
light energy to be harvested by the plasmonic component and
photoreactive support to be utilized by the catalytic
component.
The promotional role of weakly basic −NH2 groups within

the support in achieving high catalytic activity has previously
been reported in both homogeneous and heterogeneous
systems, in which the −NH2 groups are cooperatively involved
in the reaction pathway.15,25,48 Table 1 summarized the results
for the kinetic isotope effect (KIE) by using HCOOD,
DCOOH, and HCOOH, and Scheme 1 proposes the possible

reaction pathway for visible light-enhanced H2 production from
FA by using Au@Pd/UiO-66(Zr85Ti15). The kH/kD values
using HCOOH and HCOOD were equal to 1 both under dark
conditions and visible light irradiation, which clearly suggests
that a large amount of weakly basic −NH2 groups have a
positive effect on O−H bond dissociation, in which the weakly
basic −NH2 groups act as a proton scavenger to form −+HNH2
and a Pd-formate intermediate (step 1). The Pd-formate
species then undergoes C−H bond dissociation to afford CO2

and a Pd-hydride (Pd-[H]−) species (step 2). Finally, the
reaction of hydride species with −+HNH2 produces molecular
hydrogen, following regeneration of the metal species (step 3).
The kH/kD values obtained from competitive reaction of
HCOOH and DCOOH under visible light irradiation were
smaller than those obtained under dark conditions, which
suggested that rate-determining C−H cleavage from the Pd-
formate intermediate to release H2 is facilitated by the
electronic Pd. After visible light absorption by plasmonic
Au@Pd nanoparticles and photoactive MOFs, the photo-
generated electrons migrate to the Pd active site. Such an
electron-rich Pd species significantly facilitates C−H bond
cleavage from the Pd-formate intermediate.15,23,49,50 Mean-
while, FA serves as an electron donor,51,52 which donates
electrons to the electron-deficient organic linkers and Au to
continue the photoassisted H2 production from FA. On the
basis of KIE study, it is reasonable to conclude that the
synergistic effect of the weakly basic amine groups within
MOFs and the LSPR effect of Au@Pd nanoparticles and
photoactive MOFs induced electronically promoted Pd species,
which accounts for its high catalytic activity.
In summary, the integration of plasmonic Au@Pd nano-

particles and Ti-doped MOFs bearing −NH2 functional groups
affords a highly effective light energy harvesting system to be
used for boosting room-temperature hydrogen production from
FA dehydrogenation under visible light irradiation without any
additives. As expected, plasmonic Au@Pd-supported MOFs
showed much better catalytic performance under visible light
irradiation as compared to those under dark conditions. The
change in the charge density of the Pd surface caused by charge
separation derived from LSPR and photoactive MOFs plays
important roles in promoting the dissociation of the C−H
bond. On the other hand, the basic −NH2 groups within the
nanopores of MOFs have a positive effect on the O−H bond
dissociation, and the cooperation of the amine functionality
within the MOF structure and electron-rich Pd is responsible
for the high catalytic activity. This study supplies a platform to
design other plasmonic materials based on MOFs for efficient
catalytic reactions under various light environments.
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Table 1. KIE in the Decomposition of FAa

catalyst FA reaction rate (μmol·min−1) kH/kD
Au@Pd/UiO-66(Zr85Ti15)

b HCOOH 0.96
HCOOD 0.96 1.00
DCOOH 0.2 4.8

Au@Pd/UiO-66(Zr85Ti15)
c HCOOH 1.82

HCOOD 1.79 1.02
DCOOH 0.55 3.31

aReaction condition: 0.02 g of catalyst, 5 mL of H2O, 0.15 mL of FA, Ar atmosphere, bIn the dark. cUnder light irradiation.

Scheme 1. Possible Reaction Pathway for Visible Light-
Enhanced H2 Production from FA Decomposition by Au@
Pd/UiO-66(Zr85Ti15) Proposed under Visible Light
Irradiation
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absorption.42 As shown in Figure S3, the Au−Au interatomic
distance of Au@Pd/UiO-66(Zr85Ti15) is longer than that of
Au@Pd/UiO-66(Zr100), indicating that Ti dopants enhance the
electron density of Au. A possible explanation for the red shift
is that the dielectric constant of the MOFs changed after
doping with Ti species in MOFs because the plasmonic
absorption position of Au is highly dependent on the dielectric
constant of the support.43

To determine whether Ti ions are successfully doped in the
nodes of MOFs, the local structures of the Ti-oxide species
were investigated by spectroscopic methods. Figure S4 shows
Ti K-edge XANES spectra of UiO-66(Zr85Ti15) and reference
TiO2. TiO2 displayed well-defined pre-edge peaks from 4960 to
4975 eV attributed to transitions from the 1s core level of the
Ti atom to three different kinds of molecular orbitals (1t1g, 2t2g,
and 3eg) of TiO2 having octahedral geometry. In the case of
UiO-66(Zr85Ti15), a characteristic and sharp pre-edge peak
located at around 4970 eV was observed, which can be assigned
to the surrounding oxygen atoms, indicating that the Ti-oxide
moieties have tetrahedral coordination in the nodes of MOFs.
In the Fourier transforms of EXAFS data, TiO2 showed an
intense peak at around 1.8 Å and a broad peak ranging from 2.0
to 3.0 Å, which correspond to neighboring oxygen atoms (Ti−
O) and a contiguous Ti−O−Ti bond, respectively. On the
other hand, only a strong peak at around 1.8 Å was observed,
which is assignable to neighboring oxygen atoms (Ti−O). No
broad peak ranging from 2.0 to 3.0 Å was observed for UiO-
66(Zr85Ti15), indicating the absence of a contiguous Ti−O−Ti
bond for the sample of UiO-66(Zr85Ti15). These results clearly
revealed that titanium oxide species exist in an isolated and
tetrahedrally coordinated state in the nodes of MOFs, without
forming aggregated TiO2.
Figure 2a presents low-magnification TEM images of Au@

Pd/UiO-66(Zr85Ti15). Au@Pd nanoparticles with a mean size
of 7.3 nm can be clearly observed on MOFs without significant
agglomeration, suggesting that Au@Pd nanoparticles were well
distributed on the surface of MOFs, which is due to the large
surface area of MOFs manipulating the nucleation and growth
of metal nanoparticles. Figure 2c displays the HAADF-STEM
image of an individual Au@Pd nanoparticle, in which the dark
shell and bright core suggested the formation of a core−shell
structure. It should be noted that two types of crystal lattice
were observed on the metal nanoparticle; the shell interplanar
fringes were determined to be 2.78 and 1.58 Å, which is
ascribed to the crystal lattice of the (101) and (21−1) planes of
Pd. Therefore, the exposed facet of analyzed nanoparticles was
measured to be Pd {1−3−1}. The core interplanar fringes of
the nanoparticle were determined to be 2.01 Å, which is
ascribed to the crystal lattice of the (200) planes of Au. This
result indicates that the Au core is covered by the Pd shell. In
order to further determine the distribution of Pd and Au
elements in an individual Au@Pd nanoparticle, the HAADF
image of the Au@Pd nanoparticle and the corresponding
element mapping images are shown in Figure 2f,g; the Pd-L
signals are weak in the core part and strong in the shell part,
whereas the signal of Au-L in the center part is stronger than
that in the periphery part, which clearly suggests that the Pd
mainly existed in the shell part. The EDX line scan profile also
suggests the core−shell structure of the metal nanoparticle,
where the Pd signal is detected on the surface of the
nanoparticle and the Au signal is detected in the core of
nanoparticle. The presence of uniform Pd and Au in this

individual nanoparticle was consistent with the formation of the
proposed core−shell structure.
Catalytic activity was tested by H2 production through FA

dehydrogenation. The reaction was carried out by stirring the
catalyst (0.01 g) in 0.2 mL of FA and 4.8 mL of water under an
Ar atmosphere. Figure 3 summarizes the produced H2 amount
during 2 h of reaction in the dark (black bars) or under visible
light irradiation with a Xe lamp (gray bars). No significant
reaction occurred over Au/UiO-66(Zr85Ti15) without Pd

Figure 2. (a) Low-magnification TEM image of the Au@Pd/UiO-
66(Zr85Ti15), (b) size distribution diagram of Au@Pd/UiO-
66(Zr85Ti15), (c) HAADF-STEM image of an individual Au@Pd
nanoparticle, (d,e) magnified cross sections of the image, and (g,h)
high-magnification EDX spectra of Pd and Au for an individual
Au@Pd nanoparticle. The cross-sectional EDX line profile was
obtained on a single Au@Pd core−shell nanoparticle.
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b) a) 

 
Figure 1-6. Schematic showing the proposed reaction pathways for enhanced H2 
production from Au@Pd NCs supported on metal organic framework. (b) High-
magnification EDX spectra of Au@Pd NCs with elemental mapping for Pd and Au. 
Figure adapted with permission from American Chemical Society [Ref 54], 
Copyright 2017. 
 

The shape, size, and composition of noble metal NCs are crucial to their 

properties and applications. In the past decade, great progress has been achieved in 

the fabrication of monodisperse Au polyhedral NCs with controlled shape55-60. 

However, it is a notorious method since the outcome of the synthesis varies 
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drastically from one laboratory to another. This is largely due to the lack of a 

comprehensive understanding of the synergic reaction between reagents, which can 

negatively impact the nucleation and growth of NCs. Therefore, there is an urgent 

need to further improve the existing solution-based methodologies, in order to 

fabricate high-quality Au polyhedral NCs in a reproducible manner.  

In chapter 2, we discuss experimental parameters that influence the nucleation 

and crystal growth in the one-pot method to fabricate Au NCs with cubic, octahedral, 

and cuboctahedral shapes. We propose that a Au complex intermediate is formed 

during the reduction of Au metal precursor and the deprotonation of the complex 

leads to onset of nucleation. This finding offers new insights into the one-pot and 

seed mediated growth methods of shaped NCs. 	

4. Properties and Applications of Noble Metal Nanocrystals Ensembles  

Controlling the organization of noble metal NCs in one, two, or three 

dimensions (i.e., 1D, 2D, 3D) is important for creating novel functional materials 

with applications in photonics, catalysis, and medical diagnosis and therapy.32, 61-62 

The organization of Au NCs leads to new or collective optical properties due to the 

strong surface plasmon coupling between neighboring NCs.63-65 When two or more 

Au NCs are in proximity to each other, the plasmonic modes of the NCs couple and 

enhanced optical fields. For instance, the plasmonic coupling arising from 3D 

hierarchical assemblies have received great attention to design medical diagnostic and 

therapeutic treatments of tumors.57, 66-68 Nie et al.69 designed a multifunctional 

theranostic platform based on photosensitizer-loaded vesicular assemblies of Au NPs 

for cancer imaging and treatment (Figure 1-7). The Au NPs modified with thio-
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terminated block copolymer self-assembled into photosensitizer Ce6-loaded vesicles 

composed of a monolayer membrane of Au NPs. The vesicles showed a strong 

absorbance in the NIR range of 650-800 nm due to the plasmonic coupling between 

NPs, facilitating their biomedical applications. The Ce6-loaded Au vesicles were 

injected in a tumor and irradiated with 671 nm laser. Heat was produced and Au NP 

vesicles dissociated to release the payload. Cancer cells were killed through the heat 

and reactive species generated by reacting photosensitizer Ce6 with oxygen in tissues. 
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and PSs.12,27 The sequential irradiation prolongs
the treatment time and requires precise alignment
of the two light beams. Therefore, there still
remains a grand challenge to develop a simple yet

effective strategy for simultaneous synergistic PDT/PTT
treatment.
Here we report the design of multifunctional photo-

sensitizer Ce6-loaded plasmonic gold vesicles (GVs) for

Scheme 1. Photosensitizer (Ce6)-Loaded Plasmonic Gold Vesicles (GVs) for Trimodality Fluorescence/Thermal/Photoacoustic
Imaging Guided Synergistic Photothermal/Photodynamic Cancer therapy

Figure 1. (a) SEM and (b!d) TEM images of plasmonic gold vesicles (GVs) self-assembled from GNPs. (e) Size distribution of
GVs by DLS; (d) UV!vis spectra of BCP-tethered GNPs and GVs.
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Ce6 in biological systems, thus facilitating their biome-
dical application.
To verify the uptake mechanism of GV-Ce6, we

incubated MDA-MB-435 cells with GV-Ce6 at low
temperature (4 !C), which would inhibit the cellular
endocytosis.39!42 The fluorescent images showed that
the uptake of GV-Ce6 was significantly depressed at
4 !C compared to that at 37 !C after 1 h, suggesting
GV-Ce6 were internalized via energy-dependent en-
docytosis (Figure S13). To further study the subcellular
localization of GV-Ce6, we used LysoTracker to stain
lysosomeand tracedGV-Ce6by a confocal laser scanning
microscopy (CLSM). Figure S14 clearly showed the
fluorescence signals from Lysotracker (green) match
well with the fluorescence signals from GV-Ce6 (red),
suggesting that majority of GV-Ce6 nanoparticles co-
localized with the lysosomes, which is the fate of most
nonviral vectors.41,42 We suggest one possible endo-
cytic pathway: GV-Ce6 was engulfed into cytoplasm and
trafficked into the early endosomes, then into the late
endosomes/lysosomes, and finally located in lysosomes.
Laser-triggered PTT/PDT effects of GVs, Ce6, and

GV-Ce6 were analyzed by 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cell
viability was normalized by control group. The cell
viability of irradiated groups gradually decreased with
increasing the concentration of GVs, Ce6, and GV-Ce6
(Figure 4a and Figure S15). In contrast, the groups
without laser irradiation exhibited negligible toxicity

toMDA-MB-435 cells (Figure 4a). For treatment groups,
the PDT/PTT efficacy of GV-Ce6 system is significantly
improved, in comparison with GVs and free Ce6 sys-
tems at all the studied concentrations. The treatment
efficacy of the GV-Ce6 system is about 45!70% higher
than the sum effect of individual GVs and Ce6 system
when 5% or 10% Ce6 was used (Figure S15). This result
indicates that both synergistic PDT/PTT effect and
enhanced cellular uptake are responsible for the im-
proved therapeutic efficacy of GV-Ce6. In contrast,
GNRs absorbedwith Ce6 (GNR-Ce6) without irradiation
exhibit obvious dark cytotoxicity within 5!20 μM,
presumably due to the toxicity of cetyltrimethylammo-
nium bromides (CTAB) on the surface of GNRs (Figure
S16). For GNR-Ce6 with laser irradiation, the cytotoxi-
city is ascribed to both the toxicity of CTAB and the
PDT/PTT effect, while the contribution of CTAB is more
significant. After the subtraction of the toxicity of CTAB,
GV-Ce6 showed a better performance in PDT/PTT than
that of GNR-Ce6, owing to its good biocompatibility
and high Ce6 loading efficiency.
The synergistic PDT/PTT effects of GV-Ce6 on MDA-

MB-435 cells were further verified using Calcein AM
and ethidium homodimer-1 co-staining. In the control
group, cells all displayed green fluorescence, which
suggests that laser irradiation alone cannot kill cells
(Figure S17). In the GVs and Ce6 groups, some cells
were killed and displayed red fluorescence (Figure 4b,c).
In the GV-Ce6 group, without laser irradiation, cells

Figure 5. (a) In vivoNIR fluorescence image ofMDA-MB-435 tumor-bearingmice at preinjection and postinjection of GV-Ce6.
(b) Thermal images of tumor-bearing mice exposed to 671 nm laser (2.0 W/cm2) for 6 min at postinjection of GV-Ce6. Red
circles indicate the location of tumors. (c) Heating curves of tumors upon laser irradiation as a function of irradiation time. (d)
In vivo photoacoustic (PA) images and (e) average PA intensity of tumor tissues at preinjection and postinjection of GV-Ce6.
Yellow circles indicate the injected location.
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Figure 1-7. (a) Schematics of photosensitizer (Ce6)-loaded Au NPs vesicles for 
fluorescence, thermal, and photoacoustic imaging and photodynamic cancer therapy 
b) In vivo photoacoustic image pre- and post- injection of (Ce6)-loaded Au NPs 
vesicles (Yellow circles indicate the injection location). Figure adapted with 
permission from American Chemical Society [REF 69], Copyright 2013. 
 

In solid phase, noble NCs embedded in substrate and in close proximity to 

each other also show tunable plasmon modes. Ding et al.70 showed modification in 

the resonance modes for Ag cubes dimers on glass, Si, and Ag substrate. Upon 

irradiation, Ag cubes dimers placed on Ag substrate depicted well-defined resonance 

peak extinction at 627 nm and 966 nm due to the surface plasmon polarization mode 

propagating on the silver-air interface of the substrate; while Ag cubes dimers placed 
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on glass and Si substrates showed blue shift on the resonance peaks extinctions and 

strong scattering effect (Figure 1-8).  www.nature.com/scientificreports/

5SCIENTIFIC REPORTS | 7: 6938 | DOI:10.1038/s41598-017-07158-z

In Fig. 4(i) it can be seen that the flipped ∫ 〈 〉f ds[ ]Surface (1) (1)  [and also Del FSurf (x); cf. Fig. 3(b) and (d)] reaches 
its maximum negative value near the DD resonance for plasmonic silver substrate [also cf. Fig. 2(l)]. From the 
first row of Fig. 4, it can also be seen that such reversal of ∫ 〈 〉f ds[ ]Surface (1) (1)  does not happen for other substrates. 
This can be explained based on the electric field coupling between the cubes and also between cubes with plas-
monic substrate. Electric field enhancement becomes much stronger for the case of plasmonic substrate in com-
parison with other substrates especially at this particular resonance. The surface force in Eq. (5) in the 
‘METHODS’ section depends on the electric fields of the cube boundary/interface, which becomes much stronger 
during this DD resonance.

Though the maximum value of repulsive binding force for DD or LSP mode is just due to surface charges, the 
local maximum value of attractive binding force for QQ or SPP resonance at wavelength 627 nm [cf. Fig. 2(l)] is 
the combined effect of static (opposite surface charges as shown in Fig. 1(f)) and dynamic (enhanced/stronger 
propagation of SPP as shown in Supplementary S4) process. If we give a close look at Lorentz force in Fig. 3, it is 
clearly observable that at this QQ resonance: though the resultant binding force is due to the dominance of Del 
FSurf(x), Del FBulk(x) also exists. This fact can be verified from Fig. 4(i), where the dominance of ∫ ⟨ ⟩f ds[ ]Surface(1) (1)  on 
cube-1 is clearly observable. The opposite charges of the cubes create the attractive force between the cubes placed 
over any substrate such as plasmonic or glass or silicon substrate. At the same time, the propagating surface 

Figure 2. Two silver cubes (L = 120 nm) are placed over different substrates and their inter-particle gap, d, is 
100 nm. The spacer height is always 5 nm. Cubes are placed 5 nm (h = 5 nm) away from the spacer. x-polarized 
plane wave is propagating towards –z-direction. (a–c) No substrate is placed; the extinction coefficient and 
binding force for that configuration. (d–f) Glass substrate (refractive index 1.5) is placed; the extinction 
coefficient and binding force for that configuration. (g–i) Silicon substrate is placed; the extinction coefficient 
and binding force for that configuration. (j–l) Silver substrate is placed; the extinction coefficient and binding 
force for that configuration.

a) 

b) 

c) 

d) 

 
Figure 1-8. Schematics of Ag cubes dimers placed over different substrates (a) no 
substrate (b) glass, (c) Si, and (d) Ag, exposed to x-polarized plane wave of light 
including their corresponding extinction coefficient spectra. Figure adapted from 
[REF 70] open Access figure under a Creative Commons Attribution 4.0 
International License. 
 

 
Among different assembly configurations, 2D arrays of NCs on substrates are 

of great interest in applications for chemical sensors71, high-resolution imaging,72-73 
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spectroscopy, and renewable energy devices.21 For instance, Woo Kim et al.74 

reported a method to produce high-harmonic generation (i.e. a process that generates 

coherent extreme ultraviolet) by exploiting the local field enhancement induced by 

2D array of Au bow-tie elements on a sapphire substrate (Figure 1-9). The method 

consisted of emitting a beam from a femtosecond oscillator directly on to the array of 

Au bow-tie-shaped structures. The pulse intensity was enhanced by a factor of 20-40 

dB, which is good to produce harmonics. This method is useful for advancing high 

resolution imaging and spectroscopy.  

LETTERS

High-harmonic generation by resonant plasmon
field enhancement
Seungchul Kim1*, Jonghan Jin1*, Young-Jin Kim1, In-Yong Park1, Yunseok Kim1 & Seung-Woo Kim1

High-harmonic generation by focusing a femtosecond laser onto
a gas is a well-known method of producing coherent extreme-
ultraviolet (EUV) light1–3. This nonlinear conversion process
requires high pulse intensities, greater than 1013 W cm22, which
are not directly attainable using only the output power of a
femtosecond oscillator. Chirped-pulse amplification enables the
pulse intensity to exceed this threshold by incorporating several
regenerative and/or multi-pass amplifier cavities in tandem4,5.
Intracavity pulse amplification (designed not to reduce the pulse
repetition rate) also requires a long cavity6,7. Here we demonstrate
a method of high-harmonic generation that requires no extra cavi-
ties. This is achieved by exploiting the local field enhancement
induced by resonant plasmons within a metallic nanostructure
consisting of bow-tie-shaped gold elements on a sapphire sub-
strate. In our experiment, the output beam emitted from a modest
femtosecond oscillator (100-kW peak power, 1.3-nJ pulse energy
and 10-fs pulse duration) is directly focused onto the nanostruc-
ture with a pulse intensity of only 1011 W cm22. The enhancement
factor exceeds 20 dB, which is sufficient to produce EUV wave-
lengths down to 47 nm by injection with an argon gas jet. The
method could form the basis for constructing laptop-sized EUV
light sources for advanced lithography and high-resolution
imaging applications.

Field enhancement is attributed to the collective motion of free
electrons confined in narrowly localized regions, similar to that

observed in colloidal nanoparticles exposed to an external electro-
magnetic field8,9. For the given geometry of a nanoparticle or nanos-
tructure, the degree of field enhancement induced by resonant
plasmons can be estimated by solving Maxwell’s equations analy-
tically10 or numerically11. Using appropriate fabrication techniques,
it is consequently possible to optimize the shape of a nanostructure
to be tailored to a particular application12–15. We adopted this
approach in the present investigation, to design and build a nanos-
tructure that enables the generation of high harmonics from a modest
femtosecond oscillator through field enhancement around the
nanostructure.

Figure 1 illustrates the construction of the experimental apparatus.
The femtosecond oscillator used here is a titanium-sapphire oscil-
lator (Femtosource sPRO, Femtolasers) set to emit a train of 10-fs
pulses of 800-nm carrier wavelength at a repetition rate of 75 MHz.
The output beam from the oscillator has a small peak power of
,100 kW and each pulse has an energy of 1.3 nJ, yielding a pulse
intensity of only ,1011 W cm22 even when well focused. The pulse
intensity must be increased at least by two orders of magnitude to
reach the threshold required to generate high harmonics by inter-
action with a gas jet. To do this, a metallic nanostructure consisting of
a two-dimensional array of gold ‘bow tie’ elements on a sapphire
plate is inserted in the focal plane of the focused beam.

The pulse intensity builds up when the femtosecond pulse passes
through the nanostructure. The degree of field enhancement is

*These authors contributed equally to this work.

1Billionth Uncertainty Precision Engineering Group, KAIST, Daedeok Science Town, Daejeon 305-701, South Korea.
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Figure 1 | Apparatus for high-harmonic
generation by electric field enhancement using a
nanostructure of bow-tie elements.
Anticlockwise from top: the overall system
configured for the experiment, a detailed view of
the two-dimensional array of bow-tie elements
fabricated on a sapphire plate, and the magnified
view of a single gold bow-tie element interacting
with the incident pulse. Ar, argon atom; CM,
chirped mirror; CW, chamber window; FL,
focusing lens; M, mirror; PM, photon multiplier;
VLSG, varied-line-spacing grating; W, wedge
plate; E, electric field.
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significantly affected by the geometrical shape of the nanostructure,
as revealed in previous investigations of different shapes of particles,
wires, and tips16–19. The bow-tie shape of the nanostructure ele-
ments—a pair of triangular patches placed apex to apex with a small
gap between them—is taken as the nanostructure’s basic feature.
When exposed to the femtosecond pulse, free electrons are confined
within one apex of the bow-tie element and the opposing apex is filled
with positive charges, which makes the pulse capable of producing a
strong field enhancement between the vertices.

As illustrated in Fig. 2, the bow-tie shape is characterized by four
geometrical parameters, the thickness (t), angle (h), gap (d) and
height (h). These parameters must be selected so as to maximize
the resulting field enhancement. For this, the finite-difference
time-domain method was adopted20,21, and Maxwell’s equations
for the case shown in Fig. 2a were numerically solved. The polariza-
tion direction of the incident femtosecond pulse is positioned parallel
to the line connecting the vertices. The incident pulse is assumed to
have a bandwidth of 100 nm about the 800-nm carrier wavelength.
The wavelength-dependent dielectric constant of the tip material,
gold, was determined using the modified Debye model22. Through
trial-and-error simulation, the four parameters were finally deter-
mined as follows: h 5 175 nm, d 5 20 nm, t 5 50 nm and h 5 30u.
The corresponding field enhancement was computed as shown in
Figs 2b and 2c. The entire volume of simulation, including a bow-tie
element, was evenly divided into hexahedral grids 1 nm 3 1 nm 3
1 nm in size. No singularity effect along the edge line of the element
was considered. The computation shows that the intensity enhance-
ment factor reaches its maximum, 44 dB, at the vertices. In addition,
within the 60 nm 3 50 nm 3 50 nm (x 3 y 3 z) region in the gap
between the vertices, the enhancement factor is greater than 20 dB.
This result confirms that the field enhancement suffices to boost the
pulse intensity to well above the required threshold of 1013 W cm22,
given that the input pulse has an intensity of 1011 W cm22.

The time-dependent dynamic behaviour of plasmon resonance
within the nanostructure causes a temporal phase delay in the
enhanced field in response to the original pulse. The simulation
(Fig. 2) revealed a uniform phase delay of 90u, confirming the
phase consistency over the entire enhanced field. In addition to
gold, three other metals, silver, copper and platinum, were also
considered. However, simulation showed that no significant differ-
ence existed in the resulting field enhancement, other than in
platinum being less effective. Thus, we chose gold as the bow-tie

material in consideration of our experience with the metal in
nanofabrication.

Figure 3 shows a scanning electron microscope image of the nano-
structure actually fabricated on a sapphire plate of 400-mm thickness.
Using the electron beam evaporation process, a 50-nm gold layer was
deposited on a 5-nm chromium adhesion layer on the sapphire plate.
By means of precise control of the focused ion beam, we then made
bow-tie elements by scribing the deposited gold and chromium layers
with subnanometer lateral resolution. The sapphire plate serves as
a solid transparent substrate holding bow-tie elements in a two-
dimensional array with a spatial pitch of 200 nm in one direction
and 550 nm in the perpendicular direction, over a 10 mm 3 10 mm
area. The sapphire plate acts as a heat dissipator that protects the
nanostructure from thermal damage both during nanofabrication
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Figure 2 | Finite-difference time-domain simulation of local field
enhancement. a, Geometrical conditions for simulation of a single bow-tie
element. The polarization direction of the incident pulse parallel to the x–z
plane. b, Intensity field computed in the x–y plane. c, Same simulation result

viewed in the x–z plane. The design parameters selected were h 5 175 nm,
d 5 20 nm, t 5 50 nm and h 5 30u. The intensity enhancement factor, which
reached a maximum of 2.5 3 104 at the apex of each triangle, turned out to be
.102 within the 60 nm 3 50 nm 3 50 nm (x 3 y 3 z) volume in the gap.
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1 µm
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Figure 3 | Scanning electron microscope image of the nanostructure used
for high-harmonic generation. Bow-tie elements were arranged in a two-
dimensional, 36 3 15 array with an area of 10 mm 3 10 mm. The inset shows
the magnified image of a single bow-tie element with the important
dimensions marked. Owing to the high magnification, edge lines are seen
blurred by multiple scattering of electrons in imaging.
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Figure 1-9. (a) Schematic illustrating the magnified view of single Au bow-tie 
element interacting with incident light pulse. (b) Scanning electron microscope image 
of Au nanostructures. Inset shows the magnified image of a single bow-tie element 
with the dimensions marked. Figure adapted with permission from Macmillan 
Publishers Ltd: Nature [REF 74], Copyright 2008. 

 

In renewable energy, Moskovits et al.75 fabricated a plasmonic water splitting 

cell to produce H2 gas using visible light irradiation. The plasmonic cell was made of 

Au nanorods capped with TiO2 vertically assembled into 2D array on an indium tin 

oxide (ITO glass) conductive substrate (Figure 1-10). Au nanorods array interspacing 

distance is close for generating surface plasmon coupling and increase visible light 

absorption. Therefore, illuminating the Au nanorods with visible light excited surface 
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plasmons producing hot electrons that are then transferred to the TiO2. This 

plasmonic water splitting cell system reported 95% effective charge carriers from 

surface plasmon to hot electrons. 

The important novelty in the present study is a plasmonic
photoanode fabricated using a series of top down and bottom
up techniques, which shows unprecedented oxygen evolution
ability when illuminated with visible light. Briefly, highly
ordered and vertically oriented gold nanorod (Au NR) arrays
with rod diameters ∼90 nm were electrodeposited in a porous
anodic aluminum oxide template that was prepared on a
transparent indium tin oxide (ITO)/TiO2 conducting substrate
(see Experimental Methods section for details). An approx-
imately 20 nm thick TiO2 was e-beam deposited on the upper
portion of the Au nanorods and, in the process, also as small
TiO2 nanoparticles deposited sporadically along the sides of the
Au nanorods. The TiO2 forms metal-to-semiconductor
Schottky junctions.50−52 On some of the samples, cobalt/
borate, a well-known oxygen evolution catalyst (OEC)12 that
promotes efficient water oxidation, was electrochemically
deposited on the TiO2-decorated Au nanorods (which we
show below deposits exclusively on the bare Au portions of the
nanowires). In a separate compartment, Pt mesh (which was
not illuminated) was used as the cathode at which H2 evolution
occurs. The anode and cathode compartments were separated
by an ion-permeable nafion membrane. The resulting device
will be referred to as the plasmonic electrochemical cell (PEC).
A schematic of the fabrication steps along with corresponding
scanning electron micrographs (SEM) and a schematic of the
working cell are shown in Figure 1. Various control samples
were also fabricated in which certain components, for example,
the photocatalyst or the TiO2 on the gold nanorods, were
omitted to determine their roles in the overall device.
High-resolution transmission electron micrographs of a

typical Au nanorod following TiO2 e-beam deposition and
Co-OEC electrodeposition are shown in Figure 2. The TiO2 is
seen to reside primarily near the tops of the Au nanorods and
as small discontinuous nodules along the side of the nanorods
(Figure 2a,b). Even though Co-OEC electrodeposition was
carried out (in the dark) after the TiO2 was in place, the
catalyst deposited preferentially on the bare patches of the Au
nanorods (Figure 2c). This is not unexpected since the
electrochemical fields at the gold would exceed those at places
already covered by TiO2. Nevertheless, the physical separation

of the site at which oxygen separation takes place from the
TiO2, which we will argue later becomes an electron reservoir,
might prove useful in creating an autonomous plasmonic water
splitting device which carries out both oxygen and hydrogen
evolution at two (nearby) locations along the same nanowire.
The photoelectrochemical properties of the PECs described

above, loaded with 1 molar potassium borate electrolyte (pH
9.6), were characterized using a three-electrode setup (Au-
nanorods/semiconductor working electrode, Pt mesh counter
electrode, and saturated calomel reference electrode). Figure 3a
shows the water oxidation currents as a function of potential
under chopped illumination, which allows the dark and light

Figure 1. Schematic of the fabrication of gold/TiO2 nanostructures on ITO-coated glass. Left panel: ITO-coated glass slides were coated with a 20
nm TiO2 layer and a 1 μm layer of Al prepared by electron-beam evaporation, and the aluminum film was anodized to form porous aluminum oxide
(PAO). Middle panel: Gold was electrochemically deposited in the PAO and the PAO template removed by wet etching. Right panel: TiO2 was
evaporated on the gold nanorods using electron-beam evaporation, and an oxygen evolution catalyst (OEC) electrodeposited on the gold. All scale
bars correspond to 150 nm. Extreme right: Schematic of the working cell in which only the plasmonic anode is exposed to light. The cathode is a
platinum mesh that is not illuminated.

Figure 2. TEM images of a composite plasmonic photoanode (Co-
OEC/AuNR/TiO2) structure (a) Under low magnification, two
distinct areas are observed with the e-beam deposited TiO2 at the
top of the nanorod (green arrow) and electrochemically deposited Co-
OEC residing directly on the gold surface (red arrow). Higher
magnification images show that (b) no Co-OEC was deposited on the
TiO2 and (c) electrochemical deposition of Co-OEC occurred
exclusively on the bare AuNR surfaces.
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currents to be monitored simultaneously. Only small anodic
currents were measured during the “dark” cycles for all
potentials E ≤ 0.5 V. During “light on” cycles, anodic currents
were observed for E ≥ 0.15 V with current densities reaching
0.1 mA/cm2 at 0.5 V for the best device (all potentials are
referenced to the reversible hydrogen electrode (RHE)).
Photocurrents were measured with the photoanode illuminated

either with UV or visible light, which were provided by passing
the AM 1.5 solar light source alternately through a UV−vis
band-pass filter (320−510 nm) or high-band-pass filter that
passed wavelengths longer than 410 nm.
Figure 3b shows the photocurrent versus time plot obtained

for a device that incorporates all of the constituent elements:
Au nanorod array, TiO2 deposited near the top of the

Figure 3. (a) Water oxidation currents as a function of potential under chopped AM 1.5 white light illumination. (b) Photocurrent vs time plots for
Au NR/TiO2 with Co-OEC present on the Au nanorods. UV and Vis correspond, respectively, to light passed through the UV bandpass filter and
the visible high-pass filter described in the text. Note the high photocurrent obtained with visible light illumination. The visible light response shows
a fast current rapid component and a slow component that continues to increase over the ∼100 s measurement interval. (c) As in b but for a device
in which the Co-OEC was omitted. The measured photocurrents were lower both with UV and visible illumination; however the photocurrent
obtained with visible illumination continued to be greater than that measured with UV. Also the slow current component was no longer observed.

Figure 4. (a) Energy band diagram of composite plasmonic photoanode unit. The electron−hole pairs created in AuNR upon excitation in visible
light are separated as electron hole pairs with energetic electrons injected into TiO2. The energetic holes are efficiently extracted by Co-OEC and
used for water oxidation. (b) The photocurrent action spectra (blue) of Co-OEC/AuNR/TiO2 shows a large responsivity in the visible spectra which
coincides with the UV−vis absorbance (red) of the composite structure. (c) The quantity of evolved hydrogen (blue trace) measured (gas-
chromatographically) as a function of time. (Black curve) The photocurrent simultaneously recorded at 1 V vs RHE with visible light illumination.
(Red trace) The photocurrent calculated from the evolved H2. (d) Faradaic efficiency of the process, calculated by comparing the red and black
traces in c, showing that there is an initial process with efficiency ∼40% (the fast process) and a slower process that grows in over ∼25 min to an
eventual efficiency ∼80%.
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Figure 1-10. (a) Schematic and SEM image of the hydrogen cell composed of Au 
nanorods coated with TIO2 (b) Quantitative graph of the hydrogen evolved over time 
(blue curve), photocurrent produced with visible light illumination (black curve), 
Photocurrent calculated from the evolved hydrogen (red trace). Figure adapted with 
permission from American Chemical Society [REF 75], Copyright 2012. 
 

5. Methodologies for Fabrication of Two-dimensional Arrays of Nanocrystals  

Approaches for the fabrication of 2D arrays of NCs can be generally divided 

into two categories: top-down and bottom-up methods. Top-down approach consists 

of creating geometrical pattern on a substrate from films of bulk material, while 

bottom-up approach relies on solution phase self-assembly of as-synthesized NCs as 

building blocks into 2D arrays.76-77 

Top-down approach involves lithography techniques to pattern nanostructures 

directly on a substrate via photolithography78-80 (i.e., patterns are created with 

electromagnetic radiation) or soft lithography81-82 (i.e., patterns are created with 
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elastomers molds). Table 1-1. illustrates the main characteristics of some lithography 

methods. Photolithography techniques such as electron beam lithography, ion beam 

lithography, and UV lithography are capable of generating features with sizes below 

50 nm83. However, these techniques require expensive instrumentation, complicated 

operation and maintenance. On the other hand, soft lithography and nanoprinting 

lithography use elastomeric or plastic stamps to make patterns.81-82, 84 These 

techniques are low in capital cost and easy to operate. They can generate structures 

from ~30 nm to 500 µm and can be used to pattern other substrates different from 

photoresist materials. Some of the drawbacks of soft lithography are low resolution, 

deformation of elastomeric stamp, especially for small patterning features, and 

density defects. Last but not least, colloidal lithography emerged as an 

unconventional lithography method for fabricating 2D arrays of plasmonic 

nanostructures.85-86 It uses monolayer of spherical colloidal particles as a mask for 

etching and metal sputtering process. This technique can generate 2D and 3D 

structures ranging from 50 to 200 nm in size. Generally, colloidal lithography 

generates triangles and spheres. To generate other shapes (e.g., nanopillars and rings), 

it is necessary to adjust the sputtering conditions and etching exposure time, which 

can be an elaborate procedure. Some of the drawbacks of this technique include 

defects arising from colloidal arrays, elevated temperatures for modification of 

colloids, procedures with reactive ion etching, and limited shapes that can be 

produced.   
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Table 1-1. Characteristics of some lithography methods. 
 

Top-down
Techniques 

Patterning 
Materials Patterns Shapes Size Cost

Photolithography

Photon 
radiation

Photoresists 
material

2D
Spheres

Rods
Rings

5-90 nm High

Soft Lithography Elastomeric 
stamp

2D
3D

Posts
Spheres

100nm -500µm Medium/Low

Colloidal 
Lithography 

Colloids

Sputtering 
instruments

Reactive ion 
etching 

2D  
3D

Spheres
Triangles

Pillars
Rings

50-200 nm Low

 

 
Bottom-up approach for fabricating 2D NC arrays entails assembling NCs as 

building blocks. This approach can be classified in two categories: 1) liquid interface-

mediated assembly and 2) direct assembly on solid substrate. Figure 1-11 illustrates 

the two bottom-up techniques. In liquid interface-mediated process, capillary forces 

stabilize as-prepared NPs at the air-liquid or liquid-liquid interface87-89. A commonly 

used interface-mediated method is Langmuir Blodgett90-91 (LB), which involves 

dispersion of NPs at the air-water interface, and compression of NPs with movable 

barriers to bring NPs together and assemble them into close pack. Once the 

monolayer is formed, they can be transferred to a substrate by manually immersing 

the substrate or mechanically using LB transfer device. Though this method can 

generate tens of cm2 monolayer arrays, transferring the monolayer arrays without 

breakage to a substrate can become a challenge. To circumvent transferring the 
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monolayer array from solution to a substrate, direct assembly on a substrate offers a 

better and faster technique without the usage of any specialized equipment. Direct 

assembly methods are based on solvent evaporation of NP solution to control the self-

assembly process directly on the substrate.92-93 One of the commonly used direct 

assembly methods is drop casting, in which NPs solution is injected into a water 

droplet on top of a substrate and allowed to evaporate.94 By controlling evaporation 

conditions, and concentration of the NPs solution, NPs can self-assemble into 2D 

arrays with different packing modes, such as hexagonal close packing of NCs.  

RAO ET AL. VOL. 9 ’ NO. 11 ’ 11218–11224 ’ 2015

www.acsnano.org

11219

side with the large opening (denoted as nanochannel
base). Recent encouraging experimental and theoret-
ical advances regarding the ion transport in basic
single nanochannels have stimulated a wide range of
interdisciplinary studies involving scientists in the
fields of chemistry, materials science, environmental
science, and nanotechnology in order to rationally
design the next generation of membrane-scale asym-
metric nanofluidic systems.16 Such asymmetric nano-
structured membranes might be applied in biosensor
devices and in the fields of energy conversion, biopho-
tonics and bioelectronics.
Previous approaches to fabricate nanochannels in-

clude electrochemical etching,17 the anodic oxidation
method,18 the electron beam technology,19,20 laser
technology,21 ion-track-etching,22,23 and the assembly
of mesoporous materials.16 Herein, we report on a new
approach to fabricate asymmetric nanochannel arrays
using self-assembling nanoparticle (NP) superlattice

nanosheets. Such nanosheets have been demon-
strated to be highly robust and feature novel, tunable
properties. They can be folded into 3D origami,24

doped with additional particles,25 and have been
fabricated into binary and ternary nanorod and nano-
disk assemblies.26 Despite the exciting progress in the
latest research on superlattices, it is still not fully
understood how ions can be transported across super-
lattices. In previous studies on microfluids, the nano-
interstices between the assembled particles have been
found to play a key role as collective nanochannel
networks.27!30 However, in our work, the gaps be-
tween the NP superlattice nanosheets provide a new
possibility to fabricate nanochannels and to regulate
their properties on a broader scale.
The gap-formed nanochannels (GFNs) feature an

intrinsic uniform geometric shape and a homogeneous
size, which can be controlled by adjusting the size and
surface chemistry of theNPs.31OurNPnanosheet-based

Figure 1. (a) Schematic illustration of bilayerednanoparticle (NP) superlattice nanosheets and their ionic selectivity. In natural
plasmamembranes, lipid bilayerswith embedded functional proteinsmake the plasmamembrane a good platform formany
biological reactions. The embedded proteins exhibit different ionic selectivities, which results in a directional ionic selectivity
of the plasma membrane. (b) Inspired by the ionic selectivity of plasma membranes, an artificial free-standing bilayered NP
nanosheet has been fabricated at the liquid!air interface of a water droplet using an evaporation-induced approach. After
two fabrication cycles, a free-standing bilayered NP nanosheet was obtained. (c and d) Transmission electron microscopy
(TEM) images of the bilayered NP nanosheets. In each monolayer, the NPs are homogeneously distributed, with a uniform
particle size. The inset image shows an optical image of the bilayered NP nanosheets. The goldenmembrane exhibits a good
stability at a large scale.

A
RTIC

LE

direct and confine the aerosol droplets in the targeted area on
the LB trough. While the diameter of droplets dispensed by
pipettes or syringes is typically of a few millimeters, the
diameter of electrosprayed droplets is in the micron to
submicron scale,30,31 which can be reduced further due to
evaporation before arrival at the water surface. Thus, electro-
spray can readily reduce the volume of spreading droplets by
over 6 orders of magnitude. In the sections below, using three
model colloids, we demonstrate that electrospray can effectively
spread colloidal materials on water surface from their
dispersions in ethanol, ethanol/water mixture, and even water
itself.

■ EXPERIMENTAL SECTION
Materials. All chemicals, except for graphite powders (Bay Carbon,

SP-1) were purchased from Sigma-Aldrich and used as received. All
the water used in this work was deionized. Three model colloids were
chosen in this work. Au/PVP nanoparticles were synthesized by a
polyol route in ethylene glycol using PVP as the capping agent,
purified by multiple centrifugation steps, and stored in ethanol.32

Polystyrene colloids were synthesized by a surfactant-free route as
reported previously and stored in water.33 Graphene oxide sheets were
synthesized based on a modified Hummers method,34 purified by a
two-step washing procedure,35−37 and stored in water.
LB Assembly. All the isothermal surface pressure/area plots were

recorded on a NIMA 116 LB trough (10 × 25 cm) equipped with a
tensiometer and a dip coater. Some experiments were performed on a
homemade mini LB trough (2.5 × 13 cm) as shown in Figures 3 and 4.
Conventional drop spreading was done with a glass syringe. For
electrospray spreading, the syringe was connected to a syringe pump

to control the flow rate. The metal needle was connected to a power
supply (Series EH, Glassman High Voltage, Inc.) set at 10 kV and
positioned at about 2.5 cm above the water surface. A copper
grounding wire is submerged in the water subphase from the area
outside the two barriers (see Figure 3d). The typical spray time is
about 10−40 min. A feed rate of 2.0 mL/h was used to electrospray
ethanol or ethanol/water mixtures for Au/PVP nanoparticles and
polystyrene beads. For spreading GO sheets from their aqueous
dispersion on water (Figure 6), the flow rate was reduced to 0.5 mL/h.

Characterization. All monolayers were transferred to Si wafers for
scanning electron microscopy (SEM, Hitachi S4800) or optical
microscopy (Nikon E600) observations by dip coating (pulling speed
2 mm/min).

■ RESULTS AND DISCUSSION
Conventional Drop Spreading vs Electrospray

Spreading (E-Spreading). To compare the efficacy of
conventional drop spreading and E-spreading, Au/PVP
particles dispersed in ethanol were chosen as the model
system.8,32 These particles are around 50 nm in diameter and
are strongly colored, so they can serve as markers for visual
distinction between spreading and mixing. Conventional
spreading was done by dispensing the particles with a glass
syringe, which produced droplets of around 3−5 mm in
diameter. As illustrated by Figure 3a, droplets were dispensed in
the area between the two moving barriers, which can be closed
or opened to tune the particle packing density on the surface. If
water outside the area defined by barriers becomes colored, it
suggests that significant mixing has occurred. When such large
droplets are placed on water surface, intermixing becomes the
dominating process, which brings most of the nanoparticles
down to the water subphase. Indeed, as shown in the photo in
Figure 3b, even after the two barriers were closed to densify the
surface materials, the color of water outside or inside the
barriers was still indistinguishable, which confirmed that only a
negligible amount of Au/PVP particles were on the surface. In
contrast, when electrospray was employed for spreading the
ethanol dispersion, the Au/PVP nanoparticles were exclusively
deposited on water surface. As mentioned earlier, electrospray
reduces the volume of ethanol droplets by many orders of
magnitude. Their volume can be depleted during initial
spreading, thus leaving all the nanoparticles on the water
surface (Figure 3c). The photo in Figure 3d captured a moment
during E-spreading. The formation of a water-supported Au/
PVP film is evident. The area of water outside the two barriers
was clear, suggesting that no obvious intermixing. An
alternative explanation is that the ethanol aerosol droplets
may have completely evaporated before they reach water
surface, and the Au/PVP particles are already dried when they
land on water and trapped by surface tension. However, Figure
3d shows that there was a large opening in the monolayer right
underneath the spraying nozzle. This is due to the spreading of
the ethanol aerosol droplets, which pushes the Au/PVP
particles away (also see Video S1). Therefore, we can conclude
that in our experiments, the ethanol aerosol droplets were still
wet when they arrived at water surface, which confirms the
earlier hypothesis of the effect of ethanol droplet size on
spreading.

Model System 1: Unstable Colloids. Electrospray-
assisted LB assembly can avoid the use of water-immiscible
spreading solvents, in which many colloids are unstable. Figure
4 shows the LB assembly of Au/PVP after E-spreading. The
isothermal surface pressure−area plot (Figure 4a) confirms the
efficacy of E-spreading. For conventional drop spreading, even

Figure 3. E-spray enabled high-yield spreading of ethanol on water
surface, which is visualized using Au/PVP nanoparticles. (a)
Conventional spreading results in extensive mixing with the subphase
and very little material left on water surface. The photo in (b) shows
that water in the entire trough is uniformly colored by the Au/PVP
nanoparticle. (c) This problem can be solved by electrospray
spreading. The small volume of the microdroplets can be readily
depleted during spreading, leaving no extra solvent for mixing. The
photo in (d) shows that electrospray can selectively deposit Au/PVP
nanoparticles on water surface with no visible color in the subphase
(also see the area outside the two barriers). The opening in the Au/
PVP monolayer, located right beneath the spraying nozzle, was caused
by the dynamic spreading of ethanol aerosol droplets (also see Video
S1). As more materials are deposited, the surface pressure builds up,
and the opening will gradually shrink and eventually close.
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direct and confine the aerosol droplets in the targeted area on
the LB trough. While the diameter of droplets dispensed by
pipettes or syringes is typically of a few millimeters, the
diameter of electrosprayed droplets is in the micron to
submicron scale,30,31 which can be reduced further due to
evaporation before arrival at the water surface. Thus, electro-
spray can readily reduce the volume of spreading droplets by
over 6 orders of magnitude. In the sections below, using three
model colloids, we demonstrate that electrospray can effectively
spread colloidal materials on water surface from their
dispersions in ethanol, ethanol/water mixture, and even water
itself.

■ EXPERIMENTAL SECTION
Materials. All chemicals, except for graphite powders (Bay Carbon,

SP-1) were purchased from Sigma-Aldrich and used as received. All
the water used in this work was deionized. Three model colloids were
chosen in this work. Au/PVP nanoparticles were synthesized by a
polyol route in ethylene glycol using PVP as the capping agent,
purified by multiple centrifugation steps, and stored in ethanol.32

Polystyrene colloids were synthesized by a surfactant-free route as
reported previously and stored in water.33 Graphene oxide sheets were
synthesized based on a modified Hummers method,34 purified by a
two-step washing procedure,35−37 and stored in water.
LB Assembly. All the isothermal surface pressure/area plots were

recorded on a NIMA 116 LB trough (10 × 25 cm) equipped with a
tensiometer and a dip coater. Some experiments were performed on a
homemade mini LB trough (2.5 × 13 cm) as shown in Figures 3 and 4.
Conventional drop spreading was done with a glass syringe. For
electrospray spreading, the syringe was connected to a syringe pump

to control the flow rate. The metal needle was connected to a power
supply (Series EH, Glassman High Voltage, Inc.) set at 10 kV and
positioned at about 2.5 cm above the water surface. A copper
grounding wire is submerged in the water subphase from the area
outside the two barriers (see Figure 3d). The typical spray time is
about 10−40 min. A feed rate of 2.0 mL/h was used to electrospray
ethanol or ethanol/water mixtures for Au/PVP nanoparticles and
polystyrene beads. For spreading GO sheets from their aqueous
dispersion on water (Figure 6), the flow rate was reduced to 0.5 mL/h.

Characterization. All monolayers were transferred to Si wafers for
scanning electron microscopy (SEM, Hitachi S4800) or optical
microscopy (Nikon E600) observations by dip coating (pulling speed
2 mm/min).

■ RESULTS AND DISCUSSION
Conventional Drop Spreading vs Electrospray

Spreading (E-Spreading). To compare the efficacy of
conventional drop spreading and E-spreading, Au/PVP
particles dispersed in ethanol were chosen as the model
system.8,32 These particles are around 50 nm in diameter and
are strongly colored, so they can serve as markers for visual
distinction between spreading and mixing. Conventional
spreading was done by dispensing the particles with a glass
syringe, which produced droplets of around 3−5 mm in
diameter. As illustrated by Figure 3a, droplets were dispensed in
the area between the two moving barriers, which can be closed
or opened to tune the particle packing density on the surface. If
water outside the area defined by barriers becomes colored, it
suggests that significant mixing has occurred. When such large
droplets are placed on water surface, intermixing becomes the
dominating process, which brings most of the nanoparticles
down to the water subphase. Indeed, as shown in the photo in
Figure 3b, even after the two barriers were closed to densify the
surface materials, the color of water outside or inside the
barriers was still indistinguishable, which confirmed that only a
negligible amount of Au/PVP particles were on the surface. In
contrast, when electrospray was employed for spreading the
ethanol dispersion, the Au/PVP nanoparticles were exclusively
deposited on water surface. As mentioned earlier, electrospray
reduces the volume of ethanol droplets by many orders of
magnitude. Their volume can be depleted during initial
spreading, thus leaving all the nanoparticles on the water
surface (Figure 3c). The photo in Figure 3d captured a moment
during E-spreading. The formation of a water-supported Au/
PVP film is evident. The area of water outside the two barriers
was clear, suggesting that no obvious intermixing. An
alternative explanation is that the ethanol aerosol droplets
may have completely evaporated before they reach water
surface, and the Au/PVP particles are already dried when they
land on water and trapped by surface tension. However, Figure
3d shows that there was a large opening in the monolayer right
underneath the spraying nozzle. This is due to the spreading of
the ethanol aerosol droplets, which pushes the Au/PVP
particles away (also see Video S1). Therefore, we can conclude
that in our experiments, the ethanol aerosol droplets were still
wet when they arrived at water surface, which confirms the
earlier hypothesis of the effect of ethanol droplet size on
spreading.

Model System 1: Unstable Colloids. Electrospray-
assisted LB assembly can avoid the use of water-immiscible
spreading solvents, in which many colloids are unstable. Figure
4 shows the LB assembly of Au/PVP after E-spreading. The
isothermal surface pressure−area plot (Figure 4a) confirms the
efficacy of E-spreading. For conventional drop spreading, even

Figure 3. E-spray enabled high-yield spreading of ethanol on water
surface, which is visualized using Au/PVP nanoparticles. (a)
Conventional spreading results in extensive mixing with the subphase
and very little material left on water surface. The photo in (b) shows
that water in the entire trough is uniformly colored by the Au/PVP
nanoparticle. (c) This problem can be solved by electrospray
spreading. The small volume of the microdroplets can be readily
depleted during spreading, leaving no extra solvent for mixing. The
photo in (d) shows that electrospray can selectively deposit Au/PVP
nanoparticles on water surface with no visible color in the subphase
(also see the area outside the two barriers). The opening in the Au/
PVP monolayer, located right beneath the spraying nozzle, was caused
by the dynamic spreading of ethanol aerosol droplets (also see Video
S1). As more materials are deposited, the surface pressure builds up,
and the opening will gradually shrink and eventually close.
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b) 

 

Figure 1-11. Schematic illustrating the two commonly used self-assembly methods to 
fabricate 2D array of NPs (a) Langmuir-Blodgett and (b) drop casting. Figures 
adapted with permission from American Chemical Society [REF 90,94], Copyright 
2015. 
 

Both liquid interface-mediated assembly and direct assembly on solid 

substrate work well for assembly of spherical NPs, but usually not for polyhedral 
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NPs. Spherical NPs arrange into 2D array without preference for orientation. 

However, polyhedral NCs exhibit different symmetry axis, which makes it 

challenging to assemble them directly into structures with both positional and 

orientational ordering. Acknowledging that the optical properties of noble metal NCs 

arise from their shape and organization, it is desired to develop a cost-efficient 

method for fabrication of defined 2D array of polyhedral NCs with controlled 

orientation.  

In chapter 3 and 4, we report an immobilized seed-mediated growth strategy 

for the fabrication of 2D arrays of mono- and bi-metallic polyhedral NCs with well-

defined shapes and orientations on a substrate. This method relies on the controlled 

solution-phase deposition of metals (i.e., Au and Pd) on selectively exposed surface 

of self-assembled seed nanoparticles that are immobilized on a substrate. The shape 

evolution of seeds to final NCs was monitored and evaluated by electron microscopic 

imaging. The synthetic approach developed presents an important addition to current 

tools for the fabrication of substrate-supported functional nanostructures as new 

materials and devices. 

 



 

 
 

19 
 

Chapter 2: One-pot Synthesis of Au Polyhedral Nanocrystals 
 

        “Research is to see what everybody else has seen,  
             and to think what nobody else has thought.” 

 
Dr. Albert Szent-Györgyi 

         Nobel Prize in Physiology or Medicine 
               1937 

2.1. Introduction  

For the last decade, optical properties of shaped Au NCs (e.g., nanorods and 

nanospheres) have been extensively studied and employed in many applications, such 

as chemical sensors95-97, photovoltaic devices16-17, and biomedical imaging and 

diagnosis13, 98. Acknowledging that the properties of nanomaterials are largely 

determined by their size, composition, and shape, the demand on plasmonic NCs with 

controlled shapes is expected to increase. Currently, seed-mediated growth method 

has been commonly adapted to synthesize shaped Au NCs99-103 (e.g., cubes, 

octahedrons). This method consists of two phases: nucleation and growth phase. In 

the nucleation phase, Au precursor of HAuCl4 is reduced by NaBH4 to form Au seeds 

in presence of a surfactant hexadecyltrimethylammonium bromide (CTAB) or 

hexadecyltrimethylammonium choloride (CTAC). Separately, a growth solution is 

prepared containing HAuCl4, CTAB, and a mild reducing agent, L-Ascorbic acid 

(AA). In the growth solution, Au precursor is reduced from Au(III) to Au(I) ions by 

AA. The subsequent addition of Au seeds into the growth solution leads to the 

reduction of Au(I)  ions to Au(0). The Au(0)  atoms auto-catalytically deposit on the 

Au seed surface to eventually produce Au NCs. The role of CTAB is believed to be 

two folds: prevent the aggregation of NCs and serve as a capping agent to modulate 

the NC morphology (Figure 2-1).    
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surfaces for fcc nanoparticles.57 Examples of polyhedral
nanoparticle shapes bound by {111} and {110} facets are
octahedra and rhombic dodecahedra, respectively (Figure 4).
Of the three low-index facets, {111} facets, which have a close-
packed arrangement of atoms, are the most thermodynamically
favored facets for an fcc metal.57 Many different methods exist
for selectively favoring the growth of particles bound by
particular facets, including kinetic control, selective surface
passivation by ions and small molecules, and physical
templating.1,9,10 This Perspective will focus on chemical control
of surface structure in aqueous seed-mediated syntheses of Au
nanoparticles, which are perhaps the most versatile solution-
based methods for producing Au nanoparticles with control
over shape.

3. OVERVIEW OF SEED-MEDIATED SYNTHESES OF AU
NANOPARTICLES

Seed-mediated syntheses of Au nanoparticles have been used to
achieve the growth of an extensive library of nanoparticle
shapes, including simple polyhedra such as Platonic solids (for
example, cubes and octahedra),27,46,58−60 as well as prisms and
plates,6,7,61,62 and more exotic structures with high-index facets
and concave surfaces.39,40,42,52,54,63,64 The seed-mediated syn-
thesis of Au particles can be divided into two main synthetic
steps: (1) the rapid reduction of Au ions to form small, highly
monodisperse spherical Au nanoparticles, or seeds, and (2) the
growth of larger nanoparticles by slowly reducing additional Au
onto the previously synthesized seeds (which serve as
nucleation sites) in the presence of shape-directing additives
(Figure 5).65,66 In this way, the nucleation and growth phases of

nanoparticle formation are temporally separated, which helps
ensure monodispersity in the final nanoparticle colloid. Seeded
growth also enables size control through adjustments of the
ratio between the seed and Au ion concentrations. The addition
of more seeds leads to more, but smaller, particles for a
constant Au ion concentration, while the addition of fewer
seeds generates fewer, but larger, particles.
The first stepthe formation of the seed particlesis largely

the same across all of the reported seed-mediated syntheses.
Seed particles are synthesized via the reduction of tetrachlor-
oauric acid (HAuCl4) by a strong reducing agent, usually
sodium borohyride (NaBH4) in the presence of a stabilizing
agent, commonly the surfactant cetyltrimethylammonium
bromide (CTAB), though cetylrimethylammonium chloride
(CTAC) and sodium citrate have also been used.40,45,61,63,65

While sodium citrate is not a surfactant, it can serve to stabilize
the nanoparticles by binding to the particle surface and thus
providing an overall negative surface charge which prevents
aggregation. The use of a strong reducing agent in the seed
formation process ensures that the particles which result are
small and monodisperse, due to the simultaneous rapid
nucleation of a large number of nanoparticles in the solution.
The seeds that form are generally about 3−7 nm, with some
variation in their average size depending on the exact
conditions and surfactant used in their synthesis.63 The choice
of surfactant or stabilizing agent can also affect the crystallinity
of the seeds, with sodium citrate leading to primarily multiply
twinned and planar-twinned seeds, while the use of CTAB
results in a population of seeds which is largely single-
crystalline.63 The reason for this difference in crystallinity is
generally attributed to differences in reaction kinetics.1,67 More
recently, Xu et al. have also reported a procedure for
synthesizing larger (∼40 nm) single-crystalline seeds by first
growing single-crystalline Au nanorods and then transforming
the rods into spherical nanoparticles via a multistep process of
overgrowth and etching.27 These spheres are subsequently used
to seed the growth of single-crystalline nanoparticles which
have other shapes, such as octahedra, rhombic dodecahedra,
and cubes.27

The high degree of shape control and tailorability that is
characteristic of seed-mediated syntheses of Au nanoparticles is
primarily achieved in the second growth step. In this step, the
seed particles are added to a reaction solution, known in the
nanoparticle synthesis literature as a growth solution, which
contains at minimum a surfactant, a source of Au ions, and a
weak reducing agent.45,65 In this second growth step, a weak
reducing agent is chosen to prevent additional nucleation and

Figure 4. (A) Models of the low-index surface facets of fcc metals,
such as Au. (B) Models (left) and scanning electron microscopy
(SEM) images (right) of representative polyhedral nanoparticle shapes
bound by each of the low-index facets.

Figure 5. Simplified schematic representation of the two steps of the seed-mediated synthesis of Au nanoparticles: (1) rapid reduction of Au3+ to Au0

form small seed particles; (2) slow, controlled deposition of Au onto the preformed seeds in the presence of shape-directing additives.

Journal of the American Chemical Society Perspective

dx.doi.org/10.1021/ja408645b | J. Am. Chem. Soc. 2013, 135, 18238−1824718240

 

Figure 2-1. Schematic illustrating the two steps of seed mediated growth synthesis 
for Au NCs. First step: Au precursor is reduced from Au(III) to Au(0) ions by AA to 
form seeds. Second step: Au precursor is reduced from Au(III) to Au(I) 

 and Au seeds 
from the first step are added to the Au(I) 

 solution; then seeds growth into NCs. Figure 
adapted with permission from American Chemical Society [REF 103], Copyright 
2013. 

 

In this method, control over the shape of NCs is achieved by varying the 

concentration and type of surfactants and reducing agents, as well as introducing 

additives such as KI, AgNO3, and NaBr. Many hypotheses have been proposed to 

explain the correlation between the shape of NCs and experimental parameters. For 

instance, Murphy’s research group suggested that growth solutions with low 

concentration of AA and small quantities of AgNO3 could produce ~90 nm cubes104. 

Teranishi et al.58 suggested that low concentration of AA produced Au octahedrons, 

while higher concentration of AA led to faster growth of seeds and hence production 

of Au cubes and trisoctahedrons, which are the least thermodynamically stable 

structure. Huang et al. 105 reported that cubic NCs were obtained by adding small 

quantities of NaBr and replacing CTAB with CTAC in the growth solution. The 

addition of NaBr allowed for the control over the concentration of Br- ions without 

changing the concentration of surfactants. Overall, it is believed that the Au(I) 
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reduction rate increases with increasing the concentration of AA, while Br- ions slow 

down the reduction of Au (I). Additionally, it is believed that Br- ions from the CTAB 

surfactant, can influence the shape of the NCs by selectively adsorbing on the {100} 

crystal facet and directing the deposition of Au ions on the other available crystal 

facets.52, 106 

 Seed-mediated growth method has fairly low reproducibility for fabricating 

polyhedral NCs. The quality of NCs varies drastically from one research group to 

another, as well as chemicals from different companies or even different batch 

numbers from the same company.107 For example, Korgel et al.108 reported that the 

yield of Au nanorods varied depending on the CTAB used. Based on their findings 

CTAB might contain iodide impurities which negatively impact the yield of Au 

nanorods. Iodide ions could slow down the Au deposition rate and absorption onto Au 

{100} facets, preventing Au nanorods growth. Nevertheless, the low reproducibility 

for fabricating polyhedral NCs is largely due to the lack of sufficient understanding of 

i) the chemical reactions that drives nucleation, ii) the thermodynamic and kinetic 

process that influence NCs growth process, and iii) the synergic association between 

nucleation and growth process. Therefore, there is an urgent need for a better 

understanding of the exact role of each reagent and the associated reaction 

mechanism, in order to produce high quality shaped Au NCs in a reproducible, 

reliable and scalable manner.  

This Chapter describes a systematic analysis of the one-pot synthesis method 

reported by Han and Yu et al.57, 109 I investigated the effect of reaction temperature 

and Au(I) ion stability as possible factors that might influence the shape of NCs. 
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Additionally, using UV-Vis and 1H NMR spectroscopy techniques, I evaluated the 

stability and interaction of the molecular species formed in the three stages: 1) 

Formation of [AuBr4]- complex, 2) Reduction of [AuBr4]- complex with AA, and 3) 

Nucleation with different salts and bases. Our results suggest that during the Au 

reduction step an intermediate complex is formed, affecting the nucleation rate. We 

propose a mechanism of substitution in [AuBr4]- complex by AA to reduce Au from 

(III) to (I). The findings in this study will provide guidance for the development of 

more simple, reliable methods to control the shapes of the NCs. 

2.2. Experimental Methods 

2.2.1. Materials  

Gold (III) chloride trihydrate (HAuCl4 • 3H2O, 99.99%+), 

hexadecyltrimethylammonium bromide (CTAB, 99%+), L-ascorbic acid (AA, 

99%+), hexadecyltrimethylammonium chloride (CTAC, 99%+), sodium hydroxide 

(NaOH , ≥98% ) dimethylsulfoxide-d6 anhydrous, (DMSO-d6 99.9% ). All the 

chemicals listed above were used as received without further processing. Deionized 

water (Millipore Milli-Q grade) with resistivity of 18.0 MΩ was used in all aqueous 

experiments. 

2.2.2. Synthesis of Au Cubes, Octahedrons and Cuboctahedrons 

In a 20 mL vial, 19.75 mL solution of 10 mM CTAB was prepared in water, 

and placed in a water bath at 42 °C. When the temperature of CTAB solution 

stabilized, 250 µL of 10 mM HAuCl4 was added and stirred at 550 rpm for 30 

seconds to obtain a transparent-yellow solution. Subsequently, 100 µL of 100 mM 
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AA was added, under stirring for 30 seconds, to form a colorless solution. The (Au-

CTAB)-AA solution was kept steady (i.e. incubated at constant temperature and 

without stirring) for 0-5 minutes. Then, 100 µL of 100 mM NaOH aqueous solution 

was quickly added under stirring at 550 rpm, for 2 minutes. The solution turned 

fuchsia in color in approximately 20-30 seconds, indicating the nucleation and 

formation of Au cuboctahedrons. Au cuboctahedrons were obtained by incubating the 

reaction in a water bath at 42 oC without stirring for 2 hours. The production of Au 

cubes and octahedrons was achieved by controlling incubation time of (Au-CTAB)-

AA solution and the reaction temperature. Specifically, Au cubes were obtained by 

incubating the (Au-CTAB)-AA solution at 42 °C, for 10-15 minutes before the 

addition of NaOH, while all other experimental conditions were the same as 

described above. Au octahedrons were synthesized by elevating the reaction 

temperature to 50 °C, while all other experimental conditions were the same as the 

synthesis of Au cuboctahedrons. After the formation of desired Au NCs, the solution 

was centrifuged at 3,000 rpm and the precipitate were dispersed in deionized water, to 

remove excess precursors and hence stop the further proceeding of the reaction. Table 

2-1 shows the mole equivalents of the reagents used in the synthesis of Au polyhedral 

NCs.  
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Table 2-1. Reagents for one-pot synthesis of Au polyhedral NCs. 

Metal
Precursor

Reducing 
Agent

Nucleation
Agent

Capping Agent/
Surfactant 

Reagents HAuCl4 C6H8O6
AA 

NaOH CH3(CH2)15N (Br)(CH3)3
CTAB 

Molarity 10mM 100mM 100mM 10mM

Moles 2.5x10-6 1.0 x10-5 1.0 x 10-5 1.98 x10-4

Mole Equivalents 1 4 4 80
 

 2.2.3. Formation of [AuBr4]- Complex 

Au-CTAB solution was prepared by mixing 19.75 mL of 10 mM CTAB and 

250 µL of 10 mM HAuCl4. UV-Vis spectrometry was used to identify the molecular 

species present in the (Au-CTAB) solution. 

2.2.4. Reduction of [AuBr4]- Complex with AA 
 

Utilizing UV-Vis spectrometry, (Au-CTAB)-AA solutions of different mole 

equivalent ratio of Au and AA were analyzed. Au-CTAB solution was prepared by 

mixing 19.75 mL of 10 mM CTAB and 250 µL of 10 mM HAuCl4. Then 12.5, 18.5, 

25, 37.5, 50, 75, and 100 µL of 100 mM AA were added into the Au-CTAB solution 

to prepare solutions with 1:1/2, 1:3/4, 1:1, 1:2, 1:3, and 1:4 ratio of Au and AA mole 

equivalent, respectively.  

1H NMR, HSQC, COSY experiments were conducted to analyze [AuBr4]- 

complex reduction with 1:1 and 1:4 mole equivalent ratio of Au and AA.  [AuBr4]- 

complex was prepared by combining 22.4 mg of HAuCl4 and 22.6 mg of NaBr in  0.5 

mL of  DMSO. Then, 10.7 mg and of AA was dissolved in 0.5 mL of DMSO. The 

[AuBr4]- complex solution and AA were mixed and analyzed. 
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2.2.5. Nucleation with Different Salts and Bases 
 

Nucleation was studied by evaluating the effect of different salts and bases as 

reactants to induce nucleation in the (Au-CTAB)-AA solution. The (Au-CTAB)-AA 

solution was prepared by placing a vial containing 19.75 mL of 10 mM CTAB in a 42 

°C water bath and adding 250 µL of 10 mM HAuCl4. Au-CTAB solution was stirred 

at 550 rpm for 30 seconds; then, 100 µL of 100 mM AA were added. After 5 minutes 

of incubation, the solution was stirred at 550 rpm and 100 µL of 100 mM of the 

following salts and bases KOH, K2CO3, NaHCO3, Na2CO3, NaCl, NaCN, NaI, 

C2H3NaO2Na, and KCl) were added. The pH of each solution was measured, and the 

time taken for the solution to change color was recorded. 

2.2.6. Characterization  
 

The morphology of the NCs was evaluated by means of SEM Hitachi SU-70 

Schottky Field Emission Gun Scanning Electron Microscope (FEG-SEM). The 

molecular species during [AuBr4]- complex reduction were analyzed by means of 

PerkinElmer Lambda 40 UV/VIS spectrometer and Bruker AVIII- 600 MHz NMR. 

2.3. Results and Discussion 

The one-pot synthesis of Au polyhedral NCs was evaluated to identify the key 

factors that influence the shape of NCs. Specifically, it was investigated the effect of: 

i) reaction temperature, ii) the formation of [AuBr4]- complex, iii) reduction of 

[AuBr4]- complex with AA, iv) nucleation of NCs with different salts and bases, and 

v) Au(I) ions incubation time.   
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2.3.1. The Effect of Temperature on Shape Transformation of Nanocrystals  

The one-pot synthesis method allows for control over the morphology of NCs 

by adjusting the reaction temperature. It was found that the reaction temperature had a 

direct effect over the nucleation rate, thus leading to the production of Au 

octahedrons at 50 °C, Au cuboctahedrons and cubes at 42 °C, and irregular Au 

structures at 30 °C (Figure 2-2). The average length of Au octahedrons, 

cuboctahedrons, and cubes are 57.3 ± 4.4, 67.5 ± 3.1 and 71.5 ± 3.7 nm, respectively. 

 
Figure 2-2. SEM images of the Au polyhedrons obtained at different reaction 
temperatures: a) 50°C, octahedrons; b) 42°C, cuboctahedrons; c) 42°C, cubes, and d) 
30 °C, irregular shapes.  
 

In this one-pot synthesis, NaOH is added to initiate nucleation to form NC 

seeds, after the reduction of HAuCl4 by AA in presence of CTAB (Experimental 

conditions can be found in section 2.2.2). This method relies on a precise control of 

the reaction temperature to achieve an effective homogeneous nucleation. The 
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nucleation process was assessed by recording the time taken by the solution to change 

in color from colorless to pink and purple upon the addition of NaOH. It was found 

that as the reaction temperature increased from 30 to 42 to 50 °C, the nucleation rate 

increased from 360 to 90 to 50, and eventually to 20 seconds, as reflected by the more 

rapid color change in the solution (Table 2-2).  

 
Table 2-2. The effect of reaction temperature on the onset of nucleation and the shape 
of corresponding NCs synthesized.   
 

Nanocrystals
Morphology 

Reaction
Temperature

Nucleation
Time

Solution 
color

Octahedrons 50 °C 10-20 sec

Cuboctahedrons 42 °C 30-50 sec

Cubes 42 °C 60-90 sec

Amorphous 30 °C 360 sec 

 
 

A rate of nucleation equation derived from Arrhenius equation is given as 

(Equation 2.1):  

                  

 N = A ⋅ exp
 16!σ3 M2

3R3"3#2 (ln $)2

                             (Eq. 2.1) 
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Where A is a constant of proportionality. M is molecular weight of metal precursor, S 

the degree of supersaturation of metal precursor ions, s surface energy, R the gas 

constant, r density, and T the absolute temperature. This equation clearly states that 

the three main variables affecting the nucleation rate are: temperature, degree of 

saturation, and interfacial tension. It is inferred that temperature is the main factor 

that affects the morphology of NCs by influencing the nucleation rate of polyhedral 

NCs in our system. 

2.3.2. Formation of [AuBr4]- Complex  

When HAuCl4 is added to the CTAB solution (i.e., Au-CTAB solution), Br- 

ions substitute the four Cl- from HAuCl4 to produce [AuBr4]- complex110-111. The 

stability for tetrahaloaurates (III) increases as follows Cl > Br > I. Recent studies have 

confirmed the presence of [AuBr4]- complexes in Au growth solution by means of 

UV-Vis spectrometer and X-ray absorption near-edge structure (XANES)112-113. 

[AuBr4]-  is a square-planar complex ion. It has an absorption band at 395nm, which 

gives the transparent-yellow color to the Au-CTAB solution (Figure 2-3). A full UV-

Vis spectrum of Au-CTAB solution reveals two more absorption bands located at 219 

and 260 nm.  
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Figure 2-3. UV-Vis spectrum of Au-CTAB solution, the first step of the Au NC 
synthesis, showing the 395 nm and 260 nm absorption bands of [AuBr4]- complex and 
the 219 nm absorption band of excess of Br- ions. 
 
 
 The UV-Vis band at 219 nm corresponds to the excess of Br- ions. As shown 

in Table 2-1, Au is 1:80 mole equivalent with respect to CTAB. The absorption of Br- 

ions at 219 nm was experimentally confirmed by comparing the UV-Vis spectra of 

the following three solutions: Au-CTAB, KBr, and CTAC. The UV-Vis spectra of 

both Au-CTAB and KBr solutions showed the same absorption band at 219 nm, while 

UV-Vis spectrum of CTAC did not have any absorption over all wavelengths 

(Appendix A.1.).   

The absorption band at 260 nm could be associated with either [AuBr4]- or 

[AuBr2]-. Metal ligand coordination compounds such as [AuBrx]- exhibit strong 

charge transfer absorption in the ultraviolet and visible region. The transfer of 
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electrons from ligand to metal molecular orbitals, or vice versa is known as ligand to 

metal charge transfer (LMCT) or charge transfer to metal114 (CTTM). 

Tetrahaloaurates (III) electronic spectra can have one or two weak and low energy 

bands, as well as one high energy band corresponding to LMCT.115-116 It has been 

theoretically reported that [AuBr2]- could have a high energy band due to the low 

oxidation state of Au(I). However, [AuBr2]- complex is unstable. In aqueous 

solutions, AuL2 compounds (i.e., Au(I) with ligands (L)) is subjected to 

disproportionation (Eq. 2.2) depending on the type of ligands115. 

                   

                3AuL2                 2Au + AuL4 + 2L

L= CN- < I- < SCN- < Br-<Cl- < H2O                          (Eq. 2.2) 

To examine whether the 260 nm absorption band originated from [AuBr2]- 

complex, the UV-Vis spectra of 1:2 mole equivalent of HAuCl4 and KBr solution was 

analyzed. The UV-Vis spectra of the as-prepared solution showed a 243 nm 

absorption band and a shoulder absorption band near 350 nm (Appendix A.2.). Thus, 

the result was not sufficient to support that the 260 nm absorption band corresponded 

to [AuBr2]- complex. Under this premise, it is assumed that [AuBr4]- is the only 

complex formed in the Au-CTAB solution. The 260 nm and 395 nm UV-Vis 

absorption bands might come from [AuBr4]- complex.  

2.3.3. Reduction of [AuBr4]- Complex with AA 

Previous studies suggest that Au NCs are obtained through a reduction of Au 

ions from Au(III) to Au(I) via  a simple redox reaction  of  [AuBr4]-  with AA.  

Nevertheless, it was hypothesized that AA could form a complex with Au ions 

through a mechanism of substitution. This could be possible because studies 
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involving chemical reaction of AA have shown that AA forms chelates with Cu117-118, 

Fe119-120, Pt121-123, and Ru124.  Also, reduced metal ions are often surrounded by 

shields of ligands. Specifically, Au is bound to ligands to prevents Au 

disproportionation57, 125-126.  

 To monitor [AuBr4]- reduction, series of [AuBr4]- reductions with different 

mole equivalent ratios of AA and [AuBr4]-  were conducted. They were analyzed  via 

UV-Vis and 1H NMR spectroscopy techniques. The UV-Vis analysis of the reduction 

of [AuBr4]- indicated that one mole of AA reduced completely [AuBr4]- complex as 

the LMCT band from Au-Br bonds vanished. Figure 2-4 shows that both LMCT 

bands  (i.e. 260 and 395 nm) gradually decreased and eventually vanished by 

increasing the Au to AA mole equivalent ratio from 1:1/2, to 1:1. Additionally, the 

results suggested that the band at 246 nm is excess of AA. (Figure 2-4b) shows that as 

the number of AA mole equivalents increased from 1:2 to 1:4, the 246 nm band 

emerged and its absorption intensity increased.  

Figure 2-4. UV-Vis spectra of (Au-CTAB)-AA solution showing the reduction of 
[AuBr4]- complex with different mole ratio of Au and AA a) 0:1, 1:1/2, 1:3/4, 1:1 
mole equivalent, and b) 1:1,1:2, 1:3, 1:4 mole equivalent. 

 



 

 
 

32 
 

Additionally, the UV absorption of 1:4 mole ratio of au and AA solution was 

monitored over time at 42 °C.  The 246 nm absorption band corresponding to AA in 

excess decreased over time (Figure 2-5). This implies that after Au is reduced, excess 

of AA present in the (Au-CTAB)-AA solution is still reacting with other molecular 

species in excess (e.g., Br-, and Cl- ions) in the solution. Therefore, 1:4 mole 

equivalent of Au and AA are necessary to obtain monodisperse Au polyhedral NCs 

(Appendix A.3).  
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Figure 2-5. UV-Vis absorbance plot of (Au-CTAB)-AA solution as a function of 
incubation time, showing the slow oxidation of unreacted AA over time in the 
solution. 
 

Based on the analysis of 1H and 13C NMR spectra for pristine AA and a 

solution of 1:1 mole equivalent of [AuBr4]- and AA, three intermediate complex 

structures are proposed in Figure 2-6. In presence of Au, AA protons have different 

chemical shifts and signal splitting suggesting that Au is attached to AA molecule 

exposing the protons to different chemical environment.  
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Figure 2-6. Proposed structure of the Au-AA complex formed during the [AuBr4]- 
reduction with AA. 
 

Figure 2.7 shows that the magnetic field of 4H in AA is affected by magnetic 

moment of 5H, the proton on the adjacent carbon, causing a signal splitting into 

doublet, δ 4.7. However, 4’H signal δ 4.4 is a singlet in presence of Au, because it not 

affected by 5’H magnetic moment. This suggests that there is a carbon rotation 

restriction due to the formation of a ring, which separates 4’H and 5’H protons from 

each other, inhibiting the magnetic moment of 5’H. Other change in signal splitting 

occurs for the two 6H from AA.  These protons are normally equivalent protons. They 

have the same chemical shift and their signal splitting is a multiplet; however, when 

Au is present in AA solution, the 6H signal showed two different chemical shifts δ 3.8 

and 4.1 ppm with splitting patterns, double of double and triplet, respectively. This 

indicates that the two 6H signals are not equivalent anymore. They experience 

different chemical environment, likely due to a ring formation, suggesting that Au 

might be attached to the OH bonded to carbon 6. In presence of Au, proton 5H in AA, 

experiences a down field chemical shift from δ 3.7 to 4.2 ppm. It preserves its triplet 

signal splitting partner with and without Au. In the absence of Au, the magnetic field 

of proton 5H is affected by the magnetic moment of 4H; but when Au is present, 5H is 

affected by the magnetic moment of one 6H also, due to the formation of a ring 
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structure with Au. Correlation Spectroscopy, COSY, further confirms the 1H-1H 

connectivity between the protons of Au-AA complex (Appendix A.4.). 
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Figure 2-7. 1H NMR spectrum of a) gold and L-ascorbic acid 1:1 mole equivalent 
(Au-AA)  and b) pristine L-ascorbic acid (AA) showing the signal splitting. 
 

In the 1H NMR spectra of the Au-AA complex, it was observed that AA 

hydroxyl groups 3OH and 2OH with chemical shift (δ) 8.3 and 11.0 ppm vanished, 

indicating that the hydroxyl groups could be deprotonated or bounded to Au 

(Appendix A.5. shows the 1H NMR full spectrum). 13C NMR spectra of Au-AA 

sample shows that there is only one carbonyl signal, δ 171.6 corresponding to 1C 

from AA. Since dehydroascorbic acid structure has three carbonyls, this result 

disregards the possibility that AA was oxidized and formed dehydroascorbic acid 

(Appendix A.6). 



 

 
 

35 
 

To confirm proton assignment and elucidate the structure of Au-AA complex, 

heteronuclear single quantum coherence spectroscopy (1H-13C HSQC) of Au-AA 

complex was analyzed. 1H-13C HSQC of Au-AA complex (Figure 2-8) shows that 6’C 

of Au-AA, δ 75.3 ppm, correlates with two proton signals 6”H and 6’H 

corresponding to δ 3.82, 4.13 ppm, respectively. Additionally, 4’C, and 5’C with 

chemical shift, δ 88.3 and δ 73.7 ppm, correlate with one single proton, δ 4.21, and 

4.38 ppm, respectively. HSQC of AA demonstrates that carbon 4,5,6 individually 

correlate with only one 1H signal (Appendix A.7.).  
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Figure 2-8. 1H-13C HSQC spectrum of Au-AA showing the carbon signal correlation 
with proton signal. The spectrum indicates that carbon 6 has two protons with 
different chemical shifts.  
 

2.3.4. Nucleation with Different Bases and Salts  
 

In the one-pot synthesis of Au polyhedrons, nucleation is initiated by adding 

aqueous solution of NaOH into the (Au-CTAB)-AA solution. It was believed that the 
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addition of NaOH increases the pH of the solution and increases the reduction 

capability.127-129 To understand the role of NaOH, we evaluated the effect of different 

salts and bases as nucleation agent to produce NC seeds (Table 2-3). We found that 

nucleation only occurred when strong or medium bases such as NaOH, KOH, K2CO3 

were used.  

 

Table 2-3.  List of nucleophile used to induce nucleation. 
 

Nucleation 
Agent

pKa Nucleation

OH- 15.7 �

CO3-2 10.2 �

CN- 9.1 �

HCO3-1 6.35 �

CH3CO2- 4.75 �

Cl- -7 �

I- -10 �
 

 
 

KOH and NaOH triggers the occurrence or onset of nucleation within 30-60 

seconds, while K2CO3 induce nucleation in 2 hours (i.e. solution turned from 

colorless to pink in color). Other bases like NaHCO3, CH3CO2Na did not trigger 

nucleation at any point during the reaction. We believe that NaOH as strong Lewis 

Base can deprotonate Au-AA complex liberating Au in the form of Au(0) to form the 

first NC seeds.  
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Because nucleophilicity and basicity are correlated, we investigated the effect 

of OH- as nucleophile by testing strong nucleophiles with low pKa values such as 

NaCN, and NaI. When strong NaCN and NaI were used, no nucleation was observed. 

The results indicate that nucleation might be driven by pKa value of the nucleation 

agent. Hydroxide ions are a stronger base than cyanide ions; therefore, hydroxide ions 

have a greater affinity to seek protons from the Au-AA complex thus inducing 

nucleation.  

2.3.5. Au(I) Ions Incubation Time  
 

In accordance with equation 2.1., supersaturation of Au (I) ions prior the 

nucleation is a key factor that affects the morphology of NCs. It was predicted that 

nucleation initiates when NaOH is added at the precise moment that Au-AA complex 

concentration has reached its critical threshold. Nucleation slows down or does not 

take place as (Au-CTAB)-AA solution incubation time is prolonged. In section 2.3.2, 

it was described that when the Au ion solution was incubated at 42 °C for 5 and 10 

minutes, Au cuboctahedrons and cubes were produced, respectively. Their nucleation 

rate slowed down from 30 to 90 seconds. Further experiments show the same trend, 

when Au ion solution was incubated at 42 °C from 10 to 20 minutes, the nucleation 

rate changed from 60 to 120 seconds, respectively. Au cubes increased in size from 

125.1 ± 6.3 to 140.7 ± 7.6 nm in diagonal length, respectively. However, the quality 

of the cubes decreased as the nucleation is slowed down. Finally, when Au ion 

solution was incubated for 30-35 minutes, nucleation is constrained, irregular Au 

nanostructures with a length of approximately 434.7 ± 84.3 nm were produced in lack 

of nucleation. (Figure 2-9). 
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Figure 2-9. SEM images of nanostructures obtained in one-pot synthesis, when (Au-
CTAB)-AA solution was incubated at different periods of time a) 10-15 minutes b) 
20-25 minutes, and d) 30-35 minutes.  
 

These results suggest that Au-AA complex could degrade over time 

decreasing the concentration of Au(I) and subsequently slowing down or inhibiting 

the nucleation. This prediction can be supported by LaMer nucleation theory which 

states that nucleation takes place when the concentration of the metal precursor 

reaches saturation point43. The results indicate that in one pot synthesis of Au NCs, 

the two experimental parameters that affect the morphology of NCs are the reaction 

temperature and the incubation time of Au (I) ion solution.   

2.4 Conclusion 

The study of one- pot synthesis to fabricate Au polyhedral NCs indicates that 

the morphology of NCs is determined by the nucleation rate through the control of 

reaction temperature and the (Au-CTAB)-AA incubation time. The UV-Vis analysis 

of the reduction of [AuBr4]- indicated that one mole of AA reduced [AuBr4]- complex 

as the LMCT band from Au-Br bonds vanished. 1H and 13C NMR spectra of pristine 

AA and Au-AA solution provided insights of the possible formation of Au-AA 

intermediate complex during the reduction of [AuBr4]- with AA. It is believed Au 
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forms a complex with two oxygen-donor ligand from AA, which minimizes Au(I) 

disproportionation. It is predicted that nucleation takes place when strong base such 

as NaOH deprotonates the Au-AA complex detaching Au from AA to form Au(0) 

seeds.  

The nucleation can be altered when Au (I) solution incubation time is 

prolonged causing a degradation of the Au-AA complex and therefore decreasing the 

critical supersaturation concentration of Au (I) ions. Based on the UV-VIS analysis of 

[AuBr4]-  reduction in excess of AA, it was determined that three extra moles of 

unreacted AA had a positive effect in the production of high quality of Au cubic NCs.  

We presume that the excess of AA provides stability to Au-AA complex, as there is 

excess of Br- ions from CTAB competing with AA to coordinate with Au.  

For future work, it is important to analyze the effect of the Br- ions in the Au 

reduction and nucleation stage of the synthesis. Any side reaction due to the excess of 

reactive species such as Br- ions and AA, could be minimized or eliminated to 

increase the reproducibility of the synthesis and design optimal protocols to synthesis 

polyhedral NCs.  
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Chapter 3: Immobilized Seed-mediated Growth of Two 
Dimensional Array of Au Octahedrons with Defined 

Orientations 
 
 

     “ Our greatest weakness lies in giving up.  
          The most certain way to succeed is 
           always to try just one more time.:  
 

               Thomas Edison 

3.1. Introduction 

Noble metal NPs (e.g., Au, Ag, and Pd) exhibit fascinating optical, electronic, 

and catalytic properties that are strongly dependent on their size, shape, and 

composition.3, 50 Successful implementation of these NPs into functional devices 

usually requires effective control of their spatial arrangement and orientation on 

substrates.62, 74, 130-132 The organization of metallic NPs on substrates allows utilizing 

and modulating the collective optical and electronic properties of NP arrays, thus 

facilitating their applications in photovoltaic devices,16-17 data storage,61, 133 

catalysis,134-135 and biological and chemical sensors.136-138As an example, one- or two-

dimensional (1D or 2D) arrays of plasmonic nanostructures (e.g., Au nanorods) can 

be used to manipulate or concentrate light with wavelength below the diffraction 

limit.139-141 In this case, the energy transportation in the array is strongly dependent on 

the relatively position and orientation of plasmonic NPs.  

Self-assembly of NPs has been widely studied for the fabrication of arrays of 

NPs with different shapes (e.g., spheres, cubes, and rods) on substrates.72, 88, 142-144 One 

common strategy is to use interfaces (e.g., air/liquid, liquid/liquid, liquid/solid) to 

guide the spontaneous organization of NPs into ordered structures directly or 
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indirectly on substrates.72, 88, 143-147 Unlike top-down approaches (e.g., electron beam 

lithography83), self-assembly methods are simple, scalable, and do not require special 

instrumentation in the production of NP arrays. However, these bottom-up 

approaches usually offer limited control over the orientation of shaped NPs with 

respect to the substrate. One potential strategy to address this challenge is to grow 

arrays of oriented NPs directly from seeds immobilized on a substrate. Recently, 

Hajfathalian et al.148-149 reported the fabrication of 2D array of bimetallic core-shell 

nanostructures using seeds deposited by vapor phase assembly technique on 

substrates. In this work, the patterning of seed arrays requires the deposition of 

sacrificial layers and high temperature annealing (up to 1100 oC), which may limit the 

types of substrates and seed materials that can be used for the synthesis. Nevertheless, 

there is a need for a general approach to the fabrication of high quality substrate-

supported arrays of shaped NPs.  

I developed an immobilized seed-mediated growth method to fabricate 2D 

periodical arrays of Au NCs with defined shape and crystal orientations with respect 

to substrates. This method involves the self-assembly of polystyrene (PS)-grafted 

shaped Au NPs into 2D arrays on a substrate, oxygen plasma etching of polymer 

ligands to selectively expose the top surface of Au seeds, and subsequent deposition 

of Au ions onto the exposed Au surfaces through seed-mediated growth. The 

synthetic approach we developed presents an important addition to current tools for 

the fabrication of substrate-supported functional nanostructures as new materials and 

devices.  
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3.2. Experimental Methods  

3.2.1. Materials  

Gold (III) chloride trihydrate (HAuCl4•3H2O, 99.99%+),  

Hexadecyltrimethylammonium bromide (CTAB, 99%+), L-ascorbic acid (AA, 99%+), 

tetrahydrofuran (THF) were purchased from Sigma-Aldrich. Thiol-terminated polystyrene 

(PS-SH, Mn =50,000, PDI=1.09) was purchased from Polymer Source Inc. All the chemicals 

listed above were used as received without further processing. Deionized water (Millipore 

Milli-Q grade) with resistivity of 18.0 MΩ was used in all the experiments. 

 

3.2.2. Surface Modification of Shaped Au Seeds 

Using ligand exchange method,39-43 thiol-terminated polystyrene (PS-SH, Mn 

=50,000) was grafted onto the surface of shaped Au NCs ( Synthesis protocol for Au 

cuboctahedral, cubic, and octahedral seeds can be found in Chapter 2, section 2.2.2.    

). As-prepared shaped Au NCs were centrifuged twice at 2,500 - 3,000 rpm (1.5 mL 

centrifuge tubes are highly recommended). After the first and second centrifugation 

cycle, the NCs were redispersed and concentrated in 3 mL and in 200 µL of water, 

respectively. Then, 200 µL of shaped Au NCs were added dropwise into 10 mL of 

0.075 mg/mL PS-SH solution in DMF under stirring. Subsequently, the solution was 

sonicated for 10 minutes and incubated for another 10 min at room temperature. The 

PS-grafted Au NCs solutions were centrifuged for ~3-4 cycles to remove excess PS. 

After each centrifugation cycle, the supernatant was discarded and PS-grafted NPs at 

the bottom were redispersed in 1.0 mL of THF. After the last centrifugation cycle, 
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PS-grafted Au shaped NCs were dispersed in 3 mL THF and stored at 4 oC for further 

use. 

3.2.3. Self-assembly of Polystyrene-grafted Au Nanocrystals into 2D Arrays  

Polystyrene-grafted Au NCs were directly assembled into 2D array onto Si 

wafer substrates. Square pieces of Si wafers (~2.5 cm2 in size) were cleaned 

thoroughly with piranha solution, a mixture of 3:1 H2SO4 and 30% H2O2 (CAUTION: 

The mixing procedure is an exothermic reaction, which creates a highly 

CORROSIVE mixture. Refer to reliable SOP for piranha solution handling, and 

disposal procedures). The Si wafers were rinsed with copious amount of water and 

stored in water to avoid contamination from air. Si wafers were dried under Ar or N2 

gas and immediately used for self-assembly.  

Monolayer arrays of Au NCs were fabricated by the self-assembly of PS-

grafted Au NCs using method reported previously with appropriate modification.44-45 

Briefly, clean Si wafers were placed on top of HPLC caps in a glass petri dish 

containing THF solvent. A 3 µL of PS-grafted Au shaped NCs solution in THF was 

quickly dropped on the surface of Si wafer. The petri dish was immediately covered 

with lid to create a close system statured with THF vapor. The solution of PS-grafted 

Au seeds spread over the surface of the Si wafer. Upon the slow evaporation of THF 

solvent in the NC solution, the PS-grafted Au NCs self-organized into monolayer 

arrays with hexagonally packed NPs on the substrate.  



 

 
 

44 
 

3.2.4. Removal of Polystyrene from the Top Surface of Au Nanocrystals 

The polystyrene on the top surface of Au NCs with arrays was removed with 

oxygen plasma etching. Prior oxygen plasma treatment, Si wafers with assembled NC 

arrays were rinsed with deionized water and dried by blowing air to remove 

contaminants. Afterwards, the arrays of shaped seeds were treated with oxygen 

plasma for three minutes under medium Radio Frequency power (RF) using Harrick 

Plasma Cleaner PDC-32 G (115V). The exposure time was adjusted according to the 

size of the Au NCs. PS-grafted Au cubes were etched between 3.5-4 minutes since 

their surface area was larger than cuboctahedrons surface area. The substrates with 

NC arrays were immediately rinsed with deionized water and stored in water for 

future use.  

3.2.5. Au Deposition on Exposed Surface of Au Nanocrystals Arrays 
 

The growth solution was first prepared as follows. In a 20 mL vial, specific 

quantity of 10 mM HAuCl4 aqueous solution was added into a 19 ml of 10 mM 

CTAB solution. The solution was swirled for thorough mixing. L-Ascorbic acid was 

then added (1:1 Au to AA mole ratio) and mixed well until the color of solution 

turned from yellow to clear. Subsequently, the plasma-treated seed arrays on Si 

wafers were immersed in the Au growth solution and incubated in a water bath at 

different temperatures and specific periods of time. Tables A.8., A.9., and A.10. in 

Appendix show the detailed reaction conditions (e.g., temperature and quantities of 

HAuCl4 and AA) to fabricate arrays composed of Au truncated octahedrons with 

<110>, <100>, and <111> orientation, respectively. After the completion of metal 
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deposition, the samples were removed from the growth solution and rinsed with 

deionized water.  

3.2.6. Characterization 
 

The morphologies of polyhedral NCs were imaged using a Hitachi SU-70 

Schottky Field Emission Gun Scanning Electron Microscope (FEG-SEM). The side 

view SEM images of NC arrays were taken by placing the substrates on a 45° angle 

SEM stage and tilting the SEM stage as needed. Samples for bottom view SEM 

imaging were prepared as follows. A conductive tape was placed on the top of NC 

arrays on the substrate. A razorblade was used to gently and uniformly press the tape 

to stick onto the arrays. Subsequently, the tape was peeled off from the substrate and 

the NC arrays were transferred on the tape upside down. The arrays supported on the 

tape were transferred to a Si wafer and imaged normally under SEM. 

 

3.3. Results and Discussion 

The immobilized seed-mediated growth method for the fabrication of 2D 

arrays of polyhedral NCs with well-defined shapes and orientations on a substrate 

consisted of three main steps: 1) Self-assembly of polystyrene-grafted Au seeds to 

form highly ordered 2D arrays on a substrate, 2) Oxygen plasma etching of 

polystyrene from the top surface of Au seeds, and 3) Selective Au deposition on 

exposed surface of PS-grafted Au seed arrays (Figure 3-1). This method was used as 

a platform to systematically monitor and evaluate the shape evolution of Au seed NPs 

to final polyhedral NCs.  
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Figure 3-1. Schematic of immobilized seed-mediated growth method to fabricate 2D 
arrays of asymmetric NCs with specific orientation. This surface-initiated method 
includes the following steps: i) self-assembly of polymer-grafted Au NPs to form 
highly ordered arrays on a substrate. ii) selective removal of polymers on Au NPs to 
expose the top surface of NPs as seeds through oxygen plasma treatment. iii) selective 
growth of Au truncated octahedrons directly from the seed arrays on the substrate.   
 

3.3.1. Self-assembly of Polystyrene-grafted Au Nanocrystals into 2D Arrays  

 Au seeds functionalized with PS-SH were assembled into a monolayer of 

hexagonal packing NP arrays driven by solvent-evaporation.150 Briefly, a droplet of 

PS-grafted Au seeds in THF was deposited onto a clean silicon substrate (1.5 x 1.5 

cm2 in size). As the solution slowly evaporated, the PS-grafted Au seeds nucleated 

and self-organized into hexagonal packing monolayer arrays at the THF–air interface 

(Figure 3-2 & Appendix A.11.). The spacing between the Au seeds was controlled by 

the molecular weights (i.e. 5K, 12K, 50K) of PS-SH ligands functionalized on the 

surface of NPs. The average distance between the Au seeds increased from 8.3±4.2 to 

21.8±5.1nm. The use of hydrophobic PS-SH allowed to: i) control the self-assembly 

of shaped Au seeds into 2D arrays, ii) modulate the distance between NPs within 2D 
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array, iii) immobilize the NPs on a substrate during the subsequent metal deposition, 

and iv) selectively protect the bottom-half surface of Au seeds for directional growth 

of metals. 

a) b)

5 !m

250 nm

	
Figure 3-2. (a) Photo showing the set-up for the self-assembly of polystyrene-grafted Au 
seeds into 2D monolayer arrays. (b) Low magnification SEM image of 2D array of Au 
cuboctahedrons. Inset is the high magnification SEM image of 2D array of Au 
cuboctahedrons. 
 

3.3.2. Removal of Polystyrene from the Top Surface of Au Nanocrystals  

 In order to use 2D array of shaped Au seeds for Au deposition, oxygen plasma 

was used to etch away polymer ligands on the top surface of the NP arrays. Oxygen 

plasma is a technique widely used for oxygen implantation, etching, and even for 

cleaning.151 When the monolayer array was treated  with oxygen plasma, PS-grafted 

Au seeds were irradiated with atomic free oxygen radicals, which removed the 

polymer by oxidizing the polymer backbone and eventually the aromatic groups as 

well.152 To ensure the uniform deposition of metals to obtain NCs with well-defined 

shape, it was essential to control the oxygen plasma exposure time and power 

intensity. The oxygen plasma condition was optimized to remove the polymer just on 

the top surface of the NPs, while not deteriorating the monolayer film from the 

substrate. The required exposure time and power intensity were largely dependent on 
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the size of Au seeds and the molecular weight of PS-SH. For Au seed arrays without 

being treated with oxygen plasma, there is no uniform metal deposition, but only a 

small population of irregular metal islands on some of the seed NPs (Figure 3-3). 

a) b)

250 nm

100 nm

250 nm

100 nm

 
Figure 3-3. SEM image of 2D array of Au NPs after Au deposition using Au 
cuboctahedrons (a) without being treated with oxygen plasma and (b) being treated 
with oxygen plasma for 3 minutes. The Au deposition time is: 3 h for (a) and 10 h for 
(b).  

3.3.3. Array of Truncated Octahedrons with <110> Orientation  

The seed array of Au cuboctahedral seeds after plasma treatment was 

incubated in a growth solution containing Au precursor for metal deposition. After 

completion of the reaction, the NCs in the arrays transformed into monodispersed Au 

truncated octahedrons (Figure 3-4). With the successful shape transformation, the 

average diagonal length of NCs increased from 73.8 ± 3.9 nm to 92.1 ± 4.2 nm, while 

the average spacing between NPs decreased from 21.8 ± 5.0 nm to 16.7 ± 4.0 nm. 

The hexagonal packing of NCs was maintained after the metal deposition, which 

suggests that the seeds were immobilized on the substrate, owing to the residual 

hydrophobic PS collapsed on the bottom surface of NCs when the substrate was 

immersed in aqueous solutions.36  
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Figure 3-4. Top view SEM images of 2D array of (a) Au cuboctahedral seeds with 
<110> orientation with respect to the substrate (before Au deposition) and (b) Au 
truncated octahedrons with <110> orientation (after Au deposition). c) 3D models 
illustrating the shape transformation of Au cuboctahedral seeds with the <110>, 
<100>, <111> orientation. d) Histogram analysis of the orientation of resulting Au 
truncated octahedrons within the 2D array. 

 
The uniform transformation of cuboctahedrons to truncated octahedrons can 

be attributed to the defined crystal facets and orientation of the Au cuboctahedral 

seeds on the substrate. Au cuboctahedrons had a preferential <110> orientation with 

respect to the substrate. At this orientation, four crystal facets (i.e., two {111} and 

two {100}) at the top surface of NCs were exposed directly to oxygen plasma 

treatment, leading to the selective removal of PS ligands on the top surface of NCs. 

The efficient deposition of fresh Au on these four exposed crystal facets led to the 
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transformation of Au cuboctahedral seeds into truncated octahedrons with <110> 

orientation. Three dimensional (3D) models in Figure 3-4c illustrate the shape 

transformations of Au cuboctahedral seeds with different orientations (i.e., <110>, 

<110>, and <111> orientation) on the substrate. Quantitative analysis of NC  

orientation after growth indicates that 81% of the seeds transformed into truncated 

octahedrons, of which 63%, 7.6 %, and 10.4 % of the truncated octahedrons displays 

<110>, <100>, <111> orientation, respectively (Figure 3-4d). NPs with irregular 

shape represented 19% of total NPs within the array, which can be attributed to seed 

defects. It is worth noting that the formation of NCs with defined shapes did not occur 

using 15 nm seed NPs without defined crystal facets as shown in Figure 3-5.  
0 hour growth              

Au-NP diameter: 38.62 �4.6 nm

c) d)

a) b)

200 nm 200 nm

200 nm 200 nm
 

Figure 3-5. (a,b) Top view SEM image of 2D array of (a) 15 nm spherical Au seed 
NPs (before Au deposition) and (b) Au NPs with irregular shape (after Au 
deposition). (c,d) Top view SEM images of (c) 40 nm spherical Au seed NPs (before 
Au deposition) and (d) Au NPs with irregular shape (after Au deposition). 
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 A close inspection of the side and bottom view of resulting truncated 

octahedron with <110> orientations indicates that the NCs acquire an asymmetric 

polyhedral geometry with respects to the top and bottom halves of NCs (Figure 3-6). 

While the top half of the NCs transformed into truncated octahedron shape, the 

bottom half retained their original cuboctahedral shape with a slight elongation of the 

two {111} crystal facets. The NCs exhibit different appearances, depending on the 

rotation angle of the NPs (see 3D models of NCs viewed at different angles). As 

mentioned above, the presence of relatively low-density PS at the bottom surface of 

seeds helped to immobilize individual NCs and kept them fixed at their original 

position on the substrate, throughout the metal deposition process. More importantly, 

it significantly slowed down the deposition of metals at the bottom, while not 

affecting the growth from the top crystal facets. The differential growth rates on the 

top and bottom surfaces of seeds resulted in the formation of NCs with asymmetric 

shape. 
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Figure 3-6. (a,c) Side view and (b,d) bottom view SEM images and their 
corresponding 3D models of (a,b) cuboctahedral seeds (before Au deposition) and 
(c,d) resulting asymmetrical truncated octahedron (after Au deposition). 
 
 

The immobilized seed-mediated growth method offers us a simple way to 

systematically analyze the time-dependent shape evolution of NCs on the substrate. 

By imaging the NC arrays at different points in time of Au deposition, we witnessed 

the shape transformations of cuboctahedral seed arrays (Figure 3-7). Within ~2 hours 

of incubation, the Au cuboctahedral seeds preserved their original shape. After ~3-4 

hours, the seeds transformed into truncated octahedrons in which the top {111} 

crystal facets increased in size while the {100} crystal facets decreased. With the 

extension of growth time, the {111} crystal facets continuously increased to dominate 

the top surface of NCs, while the size of {100} crystal facets kept reducing until they 

almost completely disappeared after ~8 hours of incubation. The controllable shape 
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transformation was further confirmed by the gradual increase in the diagonal length 

of NCs. The diagonal length of Au cuboctahedral seeds increased from 73.8 ± 3.9 nm, 

to 83.7 ± 5.6 nm, and eventually to 92.1 ± 4.2 nm at the aforementioned time points, 

respectively (Appendix A.12.). 

 

Figure 3-7.  Top view SEM images, 3D, and 2D models illustrating the time-
dependent shape evolution of Au cuboctahedral seeds along the <110> orientation.   
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3.3.4. Array of Au Octahedrons with <100> Orientation 
 

Au cuboctahedrons and Au octahedrons with <100> orientation were 

synthesized by using monolayer array of assembled truncated Au cubes as seeds 

(Figure 3-8). Because of the preferential <100> orientation of cubes within arrays, 

plasma treatment caused the exposure of one {100} and four {111} crystal facets on 

the top half of the seeds (Figure 3-8a). The subsequent Au deposition selectively on 

the exposed crystal facets led to the formation of truncated octahedrons. About three 

quarters of all the resulting truncated octahedrons exhibited <100> orientation in the 

arrays (Figure 3-8 c,d). The rest existed either in other orientation modes (i.e., 8.7 % 

in <110> orientation and 10.5 % in <111> orientation) or presented as defects 

originated from the irregular shape of seeds. The relatively low percentage of <110> 

and <111> orientation modes might be a result of non-closely packed seeds. The 

average space between NCs decreased from 26.5 ± 4.3 nm to 20.1 ± 7.6 nm after Au 

deposition when truncated cubes transformed into truncated octahedrons. 
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Figure 3-8. Top view SEM images of 2D array of (a) Au truncated cubic seeds with 
<100> orientation with respect to the substrate (before metal deposition) and (b) Au 
truncated octahedrons with <100> orientation (after metal deposition). c) 3D models 
illustrating the shape transformation of Au truncated cubic seeds with <110>, <100>, 
<111> orientation. d) Histogram analysis of the orientation of resulting Au truncated 
octahedrons within the 2D array. 

 
The shape evolution of NCs was studied from cubic seeds to cuboctahedrons, 

truncated octahedrons and finally octahedrons, throughout the course of Au 

deposition (Figure 3-9). Au cuboctahedrons were obtained after incubating the seeds 

in the growth solution at 40 °C for 2 hours. At a 5-hour incubation time, the 

prolonged metal deposition produced truncated octahedrons. When the metal 

deposition occurred in growth solution with doubled concentration of gold precursor 
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at 60 °C for 10 hours, Au octahedrons were obtained. With the evolution of the NCs, 

the {100} center crystal facet of cube seeds gradually decreased and eventually 

disappeared, while the four {111} triangular crystal facets at the top corners 

elongated and merged at the time point when the {100} crystal facet disappeared. 

With the transformation of NCs from cubes, to cuboctahedrons, and finally to 

octahedrons, the diagonal length of NCs increased from 71.5 ± 3.7 nm, to 77.8 ± 5.7 

nm and eventually to 83.5 ± 5.0 nm (Appendix A.13). 

 
Figure 3-9. Top view SEM images, 3D, and 2D models illustrating the time-
dependent shape evolution of Au truncated cubic seeds along the <100> orientation.   
 

As a result of the different metal deposition rate on the top and bottom halves 

of the seed NPs, the final NCs were also asymmetric in shape with respect to their top 

and bottom halves (Figure 3-10). Such shape difference between the top and bottom 
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halves can be seen from the side view SEM images and 3D models of the asymmetric 

Au cuboctahedrons and octahedrons.  

 

 
Figure 3-10. (a, c) Side view and (b, d) bottom view SEM images and 3D models of 
(a,b) asymmetric Au cuboctahedrons and (c,d) asymmetric Au octahedron obtained 
after the metal deposition on Au cubic seeds. 

 
Furthermore, an examination of the bottom part of the Au cuboctahedrons and 

octahedrons indicates that the {100} square facets located at the bottom of the Au still 

remained from the cubic seeds. Because of the presence of collapsed PS chains at the 

bottom surface of immobilized seeds, there was slower metal deposition rate on the 

bottom half of cubic seeds. The average diagonal lengths of the bottom {100} crystal 
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facets of the Au cuboctahedrons and octahedrons were 59.8 ± 6.7 nm and 49.0 ± 4.7 

nm, respectively (Figure 3-11) 

 

 
Figure 3-11. Front and bottom view SEM images and 2D projections of resulting 
asymmetric cuboctahedron and octahedrons showing the gradual decrease of diagonal 
length of the top and bottom {100} crystal facet.  The bottom {100} crystal facet is 
preserved as the top {100} facet vanishes.  
 

3.3.5. Array of Au Octahedrons with <111> Orientation 
 

Au octahedrons with <111> orientation were obtained using 2D arrays of Au 

octahedrons as seeds. When PS-tethered Au octahedrons assembled into 2D arrays, 

they acquired <111> orientation on the substrate (Figure 3-12a). With this orientation, 

the top view of seed NPs looks like that of Au triangles, as only one {111} triangular 

crystal facet of the Au octahedral seeds can be observed in the SEM images. After 

treating the seed arrays with oxygen plasma and depositing Au at 40 oC for 5 hours, 

the top view triangular {111} crystal facets were preserved and increased in size.  

An analysis of crystal orientations shows that 80.9% of the NC exhibited triangle-like 

geometry due to the <111> orientation of seeds (Figure 3-12d & 3-13) Surface 
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growth defects such as merged particles or irregular shapes counted 17.3 %, while 1.9 

% of the octahedrons adopted <110> orientation. There were no Au octahedrons with 

<100> orientation. 

 
Figure 3-12. Top view SEM images of 2D array of (a) Au octahedron seeds (before 
Au deposition) and (b) Au truncated octahedrons (after Au deposition). c) 3D models 
showing the shape transformation of Au octahedral seeds with <110> and <111> 
orientation. d) Histogram analysis of the orientation of resulting Au truncated 
octahedrons within the 2D array. 
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Figure 3-13. (a) Side view and (b) bottom view SEM images and corresponding 3D models 
of octahedrons with <111> orientation, after Au deposition.  
 

Figure 3-14 illustrates the evolution of the top {111} triangular crystal facet of 

the Au octahedrons. When the 2D array was incubated in the Au growth solution at 

40 °C for 5 hours, the top crystal facet increased in size and became more truncated. 

By doubling the concentration of Au and incubating for 10 hours, the truncation 

decreased and the top {111} crystal facet of the Au octahedrons increased in size. The 

length between one triangular vertex to the opposite side edge increased from 46.6 ± 

4.9 nm to 58.8 ± 4.7 nm (see 2D models in Appendix A.14). 
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Figure 3-14 Top view SEM images, 3D, and 2D models illustrating the time-
dependent shape evolution of Au octahedral seeds along the <111> orientation. 

 

3.4. Conclusion 

In summary, I developed an immobilized seed-mediated growth method for 

the fabrication of 2D arrays of asymmetric Au NCs with defined shapes and specific 

orientations on substrates. This method relies on the selective position of a second 

metal on the exposed surface of seed NPs immobilized on substrates. Au seeds with 

cuboctahedral, cubic, and octahedral shapes transformed into Au truncated 
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octahedrons preferentially oriented in the <110>, <100> and <111> mode, 

respectively. The locally collapsed polymer at the bottom surface of the seeds fix the 

seed arrays on the substrate, and simultaneously confine the metal deposition on the 

top crystal facets of the seeds to produce asymmetric polyhedral NCs, which 

distinguishes this method from existing methodologies for the fabrication of shaped 

NPs arrays. Furthermore, this method provides a simple technique to acquire arrays of 

polyhedral NCs with specific orientation by selecting shaped seeds with predominant 

orientation. This synthetic method allows for easy monitoring the growth kinetics of 

NP arrays. The {111} facets increased in size while the {100} crystal facets 

decreased. With the prolongation of growth time, {111} crystal facet dominated the 

top surface of the NCs and {100} crystal facets disappeared. We expect that the 

library of substrate-supported NP arrays will find a broad range of applications in 

sensing, catalysis, optical and electronic devices. 
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Chapter 4: Growth of Two-dimensional Array of Au@Pd 
Asymmetrical Polyhedrons with Defined Orientations 

 
 
 
 

      Ideas do not always come in flash but by 
           diligent trial-and-error experiments  
                    that take time and thought.”    
 

     Dr. Charles K. Kao  
   Nobel Prize in Physics 
               2009 

 

4.1. Introduction 

NCs composed of two metals provide a pathway to control their optical, 

electronic and catalytic properties153-154. These properties enables the broad 

applications of bimetallic NCs in photocatalysis, and sensing50. Bimetallic NCs like 

core-shell exhibit optical properties that cannot be found in single component NCs155, 

as a result of the synergetic effect between different components50. Among other 

bimetallic NCs Au@Pd NCs are particularly attractive, because Au can serve as 

plasmonic antennae to enhance the electromagnetic field while Pd can serve as a good 

sensor through its high refractive index sensitivity. For instance, Au@Pd core-shell 

NCs have been demonstrated for fabricating sensitive and low-cost hydrogen gas 

sensors50, 156. Pd has the capability to absorb hydrogen gas reversibly to form 

palladium hydride (PdH), while Au NCs have LSPR in the visible range. 

Additionally, the properties of bimetallic NCs can be adjusted by tuning the shape 

and spatial distribution of two constituent components. For instance, by adjusting the 
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Pd shell thickness of Au@Pd NCs, the LSPR band can be readily tuned in visible and 

near infrared region.157 including the oxidation of CO, benzyl alcohol, and propene, as
well as the reduction of CO2.

70,507 In one example, Chen and
co-workers introduced a synthetic route, based on coreduction,
capable of formation of a series of Cu−M intermetallic
nanorods (Au3Cu, CuAu, Cu3Pt, or Cu3Pd).

508 Using this
method, they could tune the LSPR peak of the Cu3Au nanorods
across the visible spectrum and into the near-IR. Using the
model reaction where 4-nitrophenol (4-NP) is reduced to 4-
aminophenol (4-AP) with NaBH4, they demonstrated the
following trend in activity: ordered Cu3Au nanorods >
disordered Cu3Au nanorods > ordered Cu3Au nanocrystals >
disordered Cu3Au nanocrystals.
While the various aforementioned Au−Cu nanocrystals

showed a very strong dependence on the shape and atomic
ordering (order vs disordered), further enhancements can be
achieved through resonant excitation. For example, Neretina
and co-workers showed that sapphire-supported Au−Cu
triangular nanocrystals could serve as effective photocatalysts
for the same model reaction.418 It was found that resonant
excitation at 10 mW/cm2 led to a 32-fold enhancement to the
reaction rate constant relative to the result of a control
experiment conducted in the dark. The advantages of using
Au−Cu in this particular example were found to be 3-fold: (i)
introducing Cu into the system decreases the amount of Au
necessary for catalysis, (ii) the Au−Cu combination is found to
be well-suited for the reduction of 4-NP according to binding
energy consideration (the volcano plot), and (iii) the degree of
alloying can serve as a means to fine-tune the LSPR peak
position.
5.2.2. Indirect Plasmonic Sensing. Plasmonic nanocryst-

als are well-known for their extreme sensitivity toward changes
in their local dielectric environment. Therefore, any object
brought into their proximity will drastically alter the spectral
position and profile of plasmon resonance. This concept has
been adopted by researchers interested in H2 gas detection.
Because H2 concentrations exceeding 4% can ignite explosively,
there is a driving force to fabricate highly sensitive and
inexpensive H2 sensors.

509 Palladium is known for its ability to
absorb H2 gas reversibly by incorporating atomic hydrogen (H)
into its lattice, forming a new phase known as palladium
hydride (PdH).510 Because higher partial pressures of H2 lead
to increasingly distinct electrical and dielectric properties, the
absorption/desorption process can be monitored optically.
However, because Pd only has a LSPR in the UV region (in the
solid, and spherical form), visible sensing is simply not feasible
with only Pd. Instead, coupling Pd with a metal that is
plasmonically active in the visible region can be used to address
this issue. As a proof of concept, optical transduction (via
indirect plasmon sensing) of H2 was demonstrated by Alivisatos
and co-workers, who positioned a Pd nanodisc near the tip of a
Au nanotriangle (all supported on a surface) and cycled the
partial pressure of H2. The transition from Pd to PdH was
plasmonically transduced by the neighboring Au nanocrystal,
resulting in a reversible peak shift upon increasing and
decreasing the H2 pressure.

511

The work by Alivisatos and co-workers has motivated a
number of studies aimed at synthesizing indirect plasmonic H2
sensors based on the core−shell nanocrystal structure, where a
plasmonic core is surrounded by a H2-sensitive Pd-shell. Chiu
and Huang, for example, implemented seed-mediated growth
for the production of Au@Pd core−shell nanocrystals with a
variety of shapes including tetrahexahedra, octahedra, and
cubes.512 In this system, the Au core served as a plasmonic

antennae capable of detecting the reversible transition of Pd to
PdH (Figure 37a). They found that smaller Au−Pd octahedra

with thinner Pd shells resulted in the ability to visibly detect H2
absorption. They demonstrated selectivity of the Pd−Au
system toward H2-gas by observing negligible changes when
exposing the system to O2 and CO. Their H2-cycling tests
demonstrated that the H2-absorption and desorption process
could be monitored optically (Figure 37b and c). The
selectivity and reversibility of the Au@Pd core−shell nano-
crystals make them a valuable H2 sensing platform for various
applications. A similar system was recently reported by
Neretina and co-workers, where Au−Ag@Pd nanotriangles
supported on Al2O3 could rapidly sense changes in H2 partial
pressure.513

5.3. Magnetic Applications
Bimetallic magnetic nanocrystals have found a bulk of their use
in biomedical applications as the theranostic agents.514 In the
context of pharmaceutical and biomedical realms, it is favorable
to have magnetic particles with both small size and narrow size
distributions together with high magnetization values. To this
end, the precision of a synthesis is key to controlling the
physicochemical aspects of magnetic nanocrystals, especially
over surface functionalization, stability, and behavior in
biological settings. Because magnetic nanocrystals are generally
not biocompatible, a surface coating is typically required. In
general, a multistep approach must be taken to obtain
bimetallic magnetic nanocrystals suitable for theranostic
applications.

5.3.1. Bimetallic Magnetic Nanocrystals as Theranos-
tic Agents. As was previously mentioned, magnetic nano-
crystals have many potential biomedical applications, especially
as contrast agents for magnetic resonance imaging (MRI). The
ideal properties of an MRI contrast agent include high magnetic
moments, thermal and chemical stability, biocompatibility, and

Figure 37. (a) Schematic illustration showing the reversible
transformation from Au@Pd to Au@PdH upon exposure to H2. (b)
Absorbance spectra of Au@Pd octahedra before (gray) and after
(blue) exposure to H2. (c) Plot showing the change in LSPR peak
position upon H2 cycling, a trend demonstrating that the trans-
formation from Pd to PdH is reversible. Reprinted with permission
from ref 512. Copyright 2013 Wiley-VCH.
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Figure 4-1. (a)Schematic showing Au@Pd core-shell NCs capability to detect H2 and 
transform to Au@PdH. (b) Extinction spectra of Au@Pd octahedrons before and after 
exposure of H2. (c) Plot showing that Au@Pd system to detect H2 is reversible. Figures 
adapted with permission from American Chemical Society [REF 50], Copyright 
2016. 
 

To incorporate Au@Pd NCs in functional devices, the organization of Au@Pd 

NCs into 2D array is crucial for plasmonic sensing device. Lithography method (e.g., 

laser interference lithography158) has been used to fabricate bimetallic arrays. Though 

this method can produce large array areas, approximately 5x5 mm2, this method is 

limited to spherical shapes and large distance between particles, ~700 nm apart from 

each other. Moreover, it requires high technology instrumentation such as electron 

beam evaporator to deposit the metal films, which makes the fabrication costly. In 

contrast, self-assembly method offers a simple and cost-effective method to fabricate 

bimetallic arrays with different shapes, specific orientation and narrow distance 
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between NCs.  

As described in the last Chapter, an immobilized seed-mediated growth 

method to fabricated 2D array of polyhedral NCs was successfully developed.  In this 

Chapter,  the concept is extended by fabricating 2D arrays of bimetallic NCs. Using 

the  method of immobilization of shaped seeds (Chapter 3), I fabricated 2D arrays of 

Au core Pd cubic shell (Au@Pd) polyhedral NCs with defined shapes, controlled 

spacing, and specific orientation. 2D arrays of Au@Pd cubic shell were created by 

local deposition of Pd on 2D arrays of Au cuboctahedral and cubic seeds. 

Remarkably, the individual bimetallic polyhedral NCs within the arrays have 

asymmetric geometry, that is, the top half part of the NCs were different in shape 

from their bottom half part. Additionally, the particle distance of the resulting array 

can be modulated by tuning the deposition time of the second metal precursor or by 

controlling the length of polymer tethers on Au seeds. The individual polyhedral NCs 

within the 2D arrays can be released from the substrate by adding water and carefully 

scraping the substrate.  

4.2. Experimental Methods 

4.2.1. Materials  

Palladium(II) chloride (PdCl2, 99%+), Gold (III) chloride trihydrate 

(HAuCl4•3H2O, 99.99%+), Hexadecyltrimethylammonium bromide (CTAB, 99%+), 

L-ascorbic acid (AA, 99%+), tetrahydrofuran (THF) were purchased from Sigma-

Aldrich. Thiol-terminated polystyrene (PS-SH, Mn =50,000, PDI=1.09) was 

purchased from Polymer Source Inc. All the chemicals listed above were used as 



 

 
 

66 
 

received without further processing. Deionized water (Millipore Milli-Q grade) with 

resistivity of 18.0 MΩ was used in all the experiments. 

4.2.2. Pd Deposition on Exposed Surface of Au Nanocrystal Arrays  

Assembly of shaped seed arrays are the same as described in Chapter 3, 

Section 3.2.2 - 3.2.4. The array of Au seed were placed in the Pd growth solution. The 

Pd growth solutions were prepared in 20 mL vials containing 19 ml of 10 mM CTAB 

solution. The CTAB solution was placed in a water bath at 30 °C.  After the 

temperature was stabilized, specific quantities of 10 mM H2PdCl4 (H2PdCl4 was 

prepared in the lab using PdCl2 and HCl) and 100 mM AA were added to the CTAB 

solution. Subsequently, the plasma-treated seed arrays on Si wafers were immersed 

into the Pd growth and incubated for 8-12 hours. After the completion of metal 

deposition, the samples were removed from the growth solution and rinsed with 

deionized water. The detailed reaction conditions are given in Appendix A.15. 

Similarly, Au cubic core @ Pd cubic shell were synthesized by incubating the 

substrates of Au cubic arrays in Pd growth solution in a water bath at 30 °C for 12 h. 

The Pd growth solution contained 19 ml of 10 mM CTAB solution 500 μL of 10mM 

H2PdCl4  and 250 μL of 100mM AA. 

4.2.3. Characterization and Sample Preparation  

Pd deposition on Au shaped NCs arrays were analyzed by elemental analysis 

using JEM 2100 FEG Transmission Electron Microscope (FEG-TEM) Samples for 

elemental analysis were prepared on 300 mesh carbon-coated copper grid. A 5-10 µL 

of water was dropped on the array of Au@Pd NCs. A toothpick was then used to 
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gently scratch the sample off the Si wafer. A Cu grid was placed on top of the water 

droplet on the Si wafer and let dry. Additionally, the morphologies of polyhedral NCs 

were imaged using a Hitachi SU-70 Schottky Field Emission Gun Scanning Electron 

Microscope (FEG-SEM) and JEOL JEM 2100 Field-Emission Gun Transmission 

Electron Microscope (JEM 2100 FEG).  

4.3. Results and Discussion 

Using the immobilized seed-mediated growth strategy described in Chapter 3, 

it was possible to tune the growth condition to fabricate 2D arrays composed of 

Au@Pd asymmetric NCs with controlled size, shape, and orientation. This method 

relies on the controlled solution-phase deposition of Pd ions on selectively exposed 

surface of self-assembled Au seed NPs that are immobilized on a substrate through 

collapsed polymer brushes (Figure 4-2).  

Oxygen 
plasma 
etching 

Array of polymer-
grafted Au NPs

Array of Au seeds
with exposed gold 

surface

Asymmetric Au@Pd
polyhedrons 

Pd
deposition

Exposed 
gold 
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Polymer 
ligands

Shaped 
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Polymer 
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Figure 4-2. Schematic illustration of immobilized seed-mediated growth of 2D array 
of asymmetric Au@Pd polyhedral NCs. The process involves the self-assembly of 
polymer-grafted Au NPs into 2D arrays on the substrate, selective removal of 
polymer ligands from the top surface of NPs by oxygen plasma treatment, and 
deposition of a Pd metal selectively on the exposed surface of Au seed NP arrays. 
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4.3.1. Array of Asymmetric Nanocrystals with Au Cuboctahedral Core and Pd Cubic Shell 

Nanocrystals  

Well-controlled Pd reduction and deposition on the Au cuboctahedral seed 

array led to the formation of asymmetric polyhedral NCs with Au core and Pd cubic 

shell (Figure 4-3 a-d). Similar to the surface-growth case of Au truncated octahedron, 

the presence of the polystyrene in the half-bottom part of the seeds anchor them to the 

substrate, and hindered or limited the Pd deposition. The asymmetric geometry of 

these NCs was confirmed by elemental analysis of NCs released from the substrate-

supported arrays. The elemental line scan shows that the concentration of Pd was 

higher at the edges than at the middle of the NCs. This is also the case for almost all 

the core-shell type NPs, because of the edge effect. The elemental line scan of Au 

cuboctahedron core @ Pd cubic shell suggests that the deposition of Pd occurred 

largely at the top half, while Pd is deprived at the bottom half of the Au core @ Pd 

NCs (Figure 4-3e). 
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Figure 4-3. (a-c) Top view (a), side view (b) and bottom view (c) SEM images of 2D 
array of asymmetrical Au cuboctahedral core@Pd cubic shell NCs. d) Side view 
TEM image of a single NC released from the substrate. The red dashed line indicates 
the boundary between the top and bottom half of the resulting NCs. (e) TEM images 
and energy-dispersive X-ray spectrometer line scans of a single Au cuboctahedral 
core @ Pd cubic shell NC showing the formation of asymmetric NCs (i.e., the top and 
bottom of the NC has different content of Pd deposition). 

 

This method produced arrays of 82.8 % Au cuboctahedral core with Pd cubic 

shell. Figure 4-4 shows that ~64.0% of the Au@Pd NCs showed a <110> orientation 

in the array, while the population of <100> and <111> orientation were 7.3% and 

11.5%, respectively. Defects in the surface growth or seeds counted for another 

17.2%. The Au@Pd NCs had <110>, <100>, <111> orientations because the seeds 

acquired that orientation when assembled into 2D array and the Pd deposition 

occurred on the seed top crystal facets. 
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Figure 4-4. (a) 3D models showing the shape transformation of Au cuboctahedral 
seeds with <110> <100> <111> orientation with the deposition of Pd. b) Histogram 
analysis of the orientation of resulting Au cuboctahedral core@Pd cubic shell in the 
2D array. 
 

The evolution of the Au@Pd NCs was studied by adjusting the incubation 

time and concentration of Pd and AA. At a relatively low concentration of Pd 

precursor and 5h incubation, Pd deposition occurred only on the {111} crystal facet 

of the Au cuboctahedrons (Figure 4-5). When more Pd was deposited on the {111} 

crystal facets, Pd surrounded the Au cuboctahedron {100} crystal facets producing 

Au@Pd cubic frames (i.e Au cuboctahedron enclosed within cubic frame of Pd). This 

occurred when the array of Au cuboctahedral seeds were incubated for 12 hours in a 

Pd growth solution. The formation of Pd shell led to an increase in the diagonal 

length of NCs from 73.8 ± 3.9 nm to 82.0 ± 3.0 nm. The complete engulf of Au seeds 

in Pd cubic shell was achieved with the further increase in the concentration of Pd 

and the diagonal length of NC increased to 95.3 ± 6.3 nm (Appendix A.16.).  
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Figure 4-5. Top view SEM images, 3D, and 2D models illustratring the shape 
transformation of Au cuboctahedral seeds into Au@Pd core-cubic shell with <110> 
orientation. 
 

4.3.2. Array of Asymmetric Au Cubic Core and Pd Cubic Shell Nanocrystals  

Au cubic shapes were preserved after deposition of Pd resulting in the 

formation of Au cubic core with Pd cubic shell (Figure 4-6). Au cube seeds lost their 

truncation feature after Pd deposition.  The vertices of the Au cubic seeds became 

sharper. This is consistent with previous reports where it has been indicated that Pd 

atoms deposit on the edges of the Au cores areas of higher energy159. 

The elemental line scan in Figure 4-7 shows that Pd cover the surface of the 

core, with a slightly higher Pd deposition at the edges than at the middle of the NCs. 

We believe, that Pd is deposited first at the edges and corners; then as the 
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concentration of Pd is increased, Pd atoms diffuse to the center of the Au seeds. Pd 

cubic shell are presumed to be form because CTAB served as a capping agent for the 

Pd {100} surface promoting the formation of Pd NCs enclosed by {100} facets160.  

Figure 4-6. (a) Top view and (b) side view SEM images of 2D array Au cubic core cube@Pd 
cubic shell NCs. Inset in (a) is the high magnification SEM image of the NC array. c) TEM 
image and 3D NC model of these NC released from the substrate. 
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Figure 4-7 (a) TEM images and (b-d) energy-dispersive X-ray spectrometer line  
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scans of a single Au cubic core @ Pd cubic shell NC showing the composition of 
asymmetric NCs. 

4.4. Conclusion  

Substrate-based growth method shows to be a practical technique to fabricate 

bimetallic NCs. The preferential orientation of the Au seeds and the well control of 

the reduction of Pd precursor enable the enable the production of high quality of  

Au@Pd NCs. This method can be potentially extended to the synthesis of NPs with 

other compositions such as metal oxides. It opens up a new venue for fabricating 

functional plasmonic NCs directly on a substrate, with potential applications in 

technologies such as photovoltaic devices, biological and chemical sensors. 

Additionally, this substrate-based NC growth method shows the following features 

over existing approaches: i)  it is cost efficient, as it does not require any lithography ; 

iii) it can potentially be adapted to fabricate, directly on a substrate, functional NCs 

with potential applications in such as photovoltaic devices, biological and chemical 

sensors. 
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Chapter 5:  Conclusion and Future Work 
 
 

        “ Be the change that  you wish 
                             to see in the world.”    
 

            Mahatma Gandhi  
 
 

For the last decade, researchers in the field of plasmonic nanomaterials have 

extensively used plasmonic nanospheres as primary building blocks to design 

materials with applications in such as photovoltaic devices7-8, catalysis,9-10 sensors11-

12, and imaging contrasting agents for medical diagnosis69.  

To facilitate the application of shaped NCs in different fields, it is essential to 

improve our existing understanding on solution-based synthesis of polyhedral NCs 

and develop techniques to assemble shaped NCs in a better controlled manner.   

With the vision of reducing chemical waste accumulation from failed attempts 

to obtain high-quality polyhedral NCs, we investigated the reaction mechanism that 

underlines the growth Au polyhedral NCs in solution prior nucleation. We also 

developed a methodology to fabricate 2D arrays of mono- and bi- metallic NC 

directly on a substrate without using complex and expensive instrumentation such as 

lithography.  

In chapter 2 we presented the results of a comprehensive study for the three 

phases involved in a one-pot nanocrystal synthetic method. We propose that during 

the reduction of [AuBr4]- with AA, a possible complex is formed between Au and 

AA. During the nucleation, NaOH as strong base possibly deprotonates the Au-AA 

complex and induces a complete transfer of electron from AA to Au, resulting in the 
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formation of Au(0) nuclei. Based on the proposed Au-AA complex structure, it is 

expected that Au has an oxidation state of Au(I). The intrinsic characteristic of Au(I) 

to disproportionate makes the Au-AA susceptible to degenerate over time. As Au-AA 

complex degenerates, the concentration of A(I) decreases altering the critical 

concentration of Au(I) needed for nucleation. This was the case of the Au cubes and 

Au cuboctahedron synthesis. Both NCs were obtained at 42 °C under different (Au-

CTAB)-AA incubation time. This is a possible factor that can negatively impact the 

reproducibility of Au cube synthesis. Additionally, despite that 1:1 mole ratio Au and 

AA leads to complete reduction of Au, we found that excess of AA was necessary for 

the production Au cubes with monodisperse size and shape. We believe that the 

excess of AA is necessary to prevent Br- ions binding to Au, as CTAB is present in 

excess and carries out the Br- ions. For future work, we suggest elucidating the effect 

of Br- ions during the reduction of Au ions with AA. To start, it is important to find 

out if the excess of Br- ions are reacting with AA and through what mechanism it 

does. The answer to this question could result in a holistic understanding of the 

reaction mechanism that lead to nucleation. The modification and improvement in the 

traditional nanocrystal synthetic method could help to minimize the usage of CTAB 

surfactant, a toxic chemical for marine environment, and also reduce the 

accumulation of  chemical waste that arise from polydispersity Au NCs that have to 

be discarded since they cannot be used for assembly due to their bad quality.  

In chapter 3 and 4, we described techniques to develop a 2D array of seeds 

that enable the fabrication of mono- and bi- metallic polyhedral NCs directly on a 

substrate with controlled orientation, shape, and particle distance. This method relies 
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on the controlled solution-phase deposition of metals (e.g., Au and Pd) on selectively 

exposed surface of self-assembled seed nanoparticles that are immobilized on a 

substrate through collapsed polymer brushes. Specifically, in chapter 3 we 

demonstrated that 2D array of Au truncated octahedrons with <110>, <100>, and 

<111> orientation along the substrate, resulted from using Au seeds with 

cuboctahedral, cubic, and octahedral shapes respectively. In chapter 4, we 

demonstrated that our substrate-based method could be used to fabricate Au@Pd NCs 

with Au cuboctahedral or cubic core and Pd cubic shell. Our method presents the 

potential to be adapted to fabricate photovoltaic devices, biological and chemical 

sensors. For future work, we propose to work on the scalability of the method to 

produce 2D array areas of tens of cm2. Beyond application purposes, our substrate-

based growth method serves as a tool to investigate NCs shape evolution of different 

compositions. For future work, we suggest using the 2D array of seeds to investigate 

the shape evolution of NCs through metal deposition without CTAB, or any 

surfactant. The role of CTAB is to disperse the NCs in solution phase to avoid their 

aggregation and modulate the shape of NCs. Since the NCs are attached to the 

substrate, solution dispersion is not necessary. In a proof of concept, Au octahedron 

NCs were obtained without CTAB, which is consistent with the Wulff construction 

Theory. In absence of CTAB, octahedrons are obtained because they are 

thermodynamically stable structures. Though the quality of octahedrons were not 

good. We believe that with an adjustment of reaction temperature it might be possible 

to improve the quality of Au octahedrons without CTAB. Our substrate-based growth 
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method could serve as a platform to try different growth conditions to design 

techniques that eliminate the usage of CTAB.  
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Appendix 
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A.1. UV-VIS spectrum of  CTAC surfactant and KBr showing that Br is not present 
in CTAC surfactant.  
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A.2. UV-VIS absorption of 1:2 mole equivalent of Au and Br- sources ( i.e. CTAB 
and KBr) showing a high energy band at 260 nm expected from low oxidation state, 
Au(I).  
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A.3. NCs with significantly improved quality were obtained at 1Au:4AA mole 
equivalent. UV-Vis spectra showing the [AuBr4]- complex reduction with a) 1Au:1 
AA mole equivalent and b) 1Au:4 AA mole equivalent and their corresponding SEM 
images of synthesized NCs under both conditions.  
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A.4 1H-1H COSY of Au-AA complex showing proton coupling. 6H and 5H couple 
with each other, while 4H does not couple with any proton.  
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A.5.  1H NMR full spectrum of a) gold and ascorbic acid 1:1 mole equivalent and b) 
pristine L-ascorbic acid (AA) showing the difference in chemical shifts. 
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A.6. 13C NMR of (a) Au-AA complex and (b) AA showing the  difference in  carbon 
chemical shift in presence of Au.  The 13C NMR spectrum of that Au-AA shows that 
there is only one carbonyl group confirming that dehydroascorbic acid is not present.  
 
 

 
A.7. HSQC of AA showing that carbon 4,5,6  correlate with only one 1H signal. 
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A.8. Reaction temperature, incubation time, and quantities of HAuCl4 and AA for the 
shape transformation of Au cuboctahedral seeds into truncated octahedrons with 
<110> orientation. 
 
 
 
 

	
 
A.9. Reaction temperature, incubation time, and quantities of HAuCl4 and AA for 
shape transformation of truncated cubic seeds into cuboctahedrons, truncated 
octahedrons, and octahedrons with <100> orientation. 
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A.10. Reaction temperature, incubation time, and quantities of HAuCl4 and AA for 
growth of Au octahedral seeds with <111> orientation. 
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A.11. Schematics illustrating drop casting method to fabricate 2D array of shaped Au 
NPs seeds.  
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A.12. Schematic illustration and analysis of the diagonal distance, width and length of 
the Au NCs in the course of shape evolution from Au cuboctahedrons to truncated 
octahedrons, and finally to octahedrons within arrays. 
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A.13. Schematic illustration and analysis of the diagonal distance and length of the 
NCs in the course of shape evolution from Au truncated cubes to cuboctahedrons, to 
truncated octahedrons, and finally to octahedrons within arrays. 
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A.14. Schematic illustration and analysis of NC length in the course of Au deposition 
on Au seed octahedrons within arrays. 
 
 
 
 

 
 
A.15. Reaction temperature, incubation time, and quantities of H2PdCl4 and AA for 
shape transformation of Au cuboctahedral seeds into Au@Pd cubic polyhedrons with 
<100> orientation. 
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A.16 . Schematic illustration and analysis of the diagonal distance and length of the 
NCs in the course of shape evolution from Au cuboctahedrons to Au@Pd core-cubic 
frame, and finally to core-cubic shell within arrays. 
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