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Abstract

The vast potential of nanoparticles and nanotechnology remains largely untapped; the crucial

bottleneck being the knowledge gap between making and using nanoparticles (NPs). This PhD work

bridges this gap by focusing on synthesizing nanoparticles with applications at the forefront. Four peer-

reviewed publications are presented in Chapters 3-6, a safety and toxicological perspective is given in

Chapter 7, and current work and future progress are summarized in Appendix 1. Bimorphic silver

nanoparticles were prepared, presenting an innovative method to synthesize diverse nanostructures

using polymeric surface blocking to break symmetry in seeded regrowth (Chapter 3).1 Silver stars with D5h

symmetry were also synthetized using seeded regrowth and polymeric surface blocking (Chapter 4).2 Both

were proven to be beneficial in sensing applications, specifically surface plasmon resonance and surface

enhanced Raman spectroscopy. To mediate the chemical stability of silver, gold coating and templating

was used, which was also proven beneficial for sensing applications (Chapter 5).3 Using gold as a

protective coating has enabled the development of metallodielectrics with a silver decahedral core, gold

coating, and metal oxide shells. The method included in this work prepares shells of MnO2-x, FeOOH, IrOx,

and SiO2, with varying porosities and advantages for sensing (Chapter 6).4 Reflecting on the contributions

of this work, these four accounts present rational design pathways that are transferable to different

systems, enabling properties to be tailored for the desired application. This bridges the gap between

potential and realized applications.

(1) Cathcart, N.; Kitaev, V. Symmetry Breaking by Surface Blocking: Synthesis of Bimorphic Silver
Nanoparticles, Nanoscale Fishes and Apples. Sci. Rep. 2016, 6, 32561.

(2) Cathcart, N.; Coombs, N.; Gourevich, I.; Kitaev, V. Synthesis and Sensing Properties of D5h

Pentagonal Silver Star Nanoparticles. Nanoscale 2016, 8, 18282–18290.
(3) Cathcart, N.; Chen, J. I. L.; Kitaev, V. LSPR Tuning from 470 to 800 nm and Improved Stability of

Au–Ag Nanoparticles Formed by Gold Deposition and Rebuilding in the Presence of
Poly(Styrenesulfonate). Langmuir 2018, 34, 612–621.

(4) Cathcart, N.; Murshid, N.; Campbell, P.; Kitaev, V. Selective Plasmonic Sensing and Highly Ordered
Metallodielectrics via Encapsulation of Plasmonic Metal Nanoparticles with Metal Oxides. ACS
Appl. Nano Mater. 2018, 1, 6514–6524.
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Chapter 1: General Introduction

1.1. Introduction

Achieving atomically precise control in the pursuit of perfection in the synthesis and study of nano-

sized materials and nanoparticles is one of the main directions of materials chemistry.1–3 Nanomaterials

are within the size range bridging atomic (angstrom) and bulk (micrometer) scales, where novel and

tunable properties are accessed by virtue of critical sizes.1 These size regimes are depicted in Figure 1.1,

where in bulk metals (with many atoms) there are many overlapping atomic orbitals, and a high density

of states resulting in a continuum of delocalized electrons.4 Clusters with a small number of atoms, behave

closer to atoms and molecules because their energy levels are discrete, and there is a gap (δ) between

the lowest occupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO).4 The

density of atomic states is proportional to the number of atoms, so as the number of atoms increases, the

bandwidth increases, until the critical point where the band gap ceases to exist for nanoparticles. This

transition from insulator to metallic clusters and particles occurs when thermal energy (Boltzmann

constant and temperature, kT) exceeds the Kubo gap, δ.4 Varying the size, and subsequently the number

of atoms, will enable control over the density of states, and the associated properties (metallic clusters or

particles vs. bulk).
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Figure 1.1. Metal band gap and density of states dependence on size. Republished from Ref.41

Nanoparticles feature diverse optical, electrical, magnetic, catalytic and sorption properties related

to their size and surface.5,6 For the purpose of this research, noble metal NPs are investigated for their

potential applications based on their optical7–9 and catalytic6,10 properties  (closely related to electronic

structure) and metal oxide NPs will be investigated for their semiconductor11–13 and remediation

(degradation and/or sorption) properties. This is further discussed in Chapter 2.

Desirable properties of noble metal NPs are predominantly based on their localized surface

plasmon resonance (LSPR), a phenomenon only achieved when these metals are reduced in size to the

nanoscale.14–22 The LSPR is the frequency at which free electrons on a metal NP surface oscillate in

response to electromagnetic radiation. When the electric field of incoming light waves interacts with the

conduction band electrons on the surface, a polarization is induced creating a dipolar oscillation of these

electrons.7,14,17 This can be visualized by Figure 1.2.

1 Republished with permission of The Royal Society of Chemistry from Size matters: why nanomaterials are
different, Emil Roduner, 35, 2006; permission conveyed through Copyright Clearance Center, Inc.
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Figure 1.2. Schematic showing the transformation of a particle at rest upon interacting with light. Adapted from
Ref.17.2

The size, shape, and composition of the metal nanoparticle (MNP) affects their interactions with

electromagnetic radiation that directly affects the wavelength of the LSPR.23 This resonance imparts both

absorbance and scattering, therefore extinction is measured when using transmission UV-vis

spectroscopy. Figure 1.3 shows several “nanorainbows” made by samples of nanoparticles with different

size, shapes, and compositions. The colour associated with absorbance is complementary to the

corresponding emission colour of the peak wavelength. As the size or the shape complexity increases, so

does the LSPR, moving the colour of the solutions from yellow to blue (for absorbance of blue and orange

light respectively). This shift also occurs with adsorption (albeit in a more moderate shift).  Rainbows a

and c were prepared through surface plasmon resonance sensing tests (that are described in Chapter 5)

using silver decahedra (gold-coated or not) with different concentrations of target analytes including

2 Adapted figure with permission from P. K. Jain, X. Huang, I. H. El-Sayed and M. A. El-Sayed, Acc. Chem. Res., 2008,
41, 1578–1586. Copyright 2008 American Chemical Society.
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halides, thiols, and amines. Typical gold-coated silver decahedra have LSPR peak at 490 -500 nm,

absorbing blue-cyan parts of the spectra which gives an orange colour to dispersions of these NPs. Analyte

binding or pitting of the structures will shift the LSPR to higher wavelengths, which is observed by a colour

change from orange to purple or blue. When silver decahedra are used, high concentrations of analytes

round the vertices, lowering the LSPR to ca. 450 nm, yellow solutions. Rainbow b is prepared from silver

decahedra (and platelets) of varying sizes. As these NPs get larger, their LSPR shifts to higher wavelengths,

moving from pink (smaller) to purple (larger). The bicoloured appearance is due to scattering dominating

absorbance in larger NPs (> ca. 50 nm). Nanorainbow in Figure 1.3d was prepared by varying the size of

silver platelets (trigonal and/or hexagonal).
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Figure 1.3. Different colours of NP dispersions attained in my research to display several “nanorainbows”, e.g.
silver (with and without gold coating) nanoparticles of different sizes and shapes. a) and c) demonstrating colour
changes from SPR testing of silver decahedra (with and without gold-coating) upon exposure to halides, thiols, and
amines, b) silver decahedra and platelets of varying sizes, d) silver platelets of increasing size from right to left.
Photographs from N. Ritter personal library of scientific images.

Controlling size, shape, and composition remains challenging in nanoparticle synthesis, especially

with respect to balancing chemical stability and optical properties. The LSPR of metal nanoparticles is the

fundamental property enabling their use in surface plasmon resonance (SPR) and surface enhanced

Raman spectroscopy (SERS) sensing. These applications, as well as synthetic methods using symmetry

breaking and kinetic growth, are discussed in Chapter 2.
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Transition metal oxide nanoparticles have been gaining interest due to their affordable nature, and

many industrial applications.24–26 Metal oxide nanoparticles (MONPs), as the name suggests, consist of a

metal and oxygen. This combination offers a unique opportunity for electron transfer,27 with improved

chemical stability where the metal is in its highest oxidation state and cannot be oxidized further. The

schematic presented in Figure 1.4 shows that metal oxides have a band gap that varies with composition

(more so than size).

Figure 1.4. Metal oxide valence band alignments compared to GaN and Si semiconductors. Reproduced from
Ref.283

As with MNPs, the size, shape and composition dictate the properties, and as such, the grand

challenge is the synthesis of MONPs with the composition, phase, size and shape control. Chapter 2

consists of a literature review of MONP synthetic methods, and potential applications.

1.2.Objective of the research:

Utilizing my experience in the preparation of nanoscale building blocks (NBBs) with well-defined

and tunable functional properties, the aim of this research was to apply this knowledge to the

development of nanoparticles for specific applications. In doing so, the gap between potential and real

3 (https://pubs.acs.org/doi/abs/10.1021%2Far400115x) with permission from the American Chemical Society
(ACS). Further permissions related to the material excerpted should be directed to the ACS.
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applications of nanoparticles is minimized. The objective of this research is to develop three different

types of nanoparticles for the following desired applications: 1) noble metal nanoparticles (silver, gold,

gold-coated silver, silver-coated-gold-coated silver) for sensing, 2) metallodielectric composites for

sensing and photonics, and 3) metal oxide nanoparticles for environmental remediation and

photoelectrochemistry. In addition, the toxicity of silver nanoparticles for microorganisms, particularly,

mold, will be outlined in the discussion of Chapter 7. The overarching goal of this PhD work contributes to

the understanding of size and shape control in the synthesis of metal, metal oxide and metal oxide coated

metal NPs. Additionally, optimizing these NPs for their use in sensing (including preparation of substrates

with commercialization potential), photoelectrochemistry, and environmental remediation applications

will provide verification of improvement in enhancement factors, detection limits, conversion and/or

contaminant removal.

1.3. Significance:

Nanoparticles have been extensively studied in recent years; however, the majority of this research

concentrates on the development of synthetic methods for NP preparations.29,30 Currently, there are

limitations with actual applications of NPs and they require significant improvement of NP quality for their

realization.31 The main challenge is that those working on the practical use of NPs are not the same

researchers preparing the NPs, and therefore application research relies on commercially available

sources, which in many cases are not optimized for improved function. The control over properties via

synthetic control for optimization to large-scale practical applications of NPs is a crucial bottleneck limiting

current progress. To overcome these challenges, the synthesis of NPs must be such that their resulting

properties can be tuned; for example, the size and shape of metal NPs are direct contributors to their

optical properties, therefore control of these parameters enables tailoring of the required functional

properties, e.g. plasmon/LSPR in this case. As well, surface groups and stability are key parameters for
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practical applications, where surface groups are required to stabilize the NP surface, yet they may

interfere with sensitivity, or NPs are unstable in conditions required for their applications.

1.4.General Perspectives

Nanoparticles have the potential to revolutionize life in diverse and interesting ways, while also

bringing valid safety concerns of their use to the forefront. At the time of writing this thesis, nanoparticle

news topics reflect this point. A few top headlines include the use of lipid nanoparticles for delivery of

hyaluronic acid to remoisturize skin and eliminate wrinkles as a “fountain of youth” (NanoSphere Health

Sciences, Inc.); a nanoparticle breakthrough to fight cancer using a targeted drug delivery system with a

protective shield to inhibit protein binding (protein corona phenomenon), and therefore restricts delivery

to the intended target;32 and the addition of micro- and nano- plastic in the environment to the European

Commission’s Scientific Committee on Health, Environmental and Emerging Risks’ emerging issues list.33

Other notable recent news include NPs as potential sensors for air pollution or medical diagnostics,34 as

illuminating agents for inflammation imaging and cancer therapy,35 and the use of nanocubes as

nanocargo carriers.36 The grand perspective of NP sensing applications with a consideration of safety is

well reflected in this PhD thesis.

The main body of this PhD thesis is based on four peer-reviewed publications. Silver decahedral

nanoparticles were used as seeds, templates, and sensing substrates in Chapters 3-6; and they were

chosen by virtue of their reproducible synthesis yielding highly shape- and size-uniform NPs, chemical

versatility (e.g. in galvanic replacement and post-synthesis modifications), and excellent optical properties

(sharp LSPR within the visible range). In Chapters 3 and 4, silver decahedra were used as seeds to form

bimorphic (two shapes joined at a point) and star nanoparticles, respectively. Both of these studies utilized

surface blocking with polymers to further transform the decahedral seeds to diverse nanostructures,

which demonstrated potential as sensing substrates. Chapter 5 presents the use of silver decahedra as
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templates for Au-Ag nanostructures with controllable LSPR over the visible range and improved chemical

stability. Chapter 6 describes silver decahedra employed as cores for metallodielectrics when coated with

metal oxide shells. Appendix 1 presents the use of metal oxide nanoparticles as photoelectrochemical

anodes and their potential in environmental remediation.  Brief descriptions of the chapters of this work

are given below:

Chapter 2: Properties, Synthesis, and Applications of Nanoparticles

In this chapter, I introduce pertinent background information for the scope of this PhD work

including description of the localized surface plasmon resonance (LSPR), gold and silver properties,

synthetic routes to the preparation of nanoparticles, and an overview of nanoparticles applications.

Chapter 3: Symmetry Breaking by Surface Blocking: Synthesis of Bimorphic Silver Nanoparticles,

Nanoscale Fishes and Apples37

In this chapter I demonstrate a synthetic route to developing diverse, well-defined, asymmetric

nanoparticles by using symmetry breaking and surface blocking. Protecting the surface with a polymer

allows for the controllable addition of newly reduced silver at a specific point, giving a powerful method

to nanoscale shape design, realizing bimorphic structures. These bimorphic NPs (two shapes, linked)

exhibit strong enhancement as SERS substrates as a result of the regular cavities at the joining point and

therefore regular electronic hot spots.
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Figure 1.5. Coloured TEM images of apple and fish shaped nanoparticles prepared using the procedure developed
in Ref. 37.

Chapter 4: Synthesis and Sensing Properties of D5h Pentagonal Silver Star Nanoparticles38

Silver decahedral nanoparticles were used as seeds to prepare pentagonal stars with D5h symmetry,

which exhibited remarkable sensitivity as SERS substrates. Femtomolar detection of a target molecule was

reported in this synthetic and applied work. The LSPR of these stars are respectably sharp and were also

found to be promising for SPR sensing.

Figure 1.6. TEM images and growth schematic of silver decahedral star NPs prepared by the procedure presented in
Ref.38.
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Chapter 4: LSPR Tuning from 470 to 800 nm and Improved Stability of Au–Ag Nanoparticles Formed

by Gold Deposition and Rebuilding in the Presence of Poly (styrene sulfonate)39

In this chapter, I present a method to control the optical properties (the localized surface plasmon

resonance (LSPR)) and stability of gold-silver decahedral nanoparticles in the context of sensing. Tuning

the LSPR enables the enhancement of surface plasmon resonance (SPR) detection with respect to

sensitivity, and selectivity of enhancement when used as substrates for surface enhanced Raman

spectroscopy (SERS). This collaborative work with Dr. Jennifer I.L. Chen (York University) also includes

theoretical modelling to provide further synthetic information of the interaction and replacement of silver

with gold.

Figure 1.7. UV-vis spectra demonstrating LSPR tuning of silver and gold decahedral NPs with representative TEM
image and calculated electronic field intensity from the procedure described in Ref.39.

Chapter 6: Selective Plasmonic Sensing and Highly Ordered Metallodielectrics via Encapsulation of

Plasmonic Metal Nanoparticles with Metal Oxides40

Metallodielectrics (metallic core with metal oxide shell) have been prepared using well-defined

silver decahedral nanoparticles as cores. To improve the stability and prevent etching and rounding from

the addition of metal oxides, the decahedra are coated in gold that is more robust than silver. Metal oxide

coating is added by hydrolysis, the resulting nanostructures exhibiting excellent optical properties (sharp

LSPR of metal core is maintained), and selectivity for sensing applications. Selectivity of phosphate was
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presented with MnO2- x coated decahedra, and only certain peaks were enhanced when these structures

were used as SERS substrates, furthering the selectivity.

Figure 1.8. Schematic and EM images of the structure of metal oxide shells with representative SPR sensing curve
detecting phosphate from Ref. 40.

Chapter 7: Philosophical Takeaways

General knowledge gained through the course of this PhD, current and future perspectives are

discussed. Toxicity and safety of nanoparticles will also be considered.

Appendix 1: Metal oxide nanoparticles as photoelectrochemical anodes and their potential for

environmental remediation

Metal oxide nanoparticles have been synthesized and characterized. Preliminary results of their

use as photoelectrochemical anodes and considerations for environmental remediation are discussed.

Appendix 2: Methods and Glossary

In this appendix, I provide detailed methods for the preparation of silver decahedral

nanoparticles, and measurements of NP size. Methods for sensing measurements with surface plasmon
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resonance, and surface enhanced Raman spectroscopies are also given. A glossary of selected, relevant

terms is also presented.
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Chapter 2. Properties, Synthesis, and Applications of Nanoparticles

The great potential of nanoparticles in diverse applications has generated a plethora of research

opportunities, albeit limited practical success. The following literature review aims to discuss the reported

studies of nanoparticles for applied use in the context of type: metal, metal oxide, and metallodielectric.

To present a comprehensive picture, the background of the localized surface plasmon resonance ((LSPR),

the key optical property of metal nanoparticles being used for sensing), silver and gold properties,

synthetic routes and surface chemistry will also be discussed.

2.1. Localized Surface Plasmon Resonance

In 1908, Mie explained theoretically the interaction of electromagnetic light with a small sphere

with the same dielectric constant as the bulk metal by solving Maxwell’s equations.1 Maxwell’s equations

provide mathematical models of electromagnetism,2 and gave multipole oscillations for extinction and

scattering cross sections of particles as a function of radius.3 For particles greater than 20 nm, these

oscillations account for absorption and scattering modes and make up the absorption spectrum.3 As size

increases, a plasmon resonance is no longer observed due to the size being much larger than incidence

wavelength, and the polarization of electrons is no longer supported. When the sphere is under 20 nm,

and less than the wavelength of interacting light, it is only the dipole oscillation that contributes to the

extinction cross section.3

More recently, Willets and Van Duyne, also using Maxwell’s equations, calculated the

electromagnetic field outside of a spherical particle.4 Main variables were found to be the metal dielectric

function (composition), the geometry (shape), and the size. The general statement can then be made that

depending on the size and shape of the particle, the particle’s composition and media, and the

interparticle separations, this oscillation will occur at different wavelengths (energies). This is

experimentally confirmed by samples of Figure 2.1a,b and d. Figure 2.1a shows the LSPR increasing with
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size for silver prisms, Figure 2.1b shows the different resonance modes for rod-shaped silver NPs, Figure

2.1c compares the calculated extinction spectra from Mie theory for 20 nm gold and silver particles, and

Figure 2.1d shows the LSPR changes when the distance between gold nanodisks are varied.

Figure 2.1. Absorbance and extinction spectra showing LSPR variations due to size, shape, composition and
interparticle spacing. a) absorbance spectra of silver nanoprisms of various sizes and their coloured solutions,5 b)
absorbance spectra of silver pentagonal rods of 4 different lengths (2-5) grown from silver decahedral
nanoparticles (1),6 c) extinction spectra of 20 nm gold and silver nanospheres from Mie theory, and d) extinction
spectra of 88 nm gold disks with varied interparticle spacing.7*

2.2.Electronic Properties of Silver and Gold

Group 11 elements, often referred to as coinage metals, have unique properties with respect to

reactivity and chemical resistance. Moving down the group from copper to gold, the metals are

* a) from Ref.5 (N. Cathcart, A. J. Frank and V. Kitaev, Chem. Commun., 2009, 6, 7170–7172.) Reproduced by
permission of The Royal Society of Chemistry, b) Reprinted with permission from Ref.6 (B. Pietrobon, M. McEachran
and V. Kitaev, ACS Nano, 2009, 3, 21–26.) Copyright (2009) American Chemical Society. c) and d) reproduced from
Ref. 7 (Jain, P. K.; El-Sayed, M. A. Chem. Phys. Lett. 2010, 487, 153–164.) copyright (2010) Elsevier with permission.
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increasingly resistant to oxidation. Correspondingly, gold is the most easily reduced of the group. Silver

and gold have full d-orbitals and a single s-electron, 4d105s1 and 5d106s1 respectively, which both

contribute to their stability and reactivity. Most metals have bulk plasma frequencies higher than those

of silver and gold, this is due to the constriction of d-orbitals which lower the d electron energy levels as

atomic number and concomitant nuclear charge increase.8 Because of this constriction, noble metal

plasmons occur at energies lower than electronic d-sp interband transitions.9–11 During UV-vis absorbance

measurements, electrons from the full d-orbital are excited to the partially empty s-, and empty p-

orbitals.9 The gap size (energy) from d to sp in silver is larger than it is in gold, the energy of transition such

that the LSPR of silver can span throughout the entire visible range, whereas gold is restricted to above

510 nm.

Additionally, it is well known that gold is resistant to oxidation by air, whereas silver tarnishes

(through reaction with sulfur compounds in presence of oxygen in the air).12 This is because gold is a more

noble metal, meaning that it is more resistant to both forming and breaking bonds at the surface.13 To

calculate “nobility”, Hammer and NØrskov studied the chemisorption of hydrogen to metal surfaces, and

determined that the important factors are the degree of d-orbital filling, and the coupling matrix

element.13 The degree of d-orbital filling increases across the transition metal series in the periodic table

and the coupling matrix element increases down groups, resulting in 5d metals as most noble. The

coupling matrix is inversely proportional to the constriction of the orbitals, which is higher across the

periodic table, which results in less overlap of atomic orbitals when bonds are formed (less stable bonds).13

With this respect, gold is the most noble of the group 11 metals (highest d-orbital filling and coupling

matrix element).13 An additional theory on nobility is presented by Häkkinen et al. based on the

reconstruction of surface atoms.14 For face centred cubic (FCC) (110) surfaces of Ir, Pt and Au, the

rearrangement of the surface to optimize electron density is well known; however, metals such as Rh, Ni,

Pd, Cu and Ag do not participate in this multilayer relaxation.14 The relaxation or rearrangement of the
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surface atoms produces a pseudo (111) surface with lower surface energy. Crystal lattices of FCC metals

will be discussed below.

Owing to the stability of gold, the shape-selective preparation of gold nanoparticles (AuNPs) often

requires harsher conditions, and few shape- and size (without requiring purification)- selective synthetic

methods have been reported.15–19 Using a “best of both worlds” strategy, combining the superior optical

properties of silver with the stability of gold has great promise for NP-based applications.20–22

2.3.MNP Synthesis

Michael Faraday was the first to synthesize and document metal nanoparticles in solution in

1850.23 He prepared gold colloids for thin metallic films by reducing gold with phosphorus in water.23 This

field has greatly advanced in the past nearly 170 years, with the improvement of size uniformity and focus

on property control reaching the forefront within the past decade.15,24–28 Main strides in this respect are

the understanding that properties of NBBs are dictated by size and shape, and the advancement in

synthetic size and shape control.29–31

Colloidal synthetic methods follow a bottom up approach, whereby nanoparticles are formed

directly, relying on the interplay of rates of atom attachment to various crystallographic facets for NP

growth.15,27,32 These rates are controllable through reducing conditions (generation rate of those atoms),32

temperature and/or capping ligands.33 Typical colloidal syntheses begin with a metal salt (e.g. hydrogen

tetrachloroaurate (III) (HAuCl4) as Au source, or silver nitrate (AgNO3) as Ag source) which is reduced to

metallic gold or silver in the presence of stabilizing and etching agents. Further refinement is achieved

through heating, photochemical transformation or purification via separation. Three major steps take

place in NP formation: 1) nucleation of small clusters from metal ions and atoms, 2) growth of nuclei to

seeds with well-defined internal structures, and 3) further growth of these seeds into well-defined

shapes.34 The resultant NP shape is dependent on both kinetic and thermodynamic factors.
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Thermodynamic factors are largely determined by the reduction potential and surface capping.34 Kinetic

factors are governed by concentration, temperature, involvement of other species in the reduction, and

mass transport. These parameters are most influential in the first formation stage, when nuclei form, as

the number of nuclei (and therefore seeds) will change the final product.34 For example, a small number

of nuclei for the same concentration of metal will result in larger particles being formed, whereas a large

number of nuclei will result in smaller particles with the same concentration of metal. In general, the

nucleation step is the most difficult to control and predict, and investigating the explicit role of a specific

parameter has been a grand challenge in the NP synthetic community.34–38

2.3.1. NP Growth: Thermodynamics vs. Kinetics

Recent developments in seeded regrowth as a pathway to NP synthesis has improved the size and

shape control, and the understanding of the interplay of various kinetic and thermodynamic parameters.

By starting with well-defined seeds and adding newly formed metal atoms, the nucleation process is

separated (avoiding uncertainties), and systematic examination of the role of each reagent is possible.34

An analogy to reactions forming compounds can be made where the atoms are the precursor and the NPs

are the product, the free energy of these products and reactions are schematically represented in Figure

2.2:34
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Figure 2.2. Schematic illustration of thermodynamic vs. kinetic control for A) two parallel reactions and B) a series
of sequential reactions. Reprinted with permission from Ref.34.*

Figure 2.2A illustrates the formation of the kinetic product (shape I) and the thermodynamic

product (shape II) from the same reactants. The pathway to shape I requires less activation energy (Ea)

than that to shape II; however, the stability of shape II is thermodynamically more stable than that of

shape I.34 According to the Arrhenius equation (Equation 1), a simplistic method to obtain the kinetic

instead of the thermodynamic product is to change the temperature: high temperature will favour the

thermodynamic product and low temperature favours the kinetic product.

= (1)

The more realistic scenario is depicted on the schematic given in Figure 2.2B, where sequential

reactions occur yielding several products, one of which at a global energy minimum (thermodynamic

product). Thermodynamic products can be considered to be in the equilibrium state defined by

* (Y. Xia, X. Xia and H.-C. Peng, J. Am. Chem. Soc., 2015, 137, 7947–7966). Copyright (2015) American Chemical
Society.
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temperature, pressure and environment; therefore the shape and size of the resulting NPs will be altered

by changing any of the parameters.34 Determining the equilibrium shape requires minimization of the

total surface free energy, which requires knowledge of the surface free energy of various crystallographic

planes.

2.3.2. Surface Energy and Crystallographic Planes

Recently, Tran et al. calculated the equilibrium shapes with minimized surface energy for 72

elemental solids, shown in Figure 2.3.39

Figure 2.3. Equilibrium shapes of 72 elements from calculating minimized surface energy. Reproduced from Ref.39*

To minimize surface energy, surface area should also be lowered at a constant volume, which

occurs when the NP takes a spherical shape. As evident from Figure 2.3, the calculated equilibrium shapes

* R. Tran, Z. Xu, B. Radhakrishnan, D. Winston, W. Sun, K. A. Persson and S. P. Ong, Sci. Data, 2016, 3, 160080.
Licensed under CC by 4.0.
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are sphere-like, but not spherical by virtue of crystallinity in atomic packing resulting in the formation of

crystallographic planes. This can be calculated by equation 2, where is the specific surface free energy

(per unit area) and A is the surface area.34

∫ = (2)

The specific surface free energy is the increase in free energy per unit area upon the creation of a new

surface (through breaking bonds).

Gold and silver are FCC metals, where their atoms pack per Figure 2.4a and b. Figure 2.4a is

representative of a FCC unit cell. Setting this unit cell to a coordinate axis (x,y,z) enables us to visualize the

planes represented in Figure 2.4c-e; putting one atom (corner) at the intersection point of the axes, x,y,z

= 0, and the distance from each corner atom = 1, will allow these planes to be constructed, e.g., one side

of the unit cell is represented by the (100) plane (Figure 2.4c), a diagonal cut from the top of the unit cell

is represented by the (110) plane (Figure 2.4d), and connecting the atoms at corners along the axes, x,y,z

= 1, visualizes the (111) plane (Figure 2.4e).
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Figure 2.4. Schematics of face centred cubic crystal structure. a) unit cell, b) unit cell in aggregate of atoms, c) (100)
plane, d) (110) plane, e) expanded (111) plane. Generated with inspiration from Ref.40.

The major three low index planes are shown schematically in Figure 2.4c-e. The surface free

energy can be calculated from equation 3:34

= (3)

where NB is the number of broken bonds per surface unit cell, ε is bond strength, is number of surface

atoms per area, and the factor of ½ accounts for two atoms participating in each bond. From equation 3,

it follows that surface free energies increase from (111) < (100) < (110).34 This can also be easily estimated

by comparing the number of bonds broken to form each surface, which are 3, 4 and 6 for (111), (100), and

(110), respectively.
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2.3.3. Surface Stabilization

To achieve the equilibrium shape in solutions, capping agents/ligands for the stabilization of

specific facets are used. Capping agents will stabilize NPs by lowering the surface free energy, maximizing

that type of facet in the shape.34 For example, poly(vinylpyrrolidone) (PVP) and tricitrate are well known

to stabilize Ag (100) and Ag (111) respectively, as schematically shown in Figure 2.5.38 Experimentally

however, PVP may not be necessary for Ag (100) stabilization.35 Halides have also been shown to

selectively stabilize specific planes in gold and silver.37

Figure 2.5. Adsorption schematic of A) tricitrate on Ag (111) and B) PVP on Ag (100). Reprinted with permission
from Ref.38.*

The FCC lattice is highly symmetric, giving symmetric thermodynamic products such as cubes,

cuboctahedra or octahedra depending on the relative <100> and <111> growth rates.34 To achieve a

variety of shapes for FCC metals, symmetry breaking or asymmetry must occur, which is governed by

kinetic factors/parameters.33

* (X. Xia, J. Zeng, Q. Zhang, C. H. Moran and Y. Xia, J. Phys. Chem. C. Nanomater. Interfaces, 2012, 116, 21647–
21656). Copyright (2012) American Chemical Society.
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2.3.4. Symmetry Breaking

Major mechanisms for symmetry breaking include A) incorporating twin defects or stacking faults

during growth, B) inducing asymmetric deposition for a symmetric seed, and C) aggregating seeds during

growth.34

2.3.4.A. Incorporation of Twin Defects

Twin defects or stacking faults are high energy regions, which minimize the overall energy of the

particle. The two types of defects in a nanoprism are shown in Figure 2.6, where A-type defects are formed

along a re-entrant groove (high energy region for integration of new atoms in the lattice), and B-type

where atoms start new layers on the top of the surface, not integrating into the lattice.41 A-type twinning

occurs 50% more readily than B-type due to higher stability and a lower energy barrier.41 The two types

of twin defects are presented in Figure 2.6.

Figure 2.6. Schematic of A and B type twin defects in a nanoprisms (side and top views). Reproduced with
permission from Ref.42*

This schematic is experimentally confirmed for platelets by Aherne et al43 and the V. Kitaev lab.5

Planar twinned defects are not only formed in platelets; the V. Kitaev lab has experimentally confirmed

twinned defects for cubes and bipyramids,44 and flowers.45 Furthermore, cyclic twinned defects occur in

* © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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decahedra26 and icosahedra.46 Scanning electron microscopy (SEM) images and schematics of twin defects

and their use as growth sites are presented in Figure 2.7.

Figure 2.7. Schematics and SEM images of twin defects in AgNPs and their use for regrowth. a) growth schematic of
bipyramids from uneven number of twin planes,44 b) growth schematics of cubes from even number of twin planes
and SEM image of cubes,44 c) growth schematics of pentagonal rods from decahedral twin defect and SEM image of
pentagonal defect,6 and d) schematics of twin defects in icosahedra and SEM images of icosahedra and pentagonal
pins grown from icosahedra.46 Scale bars are 20 nm for a/b, 5 nm for c and 100 nm for d.*

* a) and b) Reproduced from Ref.44 Chemical communications by CHEMICAL SOCIETY (GREAT BRITAIN) Reproduced
with permission of THE SOCIETY, in the format Thesis/Dissertation via Copyright Clearance Center. c) Reprinted with
permission from Ref.6 (B. Pietrobon, M. McEachran and V. Kitaev, ACS Nano, 2009, 3, 21–26.) Copyright (2009)
American Chemical Society. d) Ref. 46 - Reproduced by permission of The Royal Society of Chemistry.
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The incorporation of twin defects into NPs is necessary for their formation (a deviation from the

thermodynamic product). These defects are a high-energy zone for adatoms and therefore growth. Figure

2.7 shows the growth products from using platelets, decahedra and icosahedra as seeds, utilizing their

twin defects. In a recent report, the twinned structure in NPs was monitored during morphological

changes from decahedral nanoparticles to rhomboidal pyramids by lattice strain energy relaxation.47

2.3.4.B. Asymmetric Deposition on NP Seeds (Seeded Regrowth)

Symmetry breaking mechanisms have received increasing attention as understanding of NP

synthesis improves, and the kinetic control hypothesis enables rationalization and prediction of

structures.24,33,48,49 When the reaction conditions deviate from normal conditions, the kinetic product is

produced, expected to be different from the thermodynamic product. It should be noted that

thermodynamic conditions are difficult to establish experimentally.33 Without symmetry breaking,

anisotropic structures that exhibit different properties in different directions could not be developed. A

valuable technique to improve size dispersity in symmetry breaking synthesis is seeded regrowth, where

additional metal ions are reduced on the surface of a particle formed previously. Seeded regrowth and

the use of seeds as templates are the main synthetic focus of this PhD work.  Many factors can affect the

kinetics of the synthesis and they include: seed morphology and size, metal precursor, reducing agent,

ratio of precursor to additives, and selectively adsorbing ligands.49

There are three possible growth modes from seeds: 1D growth, where growth occurs in one

direction, 2D growth, where growth occurs in two directions and 3D growth, where growth occurs in three

directions.28 A notable example of seeded 1D growth is the elongation of decahedral and icosahedral silver

NPs to produce pentagonal rods50 and pentagonal pins,46 respectively, where additional silver

preferentially reduces in site of the twinning defect in the presence of citrate as reducing agent at elevated

temperature, as shown schematically in Figure 2.7c.  Seeded 2D growth has been demonstrated as part

of this PhD work, where platelets were grown from a vertex on silver decahedra nanoparticles (AgDeNPs)
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to form bimorphic nanoparticles (bi-AgNPs) through effective surface blocking and the use of a weak

reducing agent.51 With equal deposition of atoms on all faces of the seed particle, seeded 3D growth gives

what is the closest to the thermodynamic product, e.g. enlargement of decahedra; however, the kinetic

3D product can still be achieved through varying conditions.51

There are several examples of MNP synthesis using thermodynamic and/or kinetic control. For

example, Xia’s group demonstrated control over morphology through varying the concentration of PVP

and the injection speed of additional silver to Ag cubes.32 Different morphologies were achieved through

a combination of thermodynamic and kinetic control, where PVP stabilized the {100} facets of the cube,

and once PVP was used up, {111} facets started to form.32 Several recent reports have used microfluidics,52

temperature,53and halides54 as methods to control the reaction kinetics in order to achieve their desired

morphologies. Modified DNA ligands were also reported to contribute to symmetry breaking.55 A recent

report describes an example of seeded 3D growth for the formation of Au nanobottles from sacrificial

templates with potential for targeted drug delivery.56 The control over the morphology leads to great

control of the properties, which is required for MNP practical use, the main focus of this PhD research.

We have experimentally used symmetry breaking to produce diverse silver nanostructures by

varying the concentration of a surface blocking polymer, and pH, and by including halides, effectively

controlling the resulting morphology, as shown in Figure 3.1, and further described in Chapter 3.

2.4.Surface Enhanced Raman Spectroscopy

Raman spectroscopy is a technique to analyze chemicals through their interaction with

electromagnetic radiation. Upon interaction of a molecule with light, the energy is either absorbed (IR) or

scattered (Raman).57 Interactions of molecules with light may be stronger at specific frequencies, which

can be related to reference spectra, and can confirm structures, almost like a molecular fingerprint. The
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frequency (ν) can be calculated using a model with balls as atoms and springs for bonds, described by

equation 4:58

= (4)

where k is the force constant (the resistance to stretching), and m is the mass. This equation is only

applicable when both masses are the same on each side of the ‘spring’. For different masses, the reduced

mass, μ, is used where the two masses are first multiplied and then divided by their sum. For each

molecule, there are 3N-6 vibrations (3N-5 for linear molecules), where N is the number of atoms in the

molecule, in which internuclear distances and bond angles change, but the molecule’s centre of mass

remains unchanged.58

It is important to note that not all molecular vibrations are Raman or IR active. The main criterion

of Raman-active vibration is a change in polarizability of the molecule, and a change in dipole for IR active

vibrations.58 In general, a vibration is IR active, Raman active, or active in both; symmetric vibrations are

only Raman active.57

Measurements of Raman spectra are performed by irradiating the sample with a source of

monochromatic radiation (typically laser), and scattered light is detected perpendicular to the beam.57

There are two types of scattering, Rayleigh (same frequency as incident beam) and Raman (different

frequency (inelastic) very weak).57 The electronic transitions for IR and Raman are presented in Figure 2.9.
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Figure 2.8. Energy level transitions for IR and Raman spectroscopies.59*

In Figure 2.8, IR absorption induces a transition to a higher energy vibrational level, and Raman

scattering is observed from the relaxation from a higher energy virtual state to a vibrational energy state.57

Only one in every 106 photons will undergo this transition; as a result, the intensity of Raman scattering is

notoriously low.60 In order to practically detect Raman scattering, enhancement is required. The first

surface enhanced Raman spectra was recorded in 1974 for pyridine on roughened silver;61 however, it

was not until 1977 that Jeanmaire and Van Duyne identified the enhancement could not simply be

accounted by the increased surface area of a roughened surface.62 This realization led to surface enhanced

Raman spectroscopy (SERS). In the last 5 years, there have been over 9000 SERS publications, with

citations exceeding 70000.† A great deal of SERS research has established that the contributing mechanism

is predominantly through electromagnetic enhancement.63 When interactions of molecules with light are

enhanced by the LSPR excitation, Raman scattering intensity is amplified; this preferentially occurs in the

sharp features and crevices of metal NPs and gaps in metal NP assemblies/films.64 Experimentally, the

* Reprinted from Trends in Biotechnology, 34, J. Sulé-Suso,N.R. Forsyth,V. Untereiner,G.D. Sockalingum, Vibrational
spectroscopy in stem cell characterisation: is there a niche?, 254-262., Copyright (2014), with permission from
Elsevier.
† Per Web of Science- accessed Jan 16, 2019
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electric field between two particles has been measured for a AuNP dimer,65 and a ‘t-shaped’ dimer of

AgNP,66 where the convergence of the electric field is greatest at the cusp between particles, as shown in

yellow in Figure 2.9 a and b. We have experimentally confirmed enhancement for bimorphic particles

(decahedra and platelet NPs combined)51 and also silver flower NPs where those with greater faceting

(crevices) gave higher enhancement factors45 shown in panels d and c of Figure 2.9, respectively.

Bimorphic nanoparticles are included in this PhD work and are further discussed in Chapter 3.

Figure 2.9. Examples of field enhancement, surface enhanced Raman spectroscopy enhancement factors and Raman
spectra using various morphologies as substrates. Electric field enhancement between a) a gold NP dimer,65 and b)
a silver 'T-shaped' dimer,66 c) enhancement factors for silver flowers of varying faceting,45 d) Raman spectra of 1) bi-
AgNP dry layer; 2) dry layer of decahedral AgNPs; 3) 1×10-16 mol/cm2 of 5’5-dithiobis(2-nitrobenzoic acid) (DTNB)
over the layer of dry bi-AgNPs; and 4) 2×10-16 mol/cm2 of DTNB over the layer of dry decahedral AgNPs.51*

* a) from Ref. 65 Physical Chemistry Chemical Physics by Royal Society of Chemistry (Great Britain) Reproduced with
permission of Royal Society of Chemistry in the format Thesis/Dissertation via Copyright Clearance Center., b)
Reprinted with permission from Ref. 66(J. P. Camden, J. A. Dieringer, Y. Wang, D. J. Masiello, L. D. Marks, G. C. Schatz
and R. P. Van Duyne, J. Am. Chem. Soc., 2008, 130, 12616–12617). Copyright (2008) American Chemical Society. c)
from Ref. 45 reproduced by permission of The Royal Society of Chemistry and d) from Ref. 51 (N. Cathcart and V.
Kitaev, Sci. Rep., 2016, 6, 32561). Licensed under CC by 4.0.
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The theoretically calculated enhancement for SERS is on the order of 1010 – 1011.66 Bimetallic silver

and gold nanowires have been shown to feature 107 enhancement for 4-mercaptobenoic acid,21 and a 105

enhancement of 2- aminothiophenol (2-ATP) has been measured from aggregated silver nanoplates.67

Enhancement factors measured by our group using 5’5-dithiobis(2-nitrobenzoic acid) (DTNB) were 1010

for decahedral star NPs,68 109 for decahedra NPs and bimorphic NPs,51 and 108 for flower shaped NPs.45

With respect to size, SERS intensity has been measured with varying sized spherical AgNPs, resulting in

the optimal size of ca. 50 nm to attain the highest enhancement.69 Recently, the Brosseau group

developed ‘fab-chips’ for on-body biosensing where conductive fabric is coated with AgNPs, achieving 108

enhancement of 4,4’-bipyridine as a proof-of-concept for the detection of biomolecules such as DNA.70

NP-based SERS biosensors have also been produced for detection of various cancer biomarkers,71–73 The

current challenge in advancing SERS is the complex matrixes of real samples (e.g. bodily fluids), however,

this can be overcome by improvements to substrates, enhancement factors, and spectral databases.74 In

this respect, the Lednev group has achieved relative success (>70% accuracy) with multi-variate analysis

SERS to confirm the presence of different drugs,75 perform diagnostics for Alzheimer’s disease,76 and

predict the race origin of a sample77 with no prior sample treatment.

2.5.Surface Plasmon Resonance Spectroscopy

Surface plasmon resonance (SPR) spectroscopy measures changes at the boundary between the

metal and the external medium, where the surface plasmon resonance takes place.78 Historically, a light

source, gold film, prism and detector were used, with the light beam propagated at an angle that enables

total internal reflection, with the formation of an evanescent wave and excitation of the electrons of the

metal film – the conditions for surface plasmon resonance.79 The incident angle is called the SPR angle,

which will change with changes in the refractive index at the film’s surface, and/or adsorption to the gold

film.80 Alternatively, changes in the wavelength, intensity, phase or polarization can be measured, and the

type of sensing is classified based on the characteristic measured.81 Traditional SPR spectrometry
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instrumentation is expensive, large, and sensitive to temperature and other fluid properties. It relies on

illuminating an area on a film’s surface at a range of angles (requires a large area for maneuvering) and

detecting a shift in reflectivity when a target is immobilized. These challenging instrumental spatial

requirements and the associated measurement complexities are removed by using NPs (LSPRs).82 As

discussed above, the LSPR of MNPs is sensitive to localized changes making them ideal sensors for SPR.

The surface of NPs offers great opportunities in functionalization, as a coating of capping

molecules is required to prevent aggregation and to provide a conjugating point for analytes.83 The

balancing act is that NPs must be sufficiently stable in hostile environments, yet sensitive to analyte

interaction to change the LSPR.84 So far a great deal of research has been focused on gold nanoparticles

as sensors,78 with limits of detections of 1 fM of Ba(II) 85 and 10 fM of miRNA86 with colloidal AuNPs as

enhancers. In the last 5 years, there have been over 17000 SPR publications, with citations exceeding

171000.* Utilizing the shift in LSPR from chemisorption, Kitaev’s group has demonstrated the proof-of-

concept detection limit of 3.2 pM iodide with ligand-free gold stars,87 and 10-11 M KBr with pentagonal

silver stars.68 Tuning the LSPR to the maximum wavelength of the light source has also proven to be

effective for maximizing sensitivity.88 As with SERS, the main SPR challenge is minimizing the background

from bodily fluids; this can be overcome by either separating the sample first, to remove larger matrix

components, or by improving the signal sensitivity and detection limits, the latter is the focus of this PhD

work. With respect to separating the sample first, Masson’s group has developed a microanalysis channel

to separate cells and platelets from whole blood samples, leaving proteins to be analyzed.89 The

microanalysis channels developed by Masson et al. have enabled the successful use of functionalized

AuNPs for the sensitive detection of testosterone,90 prostate specific antigen91 and methotrexate (cancer

pharmaceutical),89 at lower concentrations than Au films.

* Per Web of Science - accessed Jan 16, 2019
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There are certainly many fruitful directions to continue with metal nanoparticles in terms of

synthesis and applications, however, cost can often be a prohibitive factor with using noble metals on an

industrial scale. Metal oxides and metallodielectrics (metal oxides and metal nanoparticles combined)

offer a practical, relatively inexpensive route to many applications.

2.6.Metal Oxide Nanoparticles

Oxides of transition metals (groups 4-9 from the middle of the periodic table that have half-empty

d-orbitals92) have many potential and realized applications. These applications range from catalysts,93–96

electrodes,97–99 to conductors in films.97,100–102 Examples of catalytic applications are selective oxidation,

ammoxidation (production of nitriles) and selective dehydrogenation.103 Emerging in modern technology

are metal oxide (MO)-based energy storage systems such as LiCoO2 in lithium batteries,104 Co3O4 and MnO2

in supercapacitors,105 RuO2 and IrO2 as photoelectrocatalyst anodes.106 With respect to crystal structures

of the transition metal oxides, generalizations cannot be made simply. Structures do not directly relate to

stoichiometry or position in the periodic table, but they vary with formation parameters (temperature

most common due to high activation energies for thermodynamically stable structures).103 With that being

said, the ionic radii of transition metals are smaller than the radius of O2-, so lattice packing can be

conveniently represented as smaller metal ions situated in octahedral and tetrahedral holes among close

packed oxygen ions.103 Structural classes of metal oxides include corundum, rock salt, wurtzite, spinel,

perovskite, rutile and layered structures, shown in Figure 2.10.
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Figure 2.10. Model sketches and polyhedral structures of unit cells for a) rock salt, b) wurtzite, c) corundum, d)
spinel, e) perovskite, f) rutile, and g) layered perovskite. a) and b) Reprinted from Ref 107,* c)-g) Reproduced
from Ref.108.†

In addition to binary metal oxides of the form AxO2, mixed transition-metal oxides of the form

AxB3- xO4 are attracting recent interest based on their electrochemical properties and the low costs of

metals like cobalt, nickel, zinc, manganese, and iron.104 High electrochemical activities are owing to their

complex chemical compositions giving high specific capacity/capacitance; varied oxidation states of the

transition metals enable the desirable electrochemical behaviour for catalysis of the oxygen reduction

reaction or provide chemisorption sites for reversible adsorption of oxygen.109,110 High electrical

conductivity is exhibited by transition metal oxides due to the electron transfer occurring between cations

in different oxidation states, this property also contributes to the strength of the surface-intermediate

bonds and the chemical structure of the surface. Transition metal oxides on the nanoscale are rich with

electroactive sites, and also have fast electron transport through the design of the nanostructure and

composition.104

* (A. Wootton and P. Harrowell, J. Chem. Phys., 2004, 121, 7440–7442), with the permission of AIP Publishing
† Transition Metal Oxides An Introduction to their Electronic Structure and Properties by P.A. Cox. © P.A. Cox 1992,
1995. Reproduced with permission of the Licensor through PLSclear.
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The surface chemistry of the metal oxides is one of the most important parameters to investigate

and control properties. Variations contributing to surface reactivity and properties include: 1) the

presence of cations and anions in different stoichiometric ratios in well-defined spatial relationships, 2)

the possibility of covalent and ionic bonding between cations and anions, 3) the presence of strong electric

field normal to surface (Coulombic nature of ionic lattice), 4) charged adsorbed species, 5) surface acidity

and basicity, 6) cationic and anionic vacancies, 7) the ability of cations to undergo oxidation and reduction,

8) the high mobility of lattice oxygen and the possibility that lattice oxygen serves as a reactant, and 9) an

interaction of the solid with incident photons leading to photo-assisted surface chemical processes.103

One of the best ways to improve catalytic activity is to tailor the morphology that is directly related to

surface area and/or electroactive site density.104 The density of energy states (DOS) evolves from

continuous levels to discrete state with a change in dimensionality according to the relationship ( ) ≈
⁄ , where D = dimensionality (3D, 2D, 1D, or 0D).111 This was experimentally confirmed for SnO2

nanowires, where the electron density inside the nanowire was varied with a gate potential.112 Examples

of nanocrystal shapes from 0D to 3D are shown in Figure 2.11.
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Figure 2.11. Representative shapes of inorganic nanocrystals 0D to 3D.Reproduced with permission from Ref.113*

The methods to control properties defined by surface chemistry will be discussed in the synthesis

section below, followed by the relevant applications.

2.7.MONP Synthesis

Solution-based syntheses, including hydrothermal, solvothermal and room-temperature

methods, allow for the formation of metal oxide nanoparticles with diverse compositions and structures,

with further control from post preparation annealing (recrystallization, volume change, gas release, etc.

for high porosity/hollow structures).104 Co3O4, as an anode material for lithium ion batteries, has high

reversible capacity and easy preparation; however, efforts have increased towards replacing the Co is

ongoing as a means to reduce cost and toxicity.104 Doping Co3O4 is well known, a CuCo2O4 spinel was

* Copyright © 2006, John Wiley and Sons.



39

prepared under high temperature-pressure conditions (solvothermal) dating back to 1975.114 MxCo3-xO4

(M = Co, Ni, Zn) nanoarray catalysts have been prepared on channeled monolithic substrates with a urea

hydrolysis process to prepare carbonate nanowires. Spinel cobaltite nanoarrays were obtained through

hydrothermal treatment (90 °C for 12 hrs) followed by  ambient annealing at 300 °C, mixed metals were

added by including precursors containing these metals in the hydrothermal step.115

Room-temperature methods remain elusive in the research community, most synthesis requiring

thermal decomposition (or other methods)  to achieve size and shape control.116 Fe3O4 nanoparticles were

prepared at room temperature by using a capping agent for size and shape control. Gallic acid modified

with 1-octadecylamine (to contribute a long aliphatic chain to the surface of Fe3O4 nanoparticles) was

combined with Fe2+ and Fe3+ iron precursors in ethanol. pH adjustment to 8 and 1 hr stirring gave a black

precipitate that was washed and easily redispersed in chloroform, hexane, etc.116 Solid-state room-

temperature synthesis procedures have also proven effective to prepare metal oxide nanostructures

including ZnO, In2O3, Bi2O3 and SnO2 nanoparticles.117 Mixing and stirring the metal salt with NaOH gives

highly crystalline metal oxides within 5-10 minutes, at which time the paste can be directly applied to

substrates to prepare films.117 TiO2 has also been prepared at room/low temperature, by hydrolyzing

titanium alkoxide in acidic solution, followed by heating; different crystalline phases are achieved at

different temperature and heating rates, rutile at room temperature, anatase at 100 °C heated quickly.118

Another novel approach to synthesize metal oxide nanocrystals of various shapes is through the

direct nucleation, growth and anchoring on graphene oxide sheets.110,119–121 This two-stage approach uses

controlled hydrolysis of the metal salt into a metal oxide on graphene oxide sheets, followed by

crystallization through hydrothermal treatment in the second step.110,119–121 This process has proven

successful for TiO2 growth, where the coupling of the high electrical conductivity of graphene and low

cost, high stability and efficient photoactivity of TiO2 provide superior photocatalytic degradation of dye

molecules.120
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Recent examples from the literature in the field are presented below in the context of growth

dimensionality from spheres/cubes, that are representative of 0D shape control, to branched/star

structures, representative of 3D shape control:

0D shape control (selective preparation of spheres/cubes) has been demonstrated for cube-

shaped CoFe2O4 through thermal reactions of cobalt (II) acetylacetonate and iron (III) acetylacetonate with

oleic acid and oleylamine; mild growth conditions gave cube-shaped nanocrystals and high temperature

and concentrations gave spherical nanocrystals.122 Oleylamine was also demonstrated to be an important

reactant in combination with water for the preparation of magnetite nanocubes at low (100 °C)

temperatures.123 A variety of γ- Fe2O3 nanocrystal morphologies can be prepared by the thermal

decomposition of Fe(CO)5 in refluxing 1,2-dichlorobenzene with dodecylamine (surfactant) followed by

air oxidation. The surfactant modulated the growth rate along the <111> direction of cubic inverse spinel

iron oxide.124

1D shape control (selective preparation of rods) was achieved for TiO2 through the alkyl halide

elimination reaction of TiCl4 and Ti(OiPr)4 in a hot trioctylphosphine oxide solution with lauric acid.113 ZnO

nanorods have been prepared through the thermal decomposition of zinc acetate in the presence of oleic

acid.125 Additional examples of nanorod growth including Fe3O4, CoO, and ZnO can be prepared through

thermal decomposition of metal oleate complexes.126 ZnO rods and wires can also be prepared

solvothermally using ethanol or water as solvents.127 In a kinetically driven one-pot process, an acyl halide

elimination reaction increases the metal oxide monomer concentration in turn promoting fast growth

along the directions with the highest surface energy for the preparation of transition metal oxide

nanorods (TiO2, W18O49, and Mn3O4).128 1D Ternary perovskite oxide BaTiO3 and SrTiO3 nanowires have

also been prepared through a sol-gel reaction in hot organic solvent with hydrogen peroxide added by

injection.129
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2D shape control (discs and prisms) is common in metallic nanoparticles,5,19,130,131 however

reports of metal oxide platelets are limited. Examples of lanthanide oxide nanocrystals were prepared

through the thermal decomposition of lanthanum benzoylacetylacetonate in a hot mixture of oleic acid

and oleylamine resulting in Ln2O3 platelets or discs with cubic symmetry (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb,

Er, Y).132 Also, ZnO discs have been prepared solvothermally using propanol as a solvent.127

3D shape control (star or branched shapes) can be prepared by assembling several components,

for example, assemblies of rods into bi- tri- and tetra- pods.113 The morphology of TiO2 nanocrystals has

been controlled by the concentration of a long-chain carboxylic acid (lauric acid) which modulates the

surface energy of different crystallographic faces when titanium tetraisopropoxide and titanium

tetrachloride are combined with trioctylphosphine oxide and lauric acid. This process yields nanocrystals

with shapes ranging from bullet, to diamond, rod and branched rods.133 ZnO tetrapods are of interest for

a variety of functional applications; as such, there are many reported methods for their synthesis, nicely

summarized in a recent review.134

2.8.Applications of MONPs

The diverse electrical, optical, magnetic, mechanical and chemical sensing properties of metal

oxides enable their use in widespread applications.135 Gas sensors based on MONPs are favoured by

domestic, commercial and industrial applications for their low cost, small size and ease of production.136

Enzymatic biosensors based on metal oxides have also been prepared.137 Metal oxides are well known

catalysts, and recent attention is especially focused on metal oxides as catalysts for water splitting.94,138,139

Research into the structure-catalysis relationship of manganese oxides for photochemical water oxidation

catalysis has been performed, where the greatest catalytic activity was achieved for the oxide with

Mn3+.138 Iron oxide nanomaterials have found use in wastewater treatment as nanosorbents,

photocatalysts and immobilization carriers.140
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Driven by the desire to depart from the use of fossil fuels, hydrogen is being explored based on

its great potential as a clean energy source. The current problems in using hydrogen are two-fold –

production and storage. Metal oxides have received increasing attention as anode materials for the

production of hydrogen through water splitting.106 A summary of photocurrent densities from a variety of

metal oxide photoelectrodes and examples from this PhD work are given in Table A1.1.

Nanosized metal oxides have also been used for removal of contaminants from water and

wastewater; of particular concern are heavy metals148 and emerging contaminants: pharmaceutical and

personal care products.149 Nanoparticles present an opportunity to mediate these contaminants by virtue

of their large surface area, high chemical reactivity, and material availability, along with their functional

nanoscale properties.149 Typically, this research focuses on the use of iron-based nanomaterials,140,150,151

attributed to the abundance of iron, its affordability, and well-documented use and NP synthesis;149

however, there are examples using mixed metal oxides,152 manganese oxides,153 Cu(II) oxides154 or

alumina.155

The two main methods of contaminant removal with MONPs are through

(photo)electrochemistry to convert to more benign compounds or through sorption. Figure 2.12 outlines

the current applications of iron oxide nanomaterials for environmental remediation, and gaps that must

be met for successful integration and improvements. One of the solutions listed to overcome the

downfalls in adsorptive technology is to optimise synthesis, one of the important goals of this PhD work.
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Figure 2.12. Overview of applications of iron oxide nanomaterials, limitations, solutions and further study.
Reproduced with permission from Ref. 140.*

In general, removal of current contaminants from water through adsorption suffers from low

selectivity, capacity, problems with generation and the formation of secondary contaminants.156 H. Gray

has compiled an excellent summary of adsorbent metal oxides.157 Iron-based sorbents have been used

widely for anion removal, as iron oxides are widespread in nature.156 The akageneite structure contains

chloride anions, which can participate in ion exchange with anions such as fluoride and hydroxide ions.158

The adsorption and uptake of phosphate have been well studied for akageneite,159–161 with high selectivity

and capacities exceeding 450 mg phosphate per g akageneite (nanocrystalline hybrid surfactant-modified

akageneite).161 By optimizing the sizes and morphologies of iron oxide nanoparticles, sorption capacities

can be improved further.

* Reprinted from Science of The Total Environment, Volume 424, Piao Xu,Guang Ming Zeng,Dan Lian Huang,Chong
Ling Feng,Shuang Hu,Mei Hua Zhao,Cui Lai,Zhen Wei,Chao Huang,Geng Xin Xie,Zhi Feng Liu, Use of iron oxide
nanomaterials in wastewater treatment: A review, pgs. 1-10, Copyright (2012), with permission from Elsevier.



44

2.9 Metallodielectric Nanoparticles (Synthesis and Applications)

Metallodielectric nanoparticles (MDNPs) aim to combine a MNP core with a metal oxide shell. In

doing so, stability and additional properties can be achieved, while also maintaining (and improving) the

LSPR functionality of MNPs. The primary benefit of combining MNPs with metal oxides is the plasmonic

coupling that occurs, changing the optical properties of MNPs in solution.162 Incorporating silica as an

outer shell provides an insulator and a spacer for tuning optical properties.163 Additionally, this core-shell

structure hinders aggregation, keeping colloids dispersed.164 Liz-Marzán successfully coated gold

nanoparticles with silica by functionalizing the gold surface with (3-aminopropyl)trimethoxysilane.165 This

procedure has been adapted by many scientists since 1996.  More recently, Chen et al. coated gold

nanoparticles with silica in a one pot method where gold, cetyltrimethylammonium bromide (CTAB),

sodium hydroxide, formaldehyde, tetraethyl orthosilicate (TEOS) and ethanol were combined in

sequential heating regimes.166 Silica-coated metal nanoparticles are considered to be the most successful

class of metallodielectric nanoparticles, as is highlighted in a detailed recent review of synthesis methods,

diverse structures, and practical applications.167 Concentric particles have also been prepared, where a

silica core is coated with a metal and then coated with a layer of silica; they are proposed to be beneficial

for use in optical components (narrow band absorbers/emitters) or for waste energy recovery by virtue

of an advantageous combination of their metal conductivity and electrical insulation.163 The development

of waveguides and resonators is a goal of quantum optics to influence the interactions between light and

matter.168 The use of nano-sized metals has great promise with this respect, and quantum entanglement

and plasmonic coupling to other materials (like metal oxides) can lead to quantum-plasmonic circuits,

single photo transistors and quantum gates.168,169

Recent trends in photonics include the integration of electronic and photonic devices, which are

advantageous due to their reduced size, enhanced speed of operation, robustness to temperature,

increased lifetime and high repetition rates.170 An emerging field is “Lab-on-Fiber” where functionalized
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materials, devices, and components are combined as a platform for sensing.171 Developing light

waveguides, improving functionalities and gaining understanding for light’s manipulation and control

remain a challenge for this field,171 which can be aided by improving nanostructures. “Lab-in-a-Shell” has

also gained increasing attention, where core-shell nanospheres with a hollow microporous shell, prepared

by encapsulating and immobilizing metal clusters, can integrate laboratory functions in an engineered

microenvironment.172

In a collaborative work of Obelleiro, Grzelczak and Liz-Marzán, gold nanorods were grown on silica

spheres, which have potential as photocatalysts, biosensors, or a new class of conductive substrates

(when made into films).162 Au triangles have also been modeled to form “nanoantennae” with silica, giving

enhancement to the plasmon resonance intensity and could be used as a sensors.173 Positioning of the

MNP relative to the oxide has also been studied theoretically, where additional plasmonic transitions were

observed with asymmetric packing.164 Experimentally, metallodielectric nanoparticles with reduced

symmetry have been prepared, where half of the metal core is encapsulated with metal oxide substrate

making nanocups and nanocaps.174 Additionally, Song et al. have shown the ability to tune

metallodielectrics photonic crystals thermally.175

The use of MDNPs for sensing applications by optimizing size and shape of the encapsulated MNPs,

as well as the composition and thickness of the metal oxide shell for improvement of sensitivity and

enhancement factors are discussed in Chapter 6.

2.10. Health and Safety Considerations

With respect to safety, size and state of NPs play important roles; especially when considering the

biocompatibility with cells.176 As depicted in Figure 2.13, there are 5 primary factors that govern

nanoparticle-cell interactions.177
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Figure 2.13. Nanoparticle-cell interactions. a) demonstrating the five main factors governing interactions of NPs
with cells, b) ligand coating NP interacting with cells, c) internalized 50 nm NPs in a cell. Reproduced from Ref.177*

* . Republished with permission of ANNUAL REVIEWS, INC. from The Effect of Nanoparticle Size, Shape, and Surface
Chemistry on Biological Systems, Albanese, A., et al., 14, 2012; permission conveyed through Copyright Clearance
Center, Inc.
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The optimal size for cell uptake is ca. 50 nm for spherical gold178 or silica NPs,179 likely due to the

proper ligand-to-receptor ratio required for endocytosis to allow the NP to enter the cell; a 5 nm NP has

too few ligand-receptor interactions, while a 100 nm NP has too many and is too large.177 In an evaluation

of the biological distribution of various sized gold nanoparticles in mice, smaller NPs (15 nm) were found

in all tissues, and large 200 nm NPs were rarely found.180 In a very thorough review, environment, health

and safety research was compiled to assess NP use, exposure, and toxicity from 293 studies.181 General

conclusions were that exposure from air (inhalation/aerosols) are the most concerning for human health;

however, air cleaning filters are successful at removing NPs from the air. This review also characterized

carbon nanotubes as potentially adverse for human health, and silver nanoparticles and titanium dioxide

NPs as environmentally detrimental.181

In an estimation of the predicted environmental concentration of silver NPs, the largest

contribution is likely due to their release during the lifecycle of consumer products.182 Of the

approximately 1800 nanoparticle-containing products on the market, silver nanoparticles make up 24%

(reported in 2015).183 These products largely capitalize on antimicrobial properties of silver, which have

long been used in water purification and healthcare.184 Metallic silver is generally considered safe and of

low toxicity to humans; however, with the increase in availability and promotion of homeopathic remedies

of colloidal silver, chronic ingestion has resulted in several cases of argyria (development of blue-grey skin

from excessive exposure to silver).185 In an extreme case, daily ingestion of colloidal silver has caused

irreversible neurologic toxicity resulting in death.186 Silver nanoparticles release silver ions through

oxidation, the rate at which this occurs depends on the initial size of the NP, surface coating and

environmental conditions.187 Solid silver is insoluble, rendering it irrelevant for bioavailability, and higher

oxidation states (+2 and +3) are possible, but again not relevant for biological systems, therefore the main

ion of concern is Ag+.187 In general with AgNPs,  criteria to consider are 1) the agglomeration or aggregation

to larger particles (decreasing bioavailability), 2) oxidation of Ag(0) to Ag+ (increasing bioavailability), 3)
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dissolution to dissolved Ag+ (increased bioavailability), 4) speciation and solubility of Ag+ (increased

bioavailability), and 5) reactions modifying the reactivity of Ag(0)-NPs (potentially increased

bioavailability).187 To experimentally prevent agglomeration and aggregation, oxidation, and dissolution,

the silver nanoparticles prepared in our lab are coated with stabilizing agents (polymers, carboxylic acids,

thiols, etc.).26,188,189 This protection also decreases bioavailability by decreasing the concentration of free

Ag+ ions on the particle surface.  The toxicity of silver nanoparticles is further discussed in Chapter 7.

The case with metal oxide NPs is more complicated to determine whether the metal ion or the

NP themselves are responsible for toxicity. To assess this, the antibacterial effect of CuO, Fe2O3, ZnO,

Co3O4, Cr2O3 and NiO NPs on Photobacterium phosphoreum (a bioluminescent bacterium) was

investigated. The results could be grouped into three categories, 1) ZnO toxicity solely due to Zn2+ release,

2) CuO effect from both Cu2+ and CuO, and 3) Fe2O3, Co3O4, Cr2O3 and NiO NPs themselves were

responsible for toxicity.190 In addition to metal oxide type, the size and morphology also contribute to

interactions with cells/microorganisms, leading to a call to use size-dependent safety guidelines for NPs

in contrast to only size for risk assessment.191
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Chapter 3: Symmetry Breaking by Surface Blocking: Synthesis of Bimorphic Silver

Nanoparticles, Nanoscale Fishes and Apples

The following publication presents a synthetic method to prepare diverse silver nanostructures

using symmetry breaking by surface blocking, and an analysis of their associated properties for sensing

applications. Reproduced from N. Cathcart and V. Kitaev, Sci. Rep., 2016, 6, 32561. Licensed under CC by

4.0 and accessible online at: https://www.nature.com/articles/srep32561, with supplementary

information accessible online at:

https://media.nature.com/original/nature-assets/srep/2016/160908/srep32561/extref/srep32561-

s1.pdf.

Symmetry Breaking by Surface Blocking: Synthesis of Bimorphic Silver Nanoparticles, Nanoscale Fishes

and Apples

By Nicole Cathcart and Vladimir Kitaev

3.1 Abstract

A powerful approach to augment the diversity of well-defined metal nanoparticle (MNP)

morphologies, essential for MNP advanced applications, is symmetry breaking combined with seeded

growth. Utilizing this approach enabled the formation of bimorphic silver nanoparticles (bi-AgNPs)

consisting of two shapes linked by one regrowth point. Bi-AgNPs were formed by using an adsorbing

polymer, poly(acrylic acid), PAA, to block the surface of a decahedral AgNP seed and restricting growth of

new silver to a single nucleation point. First, we have realized 2-D growth of platelets attached to

decahedra producing nanoscale shapes reminiscent of apples, fishes, mushrooms and kites. 1-D bimorphic
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growth of rods (with chloride) and 3-D bimorphic growth of cubes and bipyramids (with bromide) were

achieved by using halides to induce preferential (100) stabilization over (111) of platelets. Furthermore,

the universality of the formation of bimorphic nanoparticles was demonstrated by using different seeds.

Bi-AgNPs exhibit strong SERS enhancement due to regular cavities at the necks. Overall, the reported

approach to symmetry breaking and bimorphic nanoparticle growth offers a powerful methodology for

nanoscale shape design.

3.2. Introduction

Metal nanoparticles (MNPs) are advantageous for diverse applications including plasmonics,1,2

catalysis,3,4 sensing5,6 and medicine.7,8 Understanding size and shape selection9,10 in MNPs is essential to

fully capitalize on the advantageous nanoscale properties of MNPs.11,12 Synthetic preparation of well-

defined MNP morphologies is currently a bottleneck for MNP applications.13 Seeded growth is an

established approach to achieve nanoscale morphologies with increasing complexity.14,15 Seeded growth

requires limiting new nucleation events, which can be achieved by the slow addition of a metal precursor16

or by utilizing ligands for complexation and selective binding.17 To control the NP shape in seeded

regrowth, surface-binding species can block specific NP facets by selective adsorption.18 In particular,

halides were found to play a crucial role in shape-selective synthesis of AuNPs19 and AgNPs.20,21

Formation of bimorphic nanoparticles (bi-NPs) requires symmetry breaking that is postulated to

be promoted by the high driving forces of reduction,22 which can be realized through maintaining the high

ratio of reducing agent to metal.23,24 Symmetry breaking driven by the strain energy of growing NPs has

been reported for Cu deposition onto Au seeds25 and for binary MNPs made from cubic Pt seeds.26

Preparation of diverse nanostructures in bimorphic regrowth has been described by Tsuji et al., where

cubes, bipyramids, and platelets were formed from nanorods.27 Bimorphic growth aims at combining two

different shapes, similar to Janus particles.28,29 Such nanoparticles are currently prepared through

anisotropic branching,30 which is widely applicable but limited in shape selectivity. Overall, general
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approaches for symmetry breaking and realization of bi-NPs consisting of two well-defined parts remain

largely unexplored.

Herein we describe symmetry breaking resulting in bimorphic AgNPs with two well-defined

constituent parts achieved through controlled blocking of the growing surface of AgNP seeds by

poly(acrylic acid). In particular, controlled nucleation at the surface of decahedral AgNPs yielded single-

point growth leading to size- and shape-selected bimorphic AgNPs. Different modes of bimorphic growth

have been realized using halides. For 2-D growth of platelets attached to decahedra, we have elucidated

conditions required for the symmetry breaking and shape selection and demonstrated that growth

pathways can be judiciously controlled to engineer diverse complex nanoscale morphologies.

3.3. Results and Discussions

Key features of bi-AgNP synthesis by seeded growth of decahedral AgNPs, AgDeNPs, (pentagonal

bipyramids, J13) are summarized in Fig. 3.1. The symmetry breaking in regrowth of high-purity

decahedra31,32 takes place upon the reduction of silver ions (AgNO3) by ascorbic acid (AA) with surface

blocking by poly(acrylic acid) (PAA) giving rise to shape-selective deposition of new silver.22,23 Several types

of well-defined bi-AgNPs are attainable by controlling four main parameters, the most crucial of which is

i) surface-blocking by an adsorbing polymer (PAA of different molecular weights at different

concentrations); followed by ii) the amount of new silver added, iii) reducing power (AA concentration and

pH of the reaction), and iv) presence of shape-selective agents (e.g. halides).
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Figure 3.1. a) Schematics of different pathways of bi-AgNP formation illustrating 1-D, 2-D and 3-D growth in the
system. b)-i) transmission electron microscopy (TEM) images of b)-d) representative 2-D bi-AgNP morphologies, b)
and c) optimal preparation: 0.13 mM PAA 450 K, 0.04 mM AgDeNP seeds, 0.27 mM ascorbic acid, and 0.08 mM
AgNO3, c) low Ag, and e) uniformly 3-D enlarged decahedra (high PAA). f)-i) representative bi-AgNPs prepared in
presence of halides: f)-g) 3-D bi-AgNPs, f) 75:1 Ag/KBr; g) 38:1 Ag/KBr; h) pentagonal rods with 1:12 Ag/KCl, i) 1-D
bi-AgNPs with 1:5 Ag/HCl.  All ratios are molar. All scale bars are 50 nm.  For detailed description of samples - see
Supplementary Table 3S.1.
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AgNP morphologies attained in different regrowth conditions are shown in Fig. 3.1a. The main

focus of this report is the uniform 2-D bimorphic growth of a platelet/prism onto a decahedral seed (Fig.

3.2 and Supplementary Fig. 3S.1). Among other growth modes of decahedra, most straightforward is

uniform 3-D regrowth (uniform decahedra enlargement) where new silver deposits uniformly onto all ten

(111) facets.31,32 In this report we have accessed 3-D regrowth of decahedra at low pH and in presence of

citrate at room temperature (Fig. 3.1e and Supplementary Fig. 3S.2h). Several other regrowth modes can

be accessed using halides: 1-D enlargement of decahedra resulting in pentagonal rods (Fig. 3.1i), mediated

by chloride complexation and 3-D bimorphic growth of cubes and bipyramids from decahedral seeds (Fig.

3.1g and Supplementary Fig. 3S.3), directed by bromide. Different pathways of the symmetry breaking in

bi-AgNP growth demonstrated by this work (Figs. 3.1 and 3.3) attest to the universality of the developed

procedure. In particular, we have focused on 2-D bi-AgNPs to elucidate the role of synthetic parameters

and to demonstrate control over the shape selection.

Bi-AgNP formation requires a tight set of reaction conditions, in particular the seed surface

appropriately blocked/protected so that nucleation can occur only in a single point. This nucleation point

is one of the equivalent high energy vertices of the pentagonal rim in decahedra. The nucleation on the

polymer-blocked surface is a limiting stage in the bimorph growth. Once the nucleation is initiated growth

of the bimorph proceeds rapidly through the formation of connecting ‘necks’ and subsequent more

directional growth of the platelet part through their planar twinned defects.33 Bi-AgNPs with two

nucleated centers at different vertices (i.e. two platelets growing on the same decahedral seed) were not

experimentally observed, even in minor quantities. The growth of the bimorph with the seed surface

strongly blocked by an adsorbing polymer (PAA) results in high driving forces of reduction22 (per available

surface) and is kinetically driven.  Such growth proceeds with multiple twinning that is typical for the

kinetically driven nanoparticle formation and is characteristic of the platelet growth.33 Bi-AgNPs formed

in optimized 2-D growth conditions feature platelets predominantly attached in a perpendicular
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orientation relative to the pentagonal planes of the decahedral seed (Figs. 3.1b,c, 3.2, and Supplementary

Figs. 3S.1, 3S.2a,b), as expected from the preferential growth at the vertices. At the same time, thin longer

necks connecting platelets to decahedra (e.g. Supplementary Fig. 3S.4b,c) were formed in conditions

where the decahedral seeds were allowed to equilibrate with PAA prior to silver reduction. These long

necks (along with high-magnification images shown in Supplementary Fig. 3S.4a) clearly illustrate the

point that there is no epitaxy and the crystalline plane orientation of the seed is not preserved in the

regrowth at the heavily polymer-blocked surface.

Effects of major parameters in bi-AgNP formation are summarized in Figures 3.2 and 3S.2 (and

corresponding Table 3.1 and Supplementary Table 3S.1). At higher PAA concentrations, the decahedra

surface is completely blocked for the selective nucleation of the bimorphic growth and enlarged

decahedra are a predominant product (Supplementary Fig. 3S.2e). At lower PAA concentrations, the

bimorphic growth is less-defined, so limited shape-control can be achieved (Supplementary Fig. 3S.2f).

The size of the platelet part can be controlled by the ratio of added silver to silver in AgDeNP seeds;

increased added silver (300 %, Fig. 3.2a6) resulted in larger platelets, and smaller growth was achieved

with lower silver (20-40%, Figs. 3.2a1,2). An effect of high AA concentration manifests in less-defined,

chaotic reduction of silver resulting in rough AgNPs34 (Supplementary Fig. 3S.2c); while at lower AA

concentrations rounded etched decahedra form (Supplementary Fig. 3S.2d). At higher pH, the secondary

nucleation dominates due to the higher reducing power of AA (Supplementary Fig. 3S.2g). At lower pH

with the less reducing power and slower regrowth, enlarged decahedra are again the main regrowth

product (Supplementary Fig. 3S.2h) in absence of the symmetry breaking. Table 3.1 summarizes main bi-

AgNP shapes described in this work and corresponding conditions for their preparation.
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Figure 3.2. Development of 2-D bi-AgNP morphologies with different amounts of added silver (the percentage is
given in brackets relative to silver present in decahedral seeds). a) Representative TEM images; b) UV-vis spectra;
and c) optical photographs of samples:  0.008 mM (20%),  0.016 mM (40 %),  0.04 mM (100%),  0.05 mM
(120%), 0.08 mM (200%) and 0.13 mM (320%). All scale bars are 50 nm.
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Table 3.1 Summary of experimental conditions for the formation of well-defined bimorphic AgNP shapes.

Morphology Reac on Condi ons* Representa ve Image

Triangular platelet bi-AgNPs

(fish)

Reported procedure, 0.13 mM PAA,
0.04 mM AgDeNPs, 0.27 mM ascor-
bic acid and 0.08 mM silver

Rounded platelet bi-AgNPs

(apples/mushrooms)

Lower Ag (0.008 mM – 0.04 mM)

Rounded/cubic 3-D bi-AgNPs Bromide (0.5 µM – 0.013 mM KBr)

Rod 1-D bi-AgNPs High pH and chloride (>0.16 mM
HCl)

1-D growth of pentagonal rod
AgNPs (not bimorphs)

Chloride (>0.48 mM KCl)

3-D uniform growth of enlarged
AgDeNPs

Higher PAA (4.5 mM PAA, 1.2 mM
ascorbic acid, 0.15 mM silver)

*Concentrations are the same as reported in Methods for 2-D growth of the bimorphs with triangular platelets,
unless otherwise stated
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Blocking of the seed surface by PAA significantly restrains silver growth at the surface, effectively

increasing the ratio of the reducing agent to reacting silver35 and thus creating higher driving forces similar

to what was reported in the literature for breaking symmetry during MNP regrowth.22,23 More details on

the effect of PAA is provided in Supplementary  (Supplementary Fig. 3S.5 and its description). The

equilibration time of seed with PAA prior to the regrowth initiation (addition of silver nitrate and AA) was

an important factor since kinetics of silver reduction plays a significant role in the formation of bi-AgNPs.12

Formation of well-defined bi-AgNPs was attained at minimal equilibration times when AA and AgNO3 are

added right after the addition of PAA to the decahedral seeds.

PAA molecular weight and effect of other polymers have been investigated since PAA is the key

reagent36 in bi-AgNP synthesis. Large MW PAA (450,000) was found to be an optimal polymer for surface

blocking. Lower MW of PAA that we have tested (such as MW of 1,800 and 5,100) gave similar but largely

inferior results with respect to the uniformity of bi-AgNP growth and resulting size-dispersity

(Supplementary Figs. 3S.6b,c). More details are given in Supplementary Fig. 3S.6 and its description.

Citrate (or citric acid) in replacement of or in addition to PAA has also been explored since citrate is a

commonly used charge-stabilizing agent for AgNPs by virtue of its multiple carboxylic groups. We were

not able to find conditions of bi-AgNP synthesis using citric acid or citrate alone. At concentrations greater

than 0.03 mM, citric acid tends to promote uniform 3-D growth of the decahedral seeds to larger

decahedra (Supplementary Fig. 3S.7a). Details on the effect of different acids are given in Supplementary

Fig. 3S.7 and its description.

For stable, reproducible regrowth with high shape yields, the optimal concentration of AgDeNP

seeds is 0.03-0.04 mM, below this concentration, more irregular platelet growth occurs (Supplementary

Fig. 3S.8). With new silver added at a typical 200% molar ratio relative to silver in seeds, the total silver

concentration of bi-AgNP dispersions is 0.1-0.15 mM (Fig. 3.2), typical for colloidal synthesis of metal NPs.

At this range of concentrations, it is possible to largely avoid aggregation and formation of doublets in the
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regrowth, as well as to minimize secondary nucleation that becomes a factor at lower seed

concentrations. At ca. 300% of new silver (relative to the seeds), platelet parts can reach ca. 150-200 nm

in width with typical thickness of 5-10 nm (Fig. 3.2a6), similar to platelet AgNPs prepared with citrate.37,38

Experiments with lower amounts of added silver (Fig. 3.2a1) confirmed that the bi-AgNP growth is initiated

predominantly at the vertices of the pentagonal plane of the decahedra as the locus of the sharpest

protrusions and thus the highest surface energy points. The growth initially proceeds through disordered

multiple planar twinned structures and subsequently resolve in favorable conditions into well-defined

platelet parts (Fig. 3.2a3-6). The role of reducing conditions is described in detail in Fig. 3S.9 in SI. Overall,

optimal AA concentration range was 0.25-0.7 mM at pH of 6-6.5. pH plays a dual role in bi-AgNP synthesis:

1) due to the strongly pH-dependent reduction potential of ascorbic acid; 2) in AgNP stabilization, which

is optimal in weakly basic conditions due to negative surface charge of stabilized AgNPs. Pure AgNP surface

is positively charged due to silver ions present in the redox equilibrium. This positive charge is effectively

reversed with common stabilizing anionic ligands, such as citrate or ionized poly(acrylic acid). The negative

charge of the stabilizing ligands is neutralized at acidic pH due to protonation of carboxylic groups.

Experiments with pH variation are shown in Supplementary Figure 3S.10.

Halides have rich legacy in shape control of silver nanoparticles,39 e.g. bromide has been shown

to be effective in transformation of Ag planar twinned morphologies into 3-D cubes and bipyramids by

stabilizing (100) planes.38 Bromide has been shown experimentally and computationally to strongly

coordinate to silver and to drive selective facet stabilization in silver and gold nanoparticles.40 In our work,

the presence of bromide enables the transformation of 2-D bimorphic growth into 3-D by arresting

platelet growth and thus first making them smaller and thicker (Fig. 3.1a) and then transforming them

into rounded cubes and bipyramids, as shown in Figures 3.1f and g and Supplementary Figure 3S.11.

Rounded cubes attached to decahedra can be observed at Ag/Br molar ratios as low as 138:1

(Supplementary Fig. 3S.11a), also confirmed by UV-vis spectroscopy (Supplementary Fig. 3S.12). In the
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presence of bromide, the overall shape of bi-AgNPs is less defined due to etching with bromide and

interference with reducing conditions by the bromide effect on silver reduction potential. Chloride

exhibits a more complex and subtle effect on bi-AgNP formation. First, more than 100 times higher

chloride concentrations were required to reach an effect comparable to bromide due to the appreciably

larger Ksp of AgCl vs. AgBr. Stabilization of (100) similar to bromide was evident (Figs. 3.1h and

Supplementary Fig. 3S.13). 1-D growth of decahedra to short pentagonal rods was noticeably promoted

at higher Cl/Ag ratio (>12:1) (Fig. 3.1h and Supplementary Fig. 3S.13d), where the reduction is slower due

to chloride both complexing silver ions and blocking the seed surface. 1-D pentagonal growth of

decahedra can be distinguished from 1-D bimorphic growth, where the rods are nucleated in a single point

at the surface of AgDeNPs and are not necessarily pentagonal (Fig. 3.1a). The addition of smaller chloride

amounts (Ag/Cl of 20-50) had a weak positive effect on the formation of well-defined triangular platelet

parts of bi-AgNPs. 1-D bimorphic growth was observed when HCl was used to adjust pH (Fig. 3.1i and

Supplementary Fig. 3S.14). This growth mode takes place in mild reducing conditions where the

deposition of new silver is directed by pentagonal twinning disclination with subsequent rebuilding of

(100) planes,41 and protonation of PAA (Fig. 3.1i). Compared to bromide and chloride, iodide has a strong

arresting effect on the development of bi-AgNPs (see Supplementary Fig. 3S.15 and description therein).

The diversity of attainable bi-AgNP morphologies is represented in Figure 3.3. Many bi-AgNP

nanoshapes are reminiscent of fish (Fig. 3.3a-c), birds, mushrooms, kites and butterflies. In particularly,

we aimed to produce nanoscale analogues of apple-like shapes (Figs. 3.3j-m), especially apples with a bite

taken out (Figs. 3.3k,l), as being culturally significant. Such bi-AgNPs with additional symmetry breaking

could be prepared in slightly more etching conditions relative to optimal. A complementary nanoscale

pear-like bi-AgNP is shown in Fig. 3.3m.  See also supplementary Fig. 3S.19 for selected coloured images.



72

E F G

H I

J K L M

D

A B C

Figure 3.3. TEM images demonstrating diversity of attainable bi-AgNP shapes. The scale can be inferred from the
largest dimension of the decahedral part of bi-AgNPs (a diamond shape in TEM side projection) being 41.5  1.5 nm,
reproducibly prepared by photochemical synthesis.31

Further bimorph diversity can be realized with different seed particles for the regrowth. To

demonstrate such possibility, we have used silver platelets/prisms prepared using our previously reported

procedure.38 Using 2-D regrowth conditions, formation of the second platelet part is achieved by

nucleation and growth at high-energy vertices to yield platelet-platelet bimorphic AgNPs (Supplementary
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Fig. 3S.16). Therefore, any suitable seed particles are expected to be successfully used in the bimorphic

regrowth with suitable polymer blocking of the seed surface.

Formation of Au coating and shells42,43 of bi-AgNPs was tested with HAuCl4 addition. Even at lower

amounts of gold relative to silver in bi-AgNPs, such as 5 mol.%, the gold deposition is highly granular, with

the nucleation and growth only in selected spots on the surface (Supplementary Figs. 3S.17a,b). At ca. 20

mol.% of gold added, the resulting nanostructures become rough due to silver etching (Supplementary

Fig. 3S.17c).

Bi-AgNPs show excellent SERS enhancement by virtue of their packing that creates semi-regular

voids due to incompatibility with close packed lattices.31 Using 5,5’-dithiobis (2-nitro-benzoic acid) as a

probe molecule and 785 nm laser, 10-16 moles/cm2 could be easily detected with dry bi-AgNP films as

substrates (Supplementary Fig. 3S.18), and DTNB detection limit can be estimated as ca. 510-16

moles/cm2. The signal enhancement relative to pure DTNB is 7109 vs. 4109 of AgDeNPs. Noticeably

higher SERS enhancement relative to decahedra may be attributed to the resonant SERS enhancement

due to LSPR absorption at 785 nm from the platelet parts of bi-AgNPs, and to the cavity at the junction of

the two bimorph parts, where the field enhancement is expected to be the highest. As highly non-

centrosymmetric particles, bi-AgNPs can be also beneficial for plasmonic applications.44

In summary, we have demonstrated that by controllably blocking the surface of the seed AgNPs

with an adsorbing polymer, several modes of seeded growth from uniform (111) enlargement of

decahedra to symmetry breaking with a single point nucleation result in diverse bimorphic morphologies.

Universality of the formation of bimorphic nanoparticles using different seeds is also demonstrated. Bi-

AgNPs exhibit strong SERS enhancement and are promising as a SERS substrate. Demonstrated approach

to symmetry breaking and resulting bimorphic particles open new perspectives in nanoscale shape design.
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3.4. Methods

AgDeNP seeds were prepared as described in Murshid, et al.32 AgDeNPs (prepared 2-20 days prior

to bi-AgNP synthesis) were first concentrated 10 times (from 0.13 mM to 1.3 mM Ag). Representative

amounts and total molarities in the final preparation (in brackets) for well-defined 2-D bi-AgNPs (shown

in Fig. 3S.10 for pH=6) were as follows: 6 mL of water, 40 µL of 0.02 M PAA (Mw = 450,000, 0.13 mM by

monomer), 200 µL of concentrated AgDeNPs (0.04 mM), 35 µL of 0.05 M ascorbic acid (0.27 mM), and

100 µL of 0.005 M AgNO3 (0.08 mM) combined in a 20 ml vial upon magnetic stirring. Upon addition of

AgNO3, the reaction color changed from yellow-orange to greenish-bluish grey. See Supplementary Table

3S.1 for specific conditions of synthesis of other bi-AgNP morphologies. More details on reagents,

procedures of bi-AgNP preparation and characterization are provided in Supplementary.
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3.6. Supplementary Information

Experimental details

Reagents. Silver nitrate (99.99%), sodium citrate tribasic dihydrate (99.5%), arginine (98%), sodium

borohydride (≥99%), hydrogen peroxide (30-32 wt%, 99.999% trace metal basis, potassium stannate

inhibitor), poly(acrylic acid) (PAA, avg. Mw= 1,800), poly(acrylic acid) (PAA, avg. Mw = 450,000), poly (acrylic

acid sodium salt) (PAA, avg. Mw= 5,100), poly (acrylamide co-acrylic acid), partial sodium salt (PA co-AA,

avg. MW = 200,000 , 20 % acrylamide), poly (N-vinylpyrrolidone-co-2-dimethylaminoethyl methacrylate)

19+ wt. % solution in water (PVP-co-DMAEMA, avg. Mw = 1,000,000, Batch #14030EO), poly (sodium 4-

styrenesulfonate) (PSS, avg. Mw = 70,000), L-ascorbic acid, (99+%), 5,5’-dithiobis (2-nitro-benzoic acid)

(99%), potassium chloride (99%), potassium bromide (99%), potassium iodide (99%), potassium hydroxide

(99.99%), nitric acid (65 wt.%, ACS grade), hydrochloric acid (37 wt.%, semiconductor grade), all supplied
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by Aldrich; and poly (N-vinylpyrrolidone) (PVP, avg. MW = 40,000) supplied by Caledon Chemicals (Caledon,

Canada) were used as received. High purity deionized water (> 18.2 MΩ·cm) was produced using Millipore

A10 Milli-Q.

3-D growth of Decahedra with PAA. The procedure is the same as the synthesis of bimorphic NPs except

for the higher PAA concentration used. In a typical preparation corresponding to the sample shown in Fig.

3S.3E, 6 mL of water, 150 µL of 0.2 M PAA 450 K (4.5 mM), 200 µL of concentrated decahedra with 1.3

mM Ag (0.04 mM), 160 µL of 0.05 M ascorbic acid (1.2 mM), and 200 µL of 0.005 M AgNO3 (0.15 mM).

Numbers in brackets are total molarities in the final preparation. After the addition of silver nitrate, the

reaction mixture remains visually unchanged for 20-30 minutes, before reduction of silver on the

decahedral seed surface becomes noticeable by a red-shift in the LSPR. The regrowth process was typically

completed within 12-18 hours.

Preparation of SERS substrates. SERS substrates were prepared by concentrating 1.5 mL of bi-AgNP to

20-50 µL dispersions using centrifugation. The resulting total silver concentration in concentrated bi-AgNP

samples was 10-20 mM. 2-10 µL of this concentrated dispersion was transferred onto a quartz slide by a

pipette and spread to a size of 1 cm by 0.6 cm. The sample was dried in an oven at 55-60 °C for 5-10

minutes, and then used for SERS measurement without further treatment. 1-5 µL of dilute 5,5’-dithiobis(2-

nitrobenzoic acid) in water (with addition of THF at higher concentrations) was dispensed directly onto

the dried bi-AgNPs and then dried in an oven for 1-2 minutes.

Instrumentation. Electron microscopy (EM) imaging was done using Hitachi S-5200 with a carbon-coated

formvar grid (EMS Corp.). UV-vis spectra were acquired with either an Ocean Optics QE-65000 fiber-optic

UV-vis spectrometer or Cary 50Bio UV-vis spectrophotometer. Raman spectra were recorded using R-

3000QE fibre-optic Raman spectrometer equipped with 290 mW laser at 785 nm (RSI). Centrifugation was

performed using either VWR Clinical 100 or Thermo Scientific Legend Micro 21 centrifuges.

Table 3S.1. Summary of synthetic conditions for bi-AgNP samples presented in Figures 3.1 and 3S.2.

Ag+ Added
(mM)

Decahedra
Seed (mM)

Polymer,
MW, (mM)

Ascorbic
Acid (mM)

Other
Parameters

Sample
#

Corresponding
Figure

Image/Morphology
0.069 0.039 PAA*, 1.8 K,

0.063
0.938 Tricitrate,

0.038 mM
NJ523 3.1b

0.070 0.040 PANa*, 5 K,
0.002

0.278 NN283 3.1c
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0.018 0.040 PAA, 450 K,
0.096

0.438 NO487 3.1d

0.143 0.036 PAA, 1.8 K,
0.347

1.627 Citric Acid,
0.578 mM

NO77 3.1e

0.069 0.039 PAA, 450 K,
0.126

0.276 KBr, 0.002
mM

NQ396 3.1f

0.063 0.039 PAA, 450 K,
0.125

0.274 KBr, 0.006
mM

NT625 3.1g

0.062 0.039 PAA, 450 K,
0.124

0.272 KCl, 1.24
mM

NT648 3.1h

0.063 0.039 PAA, 450 K,
0.126

0.275 HCl, 0.154
mM

NT606 3.1i

0.069 0.035 PAA, 1.8 K,
0.063

0.629 Tricitrate
0.31 mM

NH909 3S.2a

0.069 0.039 PAA, 1.8 K,
0.063

0.938 Tricitrate
0.39 mM

NJ523 3S.2b

0.017 0.039 PAA, 450 K,
0.063

1.255 NO624 3S.2c

0.069 0.039 PAA, 1.8 K,
0.25

0.039 AA added
last

NH999 3S.2d

0.0556 0.032 PAA, 450 K,
3.788

1.010 NO690 3S.2e

0.070 0.040 PAA, 450 K,
0.015

0.278 KBr         0.11
µM

NP446 3S.2f

0.063 0.039 PAA, 450 K,
0.126

0.275 KOH      1.58
mM

NT517 3S.2g

0.132 0.038 PAA, 450 K,
4.506

1.201 HNO3 0.15
mM

NP151 3S.2h

0.069 0.035 PAA, 450 K,
0.313

0.274 NO304 Lily pod (2D growth)

0.070 0.035 PANa, 5 K,
0.0016

0.278 NaOH
16 µM

NQ224 Fish (2D growth)

0.009 0.035 PAA, 450 K,
0.031

1.259 NO710 Small growth (2D
growth)

0.068 0.035 PAA, 1.8 K,
0.248

0.776 AA* added
last

NI7 Large decahedra
(3D growth)

*PAA = poly (acrylic acid);  PANa = poly (acrylic acid sodium salt);  AA = ascorbic acid
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Figure 3S.1.  Representative electron microscopy (EM) images demonstrating high shape yield and consistent
morphologies of 2-D bi-AgNPs prepared over the course of three years.
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Figure 3S.2. TEM images of key bimorphic morphologies prepared in optimized synthetic conditions: a) and b); and
in synthetic conditions appreciably different from optimal: c) high ascorbic acid, d) low ascorbic acid, e) high PAA, f)
low PAA, g) high pH and h) low pH. For detailed description of samples - see Table 3S.1. Scale bars are 50 nm for a),
b), d), g) and h); and 100 nm for c), e) and f).
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Figure 3S.3. Representative transmission electron microscopy (TEM) images showing high shape yield of 3-D bi-
AgNP regrowth.
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Figure 3S.4. a-f) TEM images of irregular growth due to a) higher reagent concentration (25% less water), b) high
PAA, c) equilibration between PAA and decahedra (delay in development), d) aging (6 days between preparation and
imaging) e) high silver, f) high silver and ascorbic acid and g) UV-vis spectra of Fig. 3S.4d aging- immediately after
preparation,- 6 days after preparation (before imaging).
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Thin necks of the bi-AgNPs shown in Figure 3S.4c are likely due to the slower growth initiation and

corresponding higher growth rates when silver starts to deposit onto the decahedra. This faster initial

growth results in more disordered growth areas at the decahedra surface that subsequently become the

necks. In addition, the decahedral part of bi-AgNPs gets more etched, which is evident from EM images of

Fig. 3S.4, as well as the blue shift of decahedra LSPR mode from 470-480 nm to 435-450nm (Fig. 3S.4g).

The effect of the equilibration with PAA is relatively subtle, so it was difficult to point out an appreciable

difference between several minutes and several hours of equilibration. When higher AA concentrations

were used together with high silver concentrations, newly generated metallic silver was deposited around

the decahedral seeds in a less organized fashion with the rougher platelet-like structures growing with

little to no neck or tethering (Fig. 3S.4f).
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Figure 3S.5. a) TEM images, b) UV-vis spectra and c) optical photographs of representative bi-AgNP samples
prepared with increasing concentrations of poly(acrylic acid) (Mw =450,000): 0 mM, 0.03 mM, 0.12 mM,
0.25 mM, 0.76 mM, 1.1 mM and 2.2 mM. All scale bars are 100 nm.
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In the absence of PAA and with typical AA concentrations, the decahedra regrowth is not well defined

(Fig. 3S.5a1), with Ag+ depositing without preferential direction. At a higher but still less than optimal PAA

concentration, the platelet formation starts to emerge but the bi-AgNP growth is still not well resolved

(Fig. 3S.5a2). At low PAA concentrations and higher AA concentrations with corresponding higher rates of

silver reduction, new silver deposits around the periphery of decahedra leading to lily-pod morphologies

(Fig. 3S.8a) and decahedra encapsulation (Figs. 3S.9a3 and 3S.4f). At optimal PAA concentrations at 0.12-

0.14 mM (ca. 1:1 molar ratio to total silver), well defined triangular platelets with the preservation of the

decahedral part form (Fig. 3S.5a3). At higher than optimal PAA concentrations, the decahedra surface

becomes partially blocked to the extent that a significant portion of the decahedra seeds do not grow (Fig.

3S.5a5). Consequently, the fast growth is initiated only on a fraction of decahedra seeds and proceeds in

effectively less than optimal conditions – higher AA and silver concentration relative to the growing seeds.

As a result, the silver deposition gets noticeably perturbed with the new silver depositing disorderly

around the periphery of the decahedral seeds (Figs. 3S.5a5 and 3S.9a3) due to a larger effective ratio of

new silver to the available growth surface in the seeds.

At even higher PAA concentrations (ca. 10-20 times higher than optimal, see Experimental), the surface

of decahedral seeds becomes uniformly blocked to such an extent that the fast growth (5-10 seconds to

minutes) is no longer possible and the deposition is switched to the slow (15-30 minutes to several hours)

uniform 3-D growth of decahedra where (111) surfaces are homogeneously rebuilt (Figs. 3S.5a6, 3S.5a7).

The transition between the 2-D bimorphic growth and 3-D decahedra enlargement is observed at PAA

concentrations in a range of 0.8 to 1 mM (ca. 7-8 PAA/Ag molar ratio) and higher.
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Figure 3S.6. TEM images of bi-AgNP samples prepared using different polymers: a) poly(acrylic acid) 450 K, b)
poly(acrylic acid) 1.8 K, c) poly(acrylic acid sodium salt) 5.1 K, d) poly(N-vinylpyrrolidone) 40 K, e) poly(acrylamide
co-acrylic acid), partial sodium salt 200 K, f) poly(N-vinylpyrrolidone-co-2-dimethylaminoethyl methacrylate) 1,000
K, g) poly(sodium 4-styrenesulfonate) 70 K.

Poly(acrylic acid sodium salt) (PANa) with a MW of 5,100 produced noticeably well-defined triangular

platelets in several samples, with more random attachment points to the decahedral part (Fig. 3S.6c). A
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copolymer of acrylic acid with acrylamide was also explored (see Experimental). This copolymer supported

growth of bi-AgNPs but with less-defined and more random platelet growth and less preserved decahedral

parts of bi-AgNPs (Fig. 3S.6e). Stabilization with poly(N-vinylpyrrolidone), PVP, and a copolymer of N-

vinylpyrrolidone with dimethylaminoethyl methacrylate did not produce well-defined morphologies likely

due to weak binding to the surface of AgNPs in absence of carboxylic groups (Figs. 3S.6d,f).

Poly(styrenesulfonate), PSS, provided weaker surface blocking of the decahedral seeds and the resulting

bi-AgNPs becoming more rounded, with close attachment of the decahedra and platelet components (Fig.

3S.6g).
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Figure 3S.7. TEM images of samples prepared with various acids in replacement of PAA: a) citric acid, b) boric acid,
c) nitric acid, d) trimesic acid, e) phosphoric acid, and f) tartaric acid.
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At lower concentrations of citric acid and in the absence of PAA, the insufficient surface blocking and

platelet stabilization result in uncontrolled growth. At the same time, citric acid or citrate could be used

together with PAA, since they did not significantly affect bimorphic growth at concentrations up to 0.05

mM. These findings confirm the importance of long polymer chains of PAA in modulating the growth of

AgNPs and the carboxylic groups playing a primary role in binding to the AgNP surface.

We have also conducted a series of experiments using several different acids in place of PAA to access

their effect on bi-AgNP formation. As can be seen in Figure 3S.7, all acids with exception of trimesic acid

(Fig. 3S.7d) etch the decahedra surface and yield either larger rounded decahedra or shapeless aggregated

AgNPs. The preservation of decahedral shape with trimesic acid is due to the fact that it is a tricarboxylic

acid similar to citric acid and it similarly stabilizes (111) planes in AgNPs.

Figure 3S.8. EM images (all SEM with the exception a), which is TEM) of bi-AgNP samples prepared with lower than
optimal ratio of decahedral seeds to silver added in the regrowth: a) 1/2 compared to the optimal (See
Experimental), b) 1/20, c) and d) no decahedral seeds.
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Figure 3S.9. a) Representative EM (all TEM, except is SEM) images; b) UV-vis spectra; and c) optical photographs
of samples prepared with increasing concentration of ascorbic acid:  0.08 mM, 0.3 mM, 0.7 mM, 1.4 mM,
 2.8 mM, and 6.2 mM. Scale bars are 50 nm for, and, and 100 nm for, and.
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The process of bi-AgNP formation involves the reduction of silver precursors, so the role of a

reducing agent in the synthesis is important. In conditions of slow growth, e.g. photochemical

transformations with citrate,s1 the decahedra enlargement in a 3-D growth mode is favoured. A commonly

used reducing agent, sodium borohydride, is too powerful for bi-AgNP formation since it readily promotes

secondary nucleation. Ascorbic acid proved to be optimal; first, by its moderate reducing strength and,

second, because its reducing potential can be controlled (and thus fine-tuned) not only by concentration

but also by pH, so that the reduction can be adjusted to proceed relatively fast but avoiding secondary

nucleation. A common problem with the ascorbic acid is that it tends to induce faster growth with limited

shape selections2 (similar to what is shown in Figs. 3S.9a3&4), so the reduction conditions need to be

tightly controlled to produce well-defined uniform AgNP morphologies.

In a series of samples with varying AA concentration, shown in Figure 3S.9, the prevailing trends

can be readily seen. At lower AA concentrations, the excess of unreduced silver ions etches silver

decahedra and the growth of planar twinned morphologies becomes less defined (Fig. 3S.9a1). At higher

than optimal AA concentration, the bimorphic growth becomes too rapid to lead to shape selection. The

predominant observed morphologies are multiple platelets fused together, first around the rim of

decahedra (Fig. 3S.9a3) and then entirely around the seed particle resulting in 3-D aggregates (Figs.

3S.9a4-6). A similar scenario is observed when less seed particles are used and fused platelets grow into

large quasi-spherical structures (Fig. 3S.8).

S1 Murshid, N., Keogh, D. & Kitaev, V. Optimized synthetic protocols for preparation of versatile
plasmonic platform based on silver nanoparticles with pentagonal symmetries. Part. Part. Syst. Charact.,
31, 178 –189 (2014).
S2 Lu, L., Kobayashi, A., Tawa, K. & Ozaki, Y. Silver nanoplates with special shapes:  controlled synthesis
and their surface plasmon resonance and surface-enhanced Raman scattering properties. Chem. Mater.,
18, 4894 –4901 (2006).
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Figure 3S.10. TEM images of bi-AgNP samples prepared at different pH: a) 5, b) 5.5, c) 6, d) 6.5, e) 7, f) 7.5 and g) 8.

In experiments with pH variation, the best bi-AgNPs are produced in a fairly narrow pH range of

6.0 to 6.5 (Fig. 3S.10). At more acidic pH, AgNPs are expectedly etched, destabilized and aggregated. At

higher pH, it is likely that PAA becomes fully deionized and blocks the surface more effectively that results
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in more disturbed growth of bimorphic structures (Fig. 3S.10). In addition, the higher reduction potential

of ascorbate at higher pH may play a significant interfering role. At the same time, the effect of pH on the

AA reduction potential can be potentially counteracted or fine-tuned by adjusting the concentration of

ascorbic acid.

Figure 3S.11. TEM images of bi-AgNP samples prepared using potassium bromide with Ag/Br molar ratio of a) 138:1,
b) 25:1, c) 12:1 and d) 6:1.
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Figure 3S.12. Development of 3-D bi-AgNPs morphologies with different amounts of bromide. a) Representative
TEM images; and b) UV-vis spectra of samples with Ag/Br molar ratio of: 750, 75, 23, 7.5.
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Figure 3S.13. TEM images of bi-AgNP samples prepared using potassium chloride with Ag/Cl molar ratio of a) 16:1,
b) 8:1, c) 1:6 and d) 1:12.

Figure 3S.14. TEM images of bi-AgNP samples prepared using HCl with Ag/Cl molar ratio of a) 1:2, b) 1:4 and c) 1:8.
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Figure 3S.15. TEM images of bi-AgNP samples prepared using KI with Ag/I molar ratio of a) 312:1, b) 138:1 and c)
6:1.

Iodide interferes with the development of bi-AgNPs even at very low iodide concentrations (sub-

μM) corresponding to Ag/I ratio of 312 to 1 (Fig 3S.15a), where rounding of the decahedral seed is

observed in addition to the more disturbed growth of the platelet part (Figs. 3S.15b,c). Such effect of

iodide is likely due to the fact that AgI does not have the same rock salt structure as AgCl and AgBr, which

stabilizes (100) planes. At the same time, Ksp of AgI is the lowest of the halides, so the strongest iodide

binding is very disruptive for the bi-AgNP regrowth.

Figure 3S.16. TEM images of bi-AgNPs prepared using silver platelets/prisms as seeds instead of AgDeNPs.
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Figure 3S.17. TEM images of bi-AgNP samples that underwent galvanic replacement with tetrachloroauric acid: a),
b) 5 mol.%; and c) 20 mol.% of gold relative to silver in bi-AgNPs.
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Figure 3S.18. Raman spectra of bi-AgNP dry layer; dry layer of decahedral AgNPs; 1×10-16 mol/cm2 of 5’5-
dithiobis(2-nitrobenzoic acid) (DTNB) over the layer of dry bi-AgNPs; and 2×10-16 mol/cm2 of DTNB over the layer
of dry decahedral AgNPs.

Figure 3S.19. Coloured TEM images of bi-AgNPs resembling fish and apples.
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The procedure was discovered and developed by me with the assistance of V. Kitaev. My role was

primarily experimental, preparation of the first draft of the manuscript, figures, and iterative refining.

Images were taken by V. Kitaev.
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Chapter 4: Synthesis and Sensing Properties of D5h Pentagonal Silver Star Nanoparticles

The following publication details the synthesis of D5h pentagonal silver star nanoparticles by

blocking the surface of a seed nanoparticle with a protective polymer. The resulting nanoparticles were

then tested in sensing applications surface plasmon resonance, and surface enhanced Raman

spectroscopy. The following is reproduced from N. Cathcart, N. Coombs, I. Gourevich, and V. Kitaev,

Nanoscale 2016, 8 (43), 18282-18290 with permission from The Royal Society of Chemistry and is

accessible online at: https://pubs.rsc.org/en/Content/ArticleLanding/2016/NR/C6NR07397B.

Supplementary figures are accessible online at:

http://www.rsc.org/suppdata/c6/nr/c6nr07397b/c6nr07397b1.pdf

Synthesis and Sensing Properties of D5h Pentagonal Silver Star Nanoparticles

By Nicole Cathcart, Neil Coombs,21 Ilya Gourevich,21 and Vladimir Kitaev.

4.1 Abstract

In this work, we use silver decahedral nanoparticle (AgDeNP) seeds to synthesize pentagonal silver

stars (AgStDeNPs) and study sensing properties of these nanoparticles. The regrowth process of

AgStDeNPs is kinetically-controlled, so the purity of the seed NPs is critical to avoid secondary deposition

in highly non-equilibrium reduction. To control the regrowth process, surface blocking with sodium

polyacrylate (PANa) was implemented. PANa moderates rough silver nanostructures typically obtained by

reduction with ascorbic acid. To modulate polymer binding to the surface and thus to tune surface

blocking, pH served as a key synthetic parameter. In optimal regrowth conditions, new sliver was

deposited on the highest energy sites of the decahedra – the vertices of the rims – to yield pentagonal

21 Centre for Nanostructure Imaging, Department of Chemistry, University of Toronto, 80 St. George St. Rm. 50,
Toronto M5S 3H6
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stars. The universality of this regrowth process was established with several different seed particles. The

sharpness and size of the stellated tips is tuneable by the amount of added silver. Gold deposition onto

AgStDeNPs enables the preparation of diverse structures with enhanced stability. Ease of transformation,

e.g. rounding, of star branches opens a promising venue for enhanced SPR sensing. As well, AgStDeNPs

enables femtomolar detection of 5,5-dithiobis(2-nitro-benzoic acid) in SERS.

4.2 Introduction

Nanoparticle design is shaping advances in nanoscale synthesis, in particular of metal

nanoparticles (MNPs).1,2 MNPs have established importance in applications including plasmonics,3,4

catalysis,5–7 sensing8,9 and medicine.10 Silver is the most conductive and reflective of noble metals,

therefore silver nanoparticles (AgNPs) offer superior properties in optical and plasmonic applications.11

Silver is also versatile with respect to chemical reactivity and offers great morphological variability.12,13

Size- and shape- control are essential to realize functional properties of nanoscale structures,14,15 and the

understanding of synthesis conditions to achieve such control has improved in recent years.16,17

Limitations in reproducible procedures are short-cutting the development and applications of diverse,

well-defined MNP morphologies. Seeded regrowth is one of the reliable strategies for the preparation of

MNPs with increasing complexity and therefore novel properties and new potential applications.18,19

In general, seeded regrowth approaches focus on reduction control of the new (added) metal; through

either the ratio of seed to metal salt,18,20 complexation with ligands or the strength of the reducing agent.21

Seed nanoparticles (NPs) act as nucleation centres and catalysts; higher ratios of seed to new metal

promote quicker reduction,20 and enables the utilization of weak reducing agents.22 To retain the low size

dispersity of the seeds, and minimize size dispersity in the resulting NPs, preventing nucleation events is

required, which can be accomplished by slow addition of the metal precursor or by using ligands for

complexation and selective binding.21,23 Lui et al., demonstrated the use of acetonitrile as an efficient

ligand for silver ions to decrease the silver reduction potential and to slow down reaction kinetics,
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minimizing secondary nucleation.20 Surface binding species have also been shown to be effective to

control NP growth in preferential directions24 through selective adsorption (surface blocking).21,25 Our

group previously reported on the use of chloride for the selective growth of flower-shaped multifaceted

prismatic silver nanoparticles.26 Polymers have also been shown to be effective in the shape control of

NPs.27,28 Specifically, poly vinylpyrrolidone (PVP) has been shown to stabilize higher index planes in Au

concave decahedra,29 establishing polymer blocking for the preparation of complex multifaceted and

stellated NP structures.

Control over NP growth can be achieved by varying reduction conditions, either through reducing

agent strength or concentration of reductants.30 Common reducing agents for silver include citrate,31

borohydride,32 and ascorbic acid.33 Ascorbic acid readily reduces silver ions to metallic silver and oxidizes

to dehydroascorbic acid.34 The kinetics of silver reduction with ascorbic acid was reported in 1974 by

Mushran et al,33 with the increased rate of reduction observed for higher pH, which is consistent with the

pH-dependence of the reduction potential of ascorbic acid. In several studies, the rapid reduction with

ascorbic acid was demonstrated to lead to the development of highly branched silver structures.35–37 For

example, Fukuyo and Imai, were able to vary the stellation of silver crystals by varying the concentration

of ascorbic acid and the solution pH (and therefore ascorbic acid reducing power).35

Branched and multifaceted MNP morphologies are advantageous for surface plasmon resonance

(SPR) sensing, where stellation enhances sensitivity.9 Furthermore, sharper features and cavities offer

better sensing in surface enhanced Raman spectroscopy (SERS).26 The strongest electromagnetic field,

and therefore enhancement, has been experimentally observed, and theoretically confirmed in the gap

between several NPs,38,39 and in the vicinity of sharp tips.40,41 Recently, high enhancement factors of 3.78

 108 from silver nanoparticle rings with controllable openings42 and 1.0  109 from bimorphic Ag-Au

‘mushroom’ nanoparticles43 were reported owing to the inherent gaps of the structures. As well, our

group has reported 4.6  108 enhancement from flower-shaped platelet AgNPs with variable faceting.26
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Herein we describe the synthesis of pentagonal silver star nanoparticles (AgStDeNPs) using a

seeded regrowth approach with ascorbate reduction and polymer surface blocking. Ascorbate allows for

the rapid generation of star branches from silver decahedral seed particles (AgDeNPs) and sodium

polyacrylate enables effective blocking of the surface of AgDeNP seeds for directed growth at high energy

vertices. Well-defined stellation and the universality of the regrowth procedure were demonstrated.

Sensing properties of AgStDeNPs in SERS and SPR experiments are presented and discussed.

4.3 Experimental

Reagents. Silver nitrate (99.9%), sodium citrate tribasic dihydrate (99.5%), arginine (98%), sodium

borohydride (≥99%), hydrogen peroxide (30-32 wt.%, 99.999% trace metal basis, potassium stannate

inhibitor), poly (acrylic acid sodium salt) (PANa, avg. Mw= 5,100), poly (sodium 4-styrenesulfonate) (PSS,

avg. Mw = 70,000), L-ascorbic acid, (99+%), 5,5’-dithiobis (2-nitro-benzoic acid) (99%), potassium chloride

(99%), potassium bromide (99%), potassium iodide (99%), potassium hydroxide (99.99%), nitric acid (65

wt.%, ACS grade), hydrochloric acid (37 wt.%, semiconductor grade), all supplied by Aldrich; and poly (N-

vinylpyrrolidone) (PVP, avg. MW = 40,000) supplied by Caledon Chemicals (Caledon, Canada) were used as

received. High purity deionized water (> 18.2 MΩ·cm) was produced using Millipore A10 Milli-Q.

Synthesis of pentagonal silver star nanoparticles. Decahedral particles used as seeds were

prepared according to the procedure developed previously by our group.44 Briefly, citrate, arginine, PVP,

silver nitrate and sodium borohydride were mixed to form a precursor solution. Subsequently, hydrogen

peroxide was added, and the resulting mixture was exposed to 450 nm LEDs for 14 hours.

Decahedral AgNP seeds prepared 2-20 days prior to the regrowth were first concentrated 10

times (from 0.13 mM to 1.3 mM Ag) by centrifuging 16 ml of as prepared AgDeNP sample at 3800 g for 30

minutes, removing the supernatant, and diluting the sedimented particles to 1.6 mL. The concentrated

seed AgDeNPs were used within the same day due to their limited colloidal stability at higher
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concentrations. Ascorbate was prepared by combining ascorbic acid and potassium hydroxide in a 1:1

ratio; ascorbate solutions were used within a day in order to limit their oxidation.

In a 20 mL vial, 6 mL of water was combined with potassium hydroxide, sodium polyacrylate

(PANa), 200 µL of the concentrated decahedral seeds (1/8th of the sample described above), and silver

nitrate. Ascorbate was added to the intensely stirred solution (500 rpm with a 3 mm by 12.7 mm magnetic

stir bar) by quick injection with a pipette (under 1 s). Amounts and total molarities (in brackets) in the final

preparation of well-defined AgStDeNPs (e.g. shown in Figs. 4.4 and 5) were as follows: 6 mL of water,

40 µL of 0.1 M KOH (0.61 mM), 120 µL 0.02 M PANa 5.1 K (0.37 mM), 200 µL of concentrated centrifuged

decahedra with 1.3 mM of silver (0.04 mM), 100 µL of 0.005 M AgNO3 (0.08 mM), and 120 µL of 0.05 M

ascorbate (0.91 mM). Upon addition of ascorbate, the solution changed in colour from yellow through

bicoloured pink and green to purple representative of the stellated growth. See Table 4.1 for specific

conditions that were used to produce AgStDeNPs with varying degrees of stellation.  Particle size and size

distribution were calculated from electron microscopy images by measuring >1000 particles.

Universality of the procedure experiments were further established by replacing decahedra with

silver pentagonal rod, platelets and icosahedra AgNPs as seeds. Pentagonal rods were prepared according

to the procedure developed previously by our group.45 Briefly, decahedra were heated in the presence of

citrate and silver which elongated the pentagonal bipyramids along their five-fold axis. Platelets were

prepared as previously reported by our group,32 where silver nitrate is reduced by sodium borohydride in

the presence of citrate and hydrogen peroxide. Icosahedra were prepared by reducing silver nitrate by

sodium borohydride in the presence of citrate, PVP, copper sulfate, and hydrogen peroxide and then

exposing to 409 nm LEDs for 14 hours.46

The prepared alternative seeds were centrifuged similar to decahedra, as described above, and

used as direct replacement for decahedra in the procedure (all reagents and concentrations remained the

same). In the case with stellated rods, upon the addition of ascorbate, the solution (originally either blue
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or green for rods of 60-100 nm in length) became murky from light scattering due to growing stellated

structures. The development of stellation on platelets and icosahedra as seeds was accompanied by a

colour change from blue to grey and yellow to orange, respectively.

Preparation of SERS substrates. SERS substrates were prepared by concentrating 1.5 mL of

AgStDeNPs to 20-50 µL dispersions using centrifugation. The resulting total silver concentration in

concentrated AgStDeNP samples was 10-20 mM. 20 µL of this concentrated dispersion was transferred

onto a quartz slide by a pipette and spread to an area of 0.5 cm by 0.3 cm. The quartz slide with AgStDeNPs

was dried in an oven at 55-60 °C for 5-10 minutes, and then used for SERS measurement without further

treatment. 10 µL of dilute 5,5’-dithiobis(2-nitrobenzoic acid) in water (with addition of THF at higher

concentrations) was dispensed directly onto the dried AgStDeNPs uniformly and then dried in an oven for

1-2 minutes. Measurements for pure 5,5’-dithiobis(2-nitrobenzoic acid) were performed by making a

concentrated paste of 74 mg powder in 10 μL THF on a quartz slide, spreading to 1.8 cm2 and drying in an

oven for 10 minutes.  Additional reference samples of 5,5’-dithiobis(2-nitrobenzoic acid) were prepared

by making a solution of 4.5 mg in 20 μL THF (0.57 M), 10 μL of which was transferred onto a quartz slide

by pipette and spread onto the quartz surface with an area of 1.2 cm by 0.9 cm. For SERS measurements

in dispersions (liquid phase), as prepared AgStDeNPs were combined in a quartz half-cell with 5,5’-

dithiobis(2-nitrobenzoic acid) dissolved in THF (usually 0.05 M). The measurement times were 300 s to

detect weaker signals.  The highest measurements for pure 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB)

were used to calculate enhancement factors.

Preparation of AgDeStNPs for imaging. 1.5 mL of the as prepared AgDeStNP solutions were

centrifuged at 3500 g for 20 minutes, after which the supernatant was removed and discarded, and the

pellet was dispersed in Milli-Q water to the initial volume. The dispersed AgDeStNPs were centrifuged for

another 20 minutes at 3500 g, followed by supernatant removal. Approximately 0.1 µL of the remaining

pellet of particles was dispensed onto a carbon-coated formvar grid and air-dried the day before imaging.
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Instrumentation. Electron microscopy (EM) imaging in both SEM and TEM modes was performed using

Hitachi S-5200 with a STEM detector and 30 kV accelerating voltage. Droplet of concentrated centrifuged

dispersions were deposited on a carbon-coated formvar grid (EMS Corp.) and dried at ambient conditions.

High-resolution electron microscopy images were made with JEOL JEM-2010 at 200 kV. UV-vis spectra

were acquired with either an Ocean Optics QE-65000 fiber-optic UV-vis spectrometer or Cary 50Bio UV-

vis spectrophotometer. Raman spectra were recorded using R-3000QE fibre-optic Raman spectrometer

equipped with 290 mW laser at 785 nm (RSI) with integration times of 5-10 seconds for solid films and

100-300 seconds for solutions. Centrifugation was done using either VWR Clinical 200 or Thermo Scientific

Legend Micro 21 centrifuges. SPR measurements were performed using an OpenSPR instrument by Nicoya

Lifesciences (Waterloo, Ontario).

4.4. Results and Discussion

General aspects of AgStDeNP synthesis. The schematic of the formation of AgStDeNPs is shown

in Figure 4.1. Here, high-purity silver decahedra (pentagonal bipyramids, J13) are used as seeds for the

growth of stellated silver morphologies with controllable localized surface plasmon resonance (LSPR)

wavelength. The optimized procedure yielded AgStDeNPs with relatively low size dispersity (68 ± 9 nm).

The rapid stellated growth takes place when the decahedral seed surface is blocked by sodium

polyacrylate (PANa) and added silver is reduced by ascorbate. Representative scanning electron

microscopy (SEM) images of decahedral seeds and developed stars are given in Figure 4S.1. Overall, two

parameters can be used to control the reaction: 1) the growth of star tips from decahedra can be

controlled synthetically by reducing conditions (ascorbate concentration and pH), and 2) the size and

sharpness of the stellation can be mediated through a) the ratio of seed to new silver and b) the

concentration of the surface blocking polymer (PANa).

The optimal growth pathway to symmetric stellated AgStDeNPs is summarized schematically in

Figure 4.1A. As it has been described in our earlier reports,44,47 the expected, thermodynamically
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favourable growth pathway is decahedra enlargement through uniform deposition of new silver on all ten

(111) decahedra surface planes. AgStDeNP formation requires the rapid reduction of silver ions and their

preferential deposition at the higher energy vertices of the decahedra. Importantly, the AgDeNP seeds

must have high purity in order to prevent secondary nucleation. Attesting to the quality of the seeds, the

formation of secondary seeds was not observed, even in minor quantities. In extreme growth conditions,

the formation of pentapods takes place at low PANa concentrations and deviations from optimal

reduction (Figure 4.1).

Figure 4.1. A) Schematic of the synthetic pathways, B) Transmission Electron Microscopy (TEM) images and C) HR-
TEM images of representative AgStDeNPs with varying degrees of stellation controlled by reaction conditions. Lateral
size of images is 60, 72 and 62.5 nm from left to right for B and 60 and 72 from left to right for C.

The localized surface plasmon resonance (LSPR) of AgStDeNPs can be controllably tuned from 490

to 690 nm by varying the degree of stellation and the size of AgStDeNPs, as shown in Figure 4.2. Larger

stars, prepared by increasing the ratio of silver ions to silver in AgDeNP seeds have higher stellation, and

larger LSPR wavelengths. The LSPR of AgStDeNPs can also be controlled by the concentration of PANa.

With increasing PANa concentration the surface of AgDeNPs becomes appropriately blocked resulting in

the predominant deposition onto higher energy vertices and higher stellation, as well as greater lateral
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size of the stars (and therefore greater LSPR wavelength). Stellation at higher PANA concentrations is also

less symmetric due to the higher driving force of the deposition onto the limited areas of the partially

blocked surface. Further details of these conditions are summarized in Table 4.1 and described below.

Figure 4.3 presents high-resolution transmission electron microscopy images of AgStDeNPs.

Figure 4.2. A) Optical photographs of the sample vials and B) UV-vis spectra of AgStDeNPs with LSPR maxima
wavelengths varying from 490 nm to 690 nm. The spectrum of precursor AgDeNP seeds is labeled as . Synthetic
details for preparation of AgStDeNP samples are presented in Table 4.1.

Table 4.1. Summary of the reaction conditions for preparation of AgStDeNP samples described in Figure 4.2.

[PANa]
(mM)

[KOH]
(mM)

[AgDeNP seed]
(mM Ag)

[AgNO3]
(mM)

[Ascorbate]
(mM)

λmax

(nm)
Spectrum
#

0.37 0.61 0.038 0.008 0.92 490 

0.37 0.61 0.038 0.038 0.92 515 
0.31 0.61 0.038 0.08 0.76 530 
0.18 0.61 0.038 0.08 0.92 570 
0.54 0.60 0.038 0.08 0.90 600 
0.37 0.61 0.038 0.15 0.90 690 
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Figure 4.3. High resolution TEM images of AgStDeNPs with fast Fourier transform (FFT) image in the inset. Scale bars
are 1) 100 nm, 2) 20 nm, 3 and 4) 5 nm.

4.4.1 Growth of Star Tips from Decahedra

Ascorbate reduction of silver was found to be the most important factor in the developed

procedure of the formation of AgStDeNPs. As shown in Figure 4.4, samples prepared with low ascorbate

concentrations (under ca. 0.35 mM) did not form stars due to the slower speed of silver reduction. Instead

of formation of stellated structures, blob-like ill-defined structures or etched AgDeNP seeds became the

main product (Figures 4.4A and 4.4A). At ascorbate concentrations between 0.76 and 0.99 mM, the

reduction of silver ions was rapid enough to generate AgStDeNPs with retained symmetry of the AgDeNP

seeds (Figures 4.4A and 4.4A). Higher concentrations of ascorbate resulted in greater variability of

stellation and stability challenges due to the thermodynamically favourable rearrangement of silver to

compact structures resulting in smaller, more rounded pentagonal stars upon aging (Figure 4.4A).
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Figure 4.4 A) TEM images and B) UV-vis spectra of AgStDeNP samples prepared with varying ascorbate
concentrations,  – 0.08 mM,  – 0.31 mM,  – 0.76 mM,  – 0.99 mM, and  – 1.36 mM. The optimal
concentration range of ascorbate is 0.76-0.99 mM (pH = 6 of the prepared samples). Concentrations of reagents not
varied were as follows: KOH – 0.61 mM, PANa – 0.37 mM, silver in AgDeNP seeds – 0.038 mM, and AgNO3 – 0.076
mM. All scale bars are 50 nm.

The reduction potential of ascorbate (and hence pH) is crucial for the growth of AgStDeNPs. Figure

4S.2 shows transmission electron microscopy (TEM) images of samples prepared at different pH. pH was

varied by either adding HNO3 or KOH to the sample solution prior to ascorbate addition (see Experimental

for details on concentrations of reagents). The optimal pH for stellated growth is in the range of 5.6 to
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6.3. For samples prepared at lower pH (Figure 4S.2, pH = 5.3), platelet growth initiated from one of the

vertices is the predominant growth pathway, which has been recently explored and reported by our

group.48 At even lower pH, the more thermodynamically favourable growth pathway of silver deposition

onto all (111) decahedra facets to yield larger decahedra (Figure 4S.2, pH = 4.3) dominates. For samples

prepared at higher pH, the reduction rate is increased,33 resulting in more irregular, higher stellation and

less regular growth (Figures 4S.2 and 4S.2). Also important in the growth of AgStDeNPs is the stirring,

and rate of ascorbate addition (described in the section on additional synthesis aspects below).

Additionally, the ratio of silver ions to silver in AgDeNP seed (section 4.4.2.A.) and extent of the surface

blocking by PANa (section 4.4.2.B.) were found to have a direct effect on the size and sharpness of

stellation.

4.4.2 Size and Sharpness of Stellation

4.4.2.A By varying the concentration of AgDeNP seeds in the synthesis, the size and sharpness of

stellation could be regulated directly, as shown in Figure 4.5. The optimal ratio of new silver to silver in

AgDeNP seeds (RAg/seed) for the formation of regular well-defined AgStDeNPs was found to be between

130 % and 200 % (Figures 4.5A and 4.5A, respectively). In the absence of seeds (Figure 4.5A),

dendritic growth of highly-branched AgNPs takes place, supporting the role of ascorbate in formation of

stellated structures. By increasing RAg/seed, the degree of stellation decreases as there is less silver available

relative to the seeds. Amounts of silver ions higher than the optimal ratio of 200% (RAg/seed) promote a

symmetry-breaking pathway, resulting in highly branched, irregular and large particles (Figures 4.5A -

4.5A). Optically, these large dendritic particles feature noticeably higher LSPR wavelengths compared

to AgStDeNPs that can be attributed to both their high degree of stellation and their increased size (Figure

4.5B - 4.5B). For lower added silver amounts, pentagonal symmetry is preserved, resulting in less

stellated, rounded AgStDeNPs (Figures 4.5A and 4.5A). The LSPR maxima of the regrown particles blue

shift with increasing seed concentration, and decreasing stellation (Figure 4.5B). A similar trend is
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observed upon varying RAg/seed through the concentration of silver ions (Figure 4S.3). Larger amounts of

added silver yield larger, more stellated AgStDeNPs, and vice versa. In addition to the RAg/seed ratio, the

stellation can be further mediated through the seed surface blocking.

Figure 4.5. A) TEM images and B) UV-vis spectra of AgStDeNPs prepared with varying seed concentration, presented
as concentration (in mM) of silver in AgDeNP seeds and RAg/seed (percentage in brackets): – 0 mM (no seed), –
0.008 mM (950 %),  – 0.019 mM (400 %),  – 0.03 mM (250 %),  – 0.038 (200 %), – 0.057 mM (130 %),  –
0.076 mM (100%), and  – 0.152 mM (50 %). Concentrations of reagents not varied were as follows: KOH – 0.61
mM, PANa – 0.37 mM, AgNO3 – 0.076 mM and ascorbate – 0.76 mM. Scale bars are 250 nm for  and, 150 nm
for and 100 nm for-.
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4.4.2.B. PANa acts as an effective surface blocking agent to direct the deposition of added silver

onto the high energy vertices of the AgDeNP seeds. As can be seen in Figure 4.6, AgStDeNPs prepared

without PANa exhibit growth from the AgDeNP seeds, which is however, more random and irregular

(Figure 4.6A). With increasing PANa concentrations, the growth is moderated through the effective

surface blocking and thus improving the regularity of the stellation. Optimal PANa to silver ratio was found

to be in a range between 1.6:1 and 3.4:1 (Figure 4.6A and 4.6A). Lower PANa concentrations were

ineffective at blocking the seed surface and thus ineffective for the formation of symmetric stars, so it

induced symmetry breaking, as evidenced by broader LSPR peaks (Figure 4.6). Whereas higher PANa

concentrations resulted in greater variability in both the average size and the degree of stellation of the

resulting AgStDeNPs (Figure 4.6A). It should also be mentioned that the stirring, and the speed of

addition of ascorbate also affect the degree of stellation.
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Figure 4.6. A) TEM images and B) UV-vis spectra of AgStDeNP samples prepared with varying concentrations of
sodium polyacrylate (PANa): – 0 mM, – 0.18 mM, – 0.30 mM, – 0.54 mM. Optimal concentration of PANa
is between 0.18 and 0.37 mM. Concentrations of reagents not varied were as follows: KOH – 0.61 mM, silver in
AgDeNP seeds – 0.038 mM, AgNO3 – 0.076 mM, and ascorbate – 0.76 mM. All scale bars are 50 nm.

Additional factors affecting AgStDeNP formation. The primary driving force for the growth of

AgStDeNPs is the fast reduction,33 hence the reducing agent, ascorbate, must be delivered fast and
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uniformly mixed into the reaction in order to avoid gradients. To assure proper fast mixing of ascorbate,

a high stirring rate was employed. Figure 4S.4 compares AgStDeNP samples prepared with low (200 rpm)

and high (500 rpm) stirring. In the sample prepared with low stirring (Figure 4S.4), some decahedra

remained unreacted, even etched, and some featured irregular growth (Figure 4S.4). A similar effect is

also observed at low and high ascorbate concentrations, respectively (Figs. 4.4A and 4.4A). The rate

of ascorbate addition is also crucial for the silver reduction rate and thus stellation. Figures 4S.5A and

4S.5A compare the AgStDeNP samples prepared with ascorbate added in 1 second and 1 minute,

respectively. When ascorbate is added too slowly, the rapid reduction rate required for the growth of

AgStDeNPs is not achieved, and irregular growth is observed. Figure 4S.5A illustrates this case, where

slower reduction results in rod-like, quasi-spherical and ill-defined growth with characteristic broad LSPR

peaks and poor LSPR reproducibility (Figure 4S.5B). Narrow LSPR peaks with high intensity, indicative of

narrow AgStDeNP size distribution, can be achieved by adding ascorbate in two portions, each over 1

second, with 1 minute between additions, as seen in Figure 4S.5B. However, there is greater variability

in the stellation of these AgStDeNPs, as observed by transmission electron microscopy (TEM) (Figure

4S.5B).  While the above sections detail the important synthetic parameters for the formation of

AgStDeNPs, it is important to note that the highly stellated AgStDeNPs may round more readily, and

become more compacted stars over time in accordance with the minimization of their surface energy.

Stability and surface energy minimization. Over time, LSPR maxima of the AgStDeNPs were

observed to blue-shift, indicative of diminished stellation (or degree of branching) and decrease in high-

energy protrusions. The rate of the stellation changes can be monitored with surface plasmon resonance

(SPR) spectroscopy by following the LSPR peak shift with time (Figure 4S.6). In all tested AgStDeNP

samples, the blue shift is rapid at first and then stabilizes after ca. 16-17 hours. In general, the magnitude

of the LSPR peak shift observed was 30 to 100 nm, with greater rounding occurring for larger, more

stellated AgStDeNPs.
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Stability of both LSPR and stellation is a main criterion for AgStDeNP performance in sensing

applications such as surface plasmon resonance (SPR) spectroscopy and surface enhanced Raman

spectroscopy (SERS). Therefore, we have explored several pathways to minimize or arrest the decrease in

stellation including i) the addition of sulfur-containing molecules (e.g. ampicillin and cysteine) as surface-

stabilizing ligands; ii) gold coating, and iii) increasing pH. Figure 4S.7 shows the comparison of LSPR

preservation of a sample split into two portions, one treated with ampicillin after ascorbate, and one left

untreated. The sample that was not treated (Figure 4S.7A and 4S.7B), became noticeably rounded, as

can be seen by electron microscopy, and its LSPR blue shifted ca. 60 nm, whereas the sample treated

with 10- 4 M ampicillin (Figure 4S.7A and 4S.7B) blue shifted noticeably less, ca. 25 nm, with retained

stellation. Comparative SPR responses of AgStDeNPs prepared with ampicillin and cysteine are shown in

Figures 4S.6 and 4S.6, respectively.

Gold coating of AgStDeNPs within 10 minutes of preparation limited the decay (as shown in Figure

4S.8B) in contrast to the quick blue shift typically observed for not modified AgStDeNPs (Figure 4S.6).

For each sample, the UV-vis spectra were measured after one week for samples and, and 5 months

for sample, and compared with original spectra. SPR response curve of samples immediately after gold

coating is shown in Figure 4S.6.  TEM images of gold coated AgStDeNPs demonstrate preserved

stellation with 4 molar % gold coating, relative to total silver (Figure 4S.8A). With higher gold amounts

(Figures 4S.8A and 4S.8A), non-uniform coating is formed. Relatively rough surfaces with gold

deposition can be attributed to silver etching. It is also likely that gold is reduced quickly upon addition to

AgStDeNP dispersion due to the presence of ascorbate, leading to more granular coating.

Another successful approach to preserve stellation and LSPR stability was to increase the solution

pH after AgStDeNP formation (Figure 4S.2 and 4S.9). After one week, the AgStDeNP sample with

added KOH to increase the pH (6.8 from 5.6), exhibited a LSPR blue shift from 618 nm to 575 nm (33 nm).

When the control sample (at pH of 5.6) was re-measured after 1 week, the LSPR blue shifted from 561 nm
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to 498 nm (63 nm). In this case, owing to the higher reduction potential of ascorbate at higher pH, the

redox equilibrium for silver is likely shifted to more metallic silver, reducing the driving force for silver

rearrangement.

4.4.3. SERS and SPR

AgStDeNPs exhibit excellent Raman enhancement on the basis of the incompatibility of their D5h

symmetry with self-assembled close-packed lattices, as well as their stellation providing protrusions and

cavities for electromagnetic ‘hot spots’. The non-close packing of the AgStDeNP films allows for semi-

regular voids on the order of 10-30 nm, beneficial for SERS. Figure 4S.10 shows an estimated Raman

enhancement of 1.81010 achieved when comparing the intensity of the 1130 cm-1 peak of 5’,5’-

dithiobis(2-nitrobenzoic acid) with and without an AgStDeNP film. Enhancement is estimated by taking

the peak intensity of SERS signal and dividing it by moles per area (mol/cm2) and then dividing the resulting

value by the peak divided per moles per area for the reference. The calculated enhancement is higher

than that measured for AgDeNPs (4109), as expected for the increased stellation in AgStDeNPs.

In solution SERS measurements, AgStDeNPs gave a low enhancement factor of 10  1.5, compared

to 5  1 for decahedra. These enhancements clearly show that there is some noticeable increase with

stellation, but at the same time the produced cavities are not sufficient in size for a strong single-particle

enhancement. Single-particle enhancement is typically realized for appreciably larger cavities of ca. 50-

100 nm that were achieved, for example, with highly faceted prisms (silver nanoflowers), where

enhancement factors exceeded 400.26

Motivated by AgStDeNPs sharp LSPR peaks, SPR experiments were performed to measure both

detection of adsorption of analytes and stability of the AgStDeNPs. SPR experiments measure shifts in the

LSPR maxima of plasmonic MNPs due to changes in NP dimensions or effective refractive index at the

nanoparticle-medium interface. As discussed previously, the AgStDeNPs exhibit surface energy

minimization through rounding, which although is becoming relatively stable after 6 hours, continues for
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2-3 days (Fig. 4S.6). For quantitative experiments, this decay can be subtracted from the SPR response, or

the AgStDeNPs should be aged prior to use. The following proof of concept experiments demonstrate the

ability of AgStDeNPs to respond sensitively to the physisorption of KBr. Figure 4S.11 shows the typical

response of AgStDeNPs to the sequential increase in KBr concentration in ten-time increments from 10-10

M to 10-4 M KBr. Each arrow indicates an additional portion of KBr, starting from 10-10 M for the first arrow

to 10-4 M for the last arrow before the drastic LSPR blue shifts (decrease in peak wavelength) due to

etching of AgStDeNPs at high bromide concentrations. Small detectable increases in the LSPR with

addition of KBr can be associated with bromide physisorption. The inset of Figure 4S.11 shows the SPR

response curve of AgStDeNPs at low concentrations of KBr (10-10 and 10-9 M). Addition of 10-10 M KBr to

AgStDeNPs causes a LSPR shift of 0.2 nm (Fig. 4S.10 inset) relative to background noise. The detection

limit can be estimated by extrapolating the response of 0.2 nm for 10-10 M KBr to 0.035 nm (1.5 times

signal to noise ratio) as 1.5  10-11 M at S/N = 1.5 which gives 1.75 10-11 M KBr with LSPR signal noise of

under 0.02 nm or 20 pm peak-to-peak. The intrinsic high sensitivity of LSPR maxima resolution is prone to

external disturbances, such as movements of the cell and removal of cell cap. The signal disturbance by

the removal of the cell cap is thus included on the inset curve. Taking into account signal fluctuation

associated with cell disturbances from cap removal and mixing (at worst ca. 0.1 nm), the detection limit

can be approximated to be 3.5  10-11 M.

SPR experiments were also performed using individual samples of AgStDeNPs for each

concentration of KBr from 10-9 M to 10-5 M (Fig. 4S.12). As the LSPR peak needs to be stabilized after

preparation (see above section), AgStDeNP samples were used approximately 3 hours after development.

Larger red shifts (shifts to higher wavelengths) were obtained with higher concentrations (10-6 M KBr, Fig.

4S.12, curve 4), which is expected. A more rapid decrease in LSPR wavelength was observed with the

addition of 10-5 M KBr (Fig. 4S.12, curve 5), which is lower compared to the sequential response, described

Figure 4S.11. The difference can be attributed to bromide gradually blocking the surface in sequential
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addition experiments as AgStDeNPs age providing for better stability. We are currently exploring SPR

sensing where the sensitivity of AgStDeNP to etching reagents, such as thiols, can enhance SPR response.

4.4.4. Universality of the developed procedure of stellated regrowth

The developed regrowth procedure has been shown to develop stellation on pentagonal rods,

silver platelets/prisms, and icosahedral nanoparticles (Figures 4S.13 and 4S.14). Utilizing the same

reaction conditions, as reported in Experimental, with the three different silver morphologies as seeds,

stellated structures were successfully produced. Pentagonal rods,44 platelets32 and icosahedra,46 were

prepared as reported previously, and used as direct replacement for AgDeNPs in the reported procedure.

A LSPR shift to higher wavelengths accompanied this regrowth, indicative of the formation of stellation

(Figure 4S.13B for stellated pentagonal rods). The star tips formed preferentially on the higher energy

vertices of the seeds with the majority of growth on the junction of a pentagonal cap and sides of the rods

(Fig. 4S.13A), and vertices of platelets and icosahedra (Fig. 4S.14). Side edges of the rods were stellated

by the deposition as well. The formation of the stellated rods, platelets and icosahedra attest to the

universality of the reported procedure for the formation of stellated structures.

4.5. Conclusion

In conclusion, an efficient and reproducible seeded regrowth procedure leading to the formation

of stars from silver nanoparticle seeds has been demonstrated. Roles of reducing agent, surface blocking

and stabilization have been elucidated. Stability of AgStDeNPs and its effect on localized surface plasmon

resonance (LSPR) were studied. The stability was shown to be enhanced by gold coating, as well as the

presence of sulphur-containing ligands. The functionality of AgStDeNPs has been demonstrated in SERS

and SPR experiments, and the universality of the reported regrowth procedure has been validated using

different seed particles.
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Figure 4S.1. Scanning electron microscopy (SEM) images of 1) silver decahedral nanoparticles (AgDeNPs) and 2)
silver decahedral star nanoparticles (AgStDeNPs) prepared from AgDeNP seeds.
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Figure 4S.2. Transmission electron microscopy (TEM) images of AgStDeNP samples prepared at different pH (±0.2),
1) 4.7, 2) 5.3, 3) 6.8, and 4) 10.5; pH of the optimized procedure is 5.9. pH was varied by addition of either HNO3 or
KOH to the synthetic preparation described in Experimental.
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Figure 4S.3. A) TEM images and B) UV-vis spectra of AgStDeNPs prepared with different amounts of added silver
(presented as concentration of added silver in mM and ratio of new silver to silver in AgDeNP seeds, given in
brackets), 1) 0.034 mM (1:1), 2) 0.051 mM (1.5:1), 3) 0.067 mM (2:1), and 4) 0.10 mM (3:1).  Concentrations of
reagents not varied were as follows: KOH – 0.61 mM, PANa – 0.37 mM, silver in AgDeNP seeds – 0.038 mM, and
ascorbate – 0.76 mM.
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Figure 4S.4. A) TEM images and B) UV-vis spectra of AgStDeNP samples prepared with 1) slow stirring (200 rpm)
and 2) fast stirring (500 rpm) using a 3-mm stir bar.
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Figure 4S.5. A) TEM images and B) UV-vis spectra of AgStDeNP samples prepared with ascorbate added over
different periods of time: 1) 1 second; 2) two portions, 1 second each; 1 minute in between; and 3) 1 minute.
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Figure 4S.6. SPR response curve showing LSPR shift of AgStDeNPs over time: 1) representative non-modified
AgStDeNPs (280% RAg/seed), 2) AgStDeNPs (200 % RAg/seed) with 0.27 mM ampicillin, 3) AgStDeNPs (200 % RAg/seed)
with 0.18 mM cysteine, 4) AgStDeNPs (200 % RAg/seed) with gold coating (3% molar relative to silver).

540

550

560

570

580

590

600

610

620

630

640

0 50000 100000 150000 200000

W
av

el
en

gt
h 

(n
m

)

Time (s)










126

Figure 4S.7. A) TEM images and B) UV-vis spectra of the same AgStDeNP sample, divided into two portions and
aged 4 days. 1) control sample, 2) portion treated with 10-4 M ampicillin. UV-vis spectra labeled (a) are measured
for original, as prepared AgStDeNPs, (b) after 4 days.
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Figure 4S.8. A) TEM images and B) UV-vis spectra of gold-coated AgStDeNP samples prepared with 1) 4 %. 2) 7 %,
and 3) 8 % of added gold, relative to total silver (molar ratio). Lower intensity spectra of each pair are
measurements performed on original, as prepared, samples; higher intensity spectra are measured after one week
for 1 & 3, and after 5 months for 2.
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Figure 4S.9. A) TEM images of aged AgStDeNP samples and B) UV-vis spectra of original and aged AgStDeNP
samples prepared 1) in absence of additional KOH, pH = 5.6 and 2) with additional KOH (3 mM total), pH = 6.8. UV-
vis spectra are labeled (a) for original AgStDeNP samples and (b) for these samples aged for 1 week.
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Figure 4S.10. Raman spectra showing the effect of surface enhancement with AgStDeNPs. 0) blank quartz, 1)
AgStDeNP film, 2) AgStDeNPs with 10-16 moles of 5’,5’-dithiobis(2-nitrobenzoic acid) spread over 0.15 cm2, 3) 1.87 x
10-5 moles of 5’,5’-dithiobis(2-nitrobenzoic acid) spread over 1.8 cm2

Figure 4S.11. SPR response curve showing LSPR shifts of AgStDeNPs upon sequential exposure to KBr. Arrows
represent additions of increasing concentrations of KBr in 10-times increments from 10-10 M to 10-4 M. Inset is SPR
curve showing the effect of low concentrations upon addition of 10-10 and 10-9 M KBr. C.R. is where the cell cap was
removed to represent the cell disturbance.
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Figure 4S.12. SPR response curve showing LSPR shifts of AgStDeNPs upon exposure to different concentrations of
KBr performed for independent samples. Arrows represent additions of KBr of varying concentrations: 1) 10-9 M, 2)
10-8 M, 3) 10-7 M, 4) 10-6 M, and 5) 10-5 M.
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Figure 4S.13. Stellated pentagonal rods prepared with the developed procedure using silver pentagonal rods as
seeds instead of AgDeNPs. A) TEM (left) and scanning electron microscopy (SEM) (right) images and B) UV-vis
spectra of 0) pentagonal rod seeds and 1) stellated pentagonal rods.
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Figure 4S.14. TEM images of stellated prisms (1-3) and icosahedra (4) prepared with the developed procedure
using silver prisms or icosahedra, respectively, as seeds instead of AgDeNPs.

The initial discovery and following synthetic developments were completed by me. Preparation

of the manuscript was started by me, with iterative refinements as a joint effort with V. Kitaev. V. Kitaev,

N. Coombs and I. Gourevich performed imaging and image processing.
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Chapter 5: LSPR Tuning from 470 to 800 nm and Improved Stability of Au-Ag Nanoparticles

Formed by Gold Deposition and Rebuilding in the Presence of Poly(styrene sulfonate)

The following publication presents a synthetic route to tune the localized surface plasmon

resonance of Au-Ag nanoparticles through gold deposition on Ag seeds, galvanic replacement, and

rebuilding to alloyed nanostructures. Reprinted with permission from N. Cathcart, J. I. L. Chen, and V.

Kitaev, LSPR Tuning from 470 to 800 nm and Improved Stability of Au-Ag Nanoparticles Formed by Gold

Deposition and Rebuilding in the Presence of Poly(Styrene sulfonate). Langmuir 2018, 34, 612–621.

Copyright (2018) American Chemical Society, and is accessible online at:

https://pubs.acs.org/doi/abs/10.1021/acs.langmuir.7b03537.

It is complete in combination with supporting information, available online at:

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b03537/suppl_file/la7b03537_si_001.pdf.

LSPR tuning from 470 to 800 nm and Improved Stability of Au-Ag Nanoparticles Formed by Gold

Deposition and Rebuilding in the Presence of Poly(styrene sulfonate)

By Nicole Cathcart, Jennifer I.L. Chen (York University), and Vladimir Kitaev

5.1. Abstract

Stability and precise control over functional properties of metal nanoparticles remains a challenge

for the realization of prospective applications. Our described process of shell formation and rebuilding

can address both these challenges. Template silver nanoparticles (AgNPs) stabilized by poly(styrene

sulfonate) are first transformed with gold deposition, after which the resulting shell rebuilds with the

replaced silver. The shell formation and rebuilding are accompanied by large shifts in localized surface



137

plasmon resonance (LSPR) peak position, which enables LSPR tuning in a range from 470 nm to 800 nm.

Furthermore, chemical stability of Au-AgNPs is significantly improved compared to AgNPs due to gold

stability. Silver templates of different shapes and sizes were demonstrated to transform to AuAg

composite NPs to further extend the accessible LSPR range tuning. Stabilization of template AgNPs with

poly(styrene sulfonate), in contrast to commonly used poly(vinylpyrrolidone), was found to be a key factor

for shell rebuilding. The developed Au-AgNPs were demonstrated to be advantageous for surface plasmon

resonance (SPR) detection and surface enhanced Raman spectroscopy (SERS) owing to their tunable LSPR

and enhanced stability.

5.2. Introduction

Metal nanoparticles (MNPs) in general, and plasmonic nanoparticles in particular, have been

proven essential for a wide range of advanced applications1,2 including plasmonics3,4 and surface

enhanced Raman spectroscopy (SERS).5,6 To realize the full potential of MNPs in all these applications,

several factors need to be addressed: chemical and colloidal stability of MNPs, realization of shape

selection7,8 and narrow distribution of sizes9,10 due to nanoscale size/shape-property dependence,11 the

surface chemistry12,13 and ease of preparation with these tuneable properties.14,15 Bimetallic nanoparticles

have received increasing attention due to ample opportunities in tuning structure and composition,

especially for plasmonic applications of gold and silver NPs.16–18 Gold and silver NPs are best for plasmonic

applications, while copper NPs may offer advantageous cost-effective catalytic and electrical

properties.19,20 Gold nanoparticles offer superior chemical stability, however their optical properties are

limited by the LSPR range (>510 nm) and the plasmon resonance is dampened due to d-sp transitions.

Silver features superior optical properties in the visible that are translated to well-defined LSPR and

correspondingly the strongest Raman enhancement by AgNPs as a substrate. Silver chemical reactivity is

beneficial for shape selection and AgNPs are available in diverse well-defined morphologies.18,21 At the

same time, AgNP chemical stability is limited, which is especially restrictive for their use in physiological
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conditions where chloride, sulphides and thiols readily degrade AgNPs. Templating well-defined

morphologies of AgNPs with gold was pioneered by Younan Xia group22 with the formation of gold shells,23

boxes,24 and cages25 of cubes. A large number of works followed in this field,26 including examples of silver

nanoplates coated with Au, Pt, or Pd,27 Pd shells on Au seeds14 and many others.28–30 Templating AgNPs

with gold was studied by our group, demonstrating some limitations in what can be achieved including

uniform plating vs. frame-like coating and advantages for surface plasmon resonance (SPR) sensors.31–33

Gold plating was advantageously explored by other groups, demonstrating uniform gold coating and

realization of applications.34,35 Overall, formation of gold-silver composite NPs is a fertile and actively

researched direction to achieve nanoscale control of the stability and, importantly, of the localized surface

plasmon resonance (LSPR) for advanced applications.36,37,38

In this work we systematically explored the process of silver rebuilding subsequent to gold shell

formation and described key practical findings to take advantage of the resulting Au-AgNPs with tuneable

LSPR from 470 to 800 nm (Figures 1 and 5S.1 and Table 5S.1) and improved stability for several important

applications of plasmonic nanoparticles, such as SPR and SERS.

5.3. Experimental Section

Reagents

Silver nitrate (99%), sodium citrate tribasic dihydrate (99.5%), L-arginine (98%), sodium

borohydride (>99%), hydrogen peroxide with the potassium stannate inhibitor 30–32 wt.%, 99.999% trace

metal basis, tetrachloroauric acid (99%), poly(sodium 4-styrenesulfonate) (PSS, Mw = 70,000), potassium

iodide (99%), potassium bromide (99%), thiosalicylic acid (97%), all supplied by Aldrich, and

poly(vinylpyrrolidone) (PVP, MW = 40,000) supplied by Caledon Chemicals (Caledon, Canada) were used

as received. High-purity deionized water (>18.2 MΩ cm) was produced using a Millipore A10 Milli-Q.
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Synthetic procedures

Preparation of template AgNPs. Silver decahedral NPs were adapted from previously reported

synthesis39,40 by using poly(styrene sulfonate) instead of PVP. The reagents were combined in the

following order to produce the listed total concentrations in aqueous solution: 1.68 mM sodium tricitrate,

0.07 mM poly(styrene sulfonate), 8 μM L-arginine, 0.13 mM silver nitrate, 1.29 mM sodium borohydride

while stirring at 400 rpm using a 12.7 by 3.2 mm stir bar in a 20 mL borosilicate vial. (Detailed information

on specific volumes and concentrations is provided in SI). Upon the addition of the sodium borohydride

the solution became pale yellow and darkened over one hour of constant stirring. After one hour, 0.2 M

hydrogen peroxide was added. The stir bar was then removed, and the sample was capped and exposed

to a 450 nm LED for 14 hours.40 LED setup is shown in Figure 5S.2A. Pentagonal rod AgNPs and prismatic

NPs were prepared using previously reported procedures.40,41

Gold addition, formation of plated nanoparticles and shells. In the first step of preparation of Au-

Ag composite nanostructures, tetrachloroauric acid (HAuCl4) of varying concentrations was added to the

as-prepared AgDeNP solution (15.7 mL) under stirring (400 rpm with 12.7 by 3.2 mm stir bar) via syringe

pump (KDScientific) at a rate of 0.25 mL/hr. Concentration of HAuCl4 was varied for plating or shellation

regimes. For example Au shell NPs with 80 mol.% Au (% relative to that of silver in AgDeNPs) were

prepared by loading 3 mL of 0.53 mM HAuCl4 into a 5 mL syringe attached to Teflon tubing (PTFE #18

AWG, Cole Parmer) sealed with ethylene-vinyl acetate hot glue. Alternatively, smaller volumes of 80 mol.

% Au shell NPs were prepared by measuring 3 mL of silver decahedra solution into a new 20 mL vial with

a stir bar, and delivering 3 mL of 0.1 mM HAuCl4 using a 5-mL syringe. The syringe pump setup is shown

in Figure 5S.2B in SI.

Post-transformation. Au shell NPs can transform/rebuild into different Au-AgNPs by thermal

reduction of galvanically replaced silver ions either by slow reduction at room temperature for several

weeks (protected from ambient light) or accelerated reduction by heating near boiling (95 °C) using a hot
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plate (Heidolph MR3004). An additional post-transformation route was accomplished by addition of 70

mM to 0.1 M hydrogen peroxide to the gold shell NPs.

Characterization

Electron microscopy (both TEM and SEM) was performed using Hitachi S-5200 with the operating

voltage of 30.0 kV. LEO 912B 120 kV energy filtered TEM with LaB6 filament was used for HRTEM. NP

dispersions were deposited on a carbon-coated formvar grid (EMS Corp.). UV-vis spectra were acquired

with either Ocean Optics QE65000 fiber-optic UV-vis spectrometer or Cary 50Bio UV-vis

spectrophotometer. Zeta potential and size measurements were done using Malvern Zetasizer Nano ZS.

SPR studies were performed using OpenSPR by Nicoya Lifesciences. SERS measurements were acquired

using R-3000QE fibre-optic Raman spectrometer equipped with 290 mW laser at 785 nm (RSI).

Centrifugation was done using either Thermo Scientific Legend Micro 21, or Medifuge centrifuges. Plasma

cleaning was performed using Harrick PDC-32G.

Finite-Difference Time-Domain simulations. Finite-difference time-domain (FDTD) calculations

were performed using Lumerical FDTD Solutions (version 8.16.903, Lumerical Solutions Inc.). Dielectric

constant data for bulk silver and gold were taken from CRC handbook3 and Palik,4 respectively. Dielectric

constant data for the AuAg alloy were taken from Rioux et al.5 Other dielectric constant data for silver4,6

were examined, but CRC data was found to give convergence more readily. All calculations were

performed using a mesh size of 0.3 nm near the particle. The decahedra structure was modelled by

extruding pentagons at an angle of 30.45 degrees (total 200 slices). Additional rounding at the interface

of the bipyramid and the vertices were employed. The particle was placed in a uniform background

medium with a dielectric constant of 1.33 (for water). Excitation of the azimuthal plasmon mode was

achieved using circularly polarized light with electric field in the plane of the pentagonal base.

SPR measurements. 1 mL Au-AgNP sample is measured into a PMMA cell and inserted into an

OpenSPR outfitted with cell holder. After approximately 500 seconds of equilibration, 10 µL 10-6 M KI is
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injected, a cell cap is put onto the cell, the cell is removed and shaken roughly 10 times, and is then

reinserted. The LSPR shift is measured as the difference between the maximum LSPR after injection and

the equilibrated LSPR before injection.

SERS measurements. 1 mL of AgDeNPs and Au-AgNPs were centrifuged at 3000 g for 30 minutes

to prepare a concentrated 10 µL dispersion. The concentrated dispersion was dispensed onto a plasma

cleaned quartz slide, spread to ca. 1 cm2 and then dried in an oven at 60 °C. 10-5 M thiosalicylic acid was

spread to the same 1 cm2 area over the film in 10 µL increments. Peak heights at ca. 1020 cm-1 for the

known concentration of thiosalicylic acid relative to peak heights for pure thiosalicylic acid were used to

calculate enhancement factors. Measurements were performed at 290 mW laser power with 30 s

integration and frame sizes.

5.4. Results and Discussions

General features. Figure 5.1 provides an overview of the different formation pathways of

Au-AgNPs. Gold is introduced to template AgNPs in a form of a gold salt. We have used tetrachloroauric

acid, HAuCl4, as a commonly available stable gold precursor. Upon instantaneous addition of HAuCl4

rough, stellated, shell structures are formed (Figure 5S.3A1). Consequently, addition of the gold precursor

to AgNPs over a period of several hours was found to be optimal for the formation of smoother Au shells

with more defined LSPR peaks (Figure 5S.3A3-5).40 In the first stage of gold addition, with relatively low

gold amounts (up to ca. 15-20 mol. % relative to silver of AgDeNPs), gold plating (pathway i) in Figure

5.1A) can be achieved with the minimal disturbance of the Ag template core, as it was previously

described.42 Upon further increase in the amount of added gold to 30-40 mol. %, the AgNP core no longer

remains intact, and formation of pits and shellated structures is observed (pathway ii) in Figure 5.1A). The

formation of Au shells takes place through the galvanic replacement reaction:

3Ag0 + AuCl4− → Au0 +3AgCl + Cl−
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Figure 5.1. A) Schematics of the main pathways starting with i) PSS-protected AgDeNPs coated with gold (10-30
mol. % relative to Ag in AgDeNPs), followed by ii) additional gold deposition to yield gold shells (hollow gold NPs)
and subsequent post-transformations iii)-iv) by silver rebuilding; B)-E) Corresponding transmission electron
microscopy (TEM) images of B) 40 mol. % gold plated AgDeNPs, C) 80 mol. % gold shell NPs, D) 50 mol. % rebuilt
Au-AgNPs and E) 100 mol. % rebuilt Au-AgNPs.  All scale bars are 50 nm.
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Following the stoichiometry, shell formation becomes a dominant process starting at ca. 40 mol.

% Au (Figure 5.2B), at which regime the LSPR peak splitting is observed in the UV-vis spectra (Figure 5.2A).

LSPR peak wavelength dependence on mol. % Au added is given in Figure 5S.4.

Shell formation has been documented extensively in the previous works in the field.14,27,38 What

we have found instructive and consequential for the rebuilding process is that if PVP is used as a stabilizing

polymer for AgNPs, Au shells become the final product of the gold templating with limited post-

transformation. At the same time, if PSS is used as a sterically stabilizing polymer (or in absence of

protective polymers for AgNPs, where it is synthetically possible) the resulting Au shells are originally

rougher (Figure 5S.5) but can significantly rebuild with Ag ions reducing back to form diverse Au-AgNPs.

The progression of the rebuilding process is shown in Figure 5S.6, where the LSPR wavelength was

monitored for the period of 20 days for 80 mol. % Au shells formed using AgDeNPs stabilized with PSS and

PVP, respectively (Figure 5S.6A). It is likely that PVP serves as a protective ligand43 for the formation of the

Au shells that are smoother, more compact and sealed, so they have much more limited rebuilding with

silver.

The rebuilding process can be tuned to form Au-AgNPs that are both hollow ((pathways iv) and v)

in Figure 5.1A, EM images in Figures 5.1C and 5S.7B1) and solid (pathways iii) and vi) in Figure 5.1A, EM

images in Figures 5.1B,E, 5S.7A, and 5S.2b). The rebuilding process can also take place with a noticeable

deformation of the gold shells leading to partial stellation (pathways iii) and iv) in Figure 5.1A, EM images

in Figures 5.1D, 5S.7B1). The diversity of the post-transformation pathways enables convenient LSPR and

stability tuning of the resulting Au-AgNPs.

Au addition to AgDeNPs. The details on Au shell formation with AgDeNP templates are illustrated

in Figure 5.2. The time of the gold addition is an important parameter. Considering an example of Au shell

NPs with 80 mol. % Au, rough Au coating with correspondingly broad LSPR peaks were produced when

the gold precursor was delivered at once and during shorter time periods up to ca. 1 hour (Figures 5S.3A1
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and A2). The smoothest coating with the respectively narrowest LSPR peak was achieved upon 48-hr

addition (Figure 5S.3A5). At the same time, very close results were obtained with 12-hr gold addition, so

this time was typically used for the overall efficiency of the preparation protocol (Figure 5S.3A4). The Au

shell NPs feature broad LSPR peaks in the range of 650 to 750 nm and can be conveniently used in

applications where gold stability and LSPR in the biologically transparent window are advantageous.

Figure 5.2. A) UV-vis spectra and B) TEM images of AgDeNPs with varying mol. % gold added labelled on individual
images and spectra.
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The rebuilding process. With the Au shell structures templated using PSS-protected AgNPs, the

galvanically replaced silver, remaining in the solution, as Ag+, can rebuild the Au shells forming different

Au-AgNPs. Figure 5.3A shows the optical photograph of the as-prepared dispersions of Au shells together

with the representative TEM image of 100 mol. % Au gold shell. Such gold shell samples can rebuild with

Ag thermally slowly (at room temperature over the period of approximately one week), given the

presence of citrate in solution that serves as a reducing agent. The resulting rebuilt Au-AgNPs feature

significantly blue shifted LSPR peaks, with the bluish colour of gold shells transformed to red and pink with

the accompanying deepening of the colours for the aged Au-AgNP samples (Figure 5.3B). The LSPR blue

shift takes place due to both forming more solid structures and surface silver dominating the plasmonic

response, as it will be discussed in more details below in the section on LSPR modelling. The TEM images

of samples with 100 mol. % Au in Figure 5.3 confirm the rebuilding of the shells, where the original sample

(Figure 5.3C) has thinner walls, while the rebuilt sample (Figure 5.3D) shows solid thick-wall morphologies

of Ag-AuNPs. The deposition of silver occurs predominantly in the interior of the particles, since they are

higher in energy for the deposition and their surface is not blocked by the polymer.

Figure 5.3. Optical photographs of Au-AgNPs A) immediately after coating, and B) 6 months after coating.
TEM images are of C) fresh and D) aged 100 mol. % Au samples.  All scale bars are 50 nm.
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The rebuilding process was monitored by UV-vis spectroscopy and tracked in real time using an

SPR setup. For the samples described in Figure 5.2, Figure 5S.8A shows the UV-vis spectra after one week,

where the shells with greater than 30 mol. % Au have blue shifted significantly. Tracking the LSPR peaks

of these samples over 7 days enabled monitoring and quantification of the blue shifts observed (Figure

5S.8B). Specifically, all samples with greater than 30 mol. % Au exhibited quite similar rates (slopes) of the

LSPR blue shift, indicating the similar kinetics of the rebuilding for different Au shells. Given the

stoichiometry of galvanic replacement, the complete dissolution of Ag0 takes place starting at higher than

33 mol. % Au, so it is logical that these samples with the galvanically replaced silver are most active in the

rebuilding process.

When the same samples were subjected to accelerated aging by thermal treatment at 95 °C

(Figures 5S.8C and D), the rebuilding process was significantly expedited, completing the transformations

(judged by reaching the minimum LSPR wavelength) in 2 hours. After the rebuilding process, accelerated

by heating, the resulting Au-AgNP structures remained stable with minimal further LSPR changes of < 5

nm.

An alternative procedure of accelerating the rebuilding process is treatment with hydrogen

peroxide (Figures 5S.8E and F), which works well for samples with greater than 50 mol. % Au, though with

less pronounced LSPR shifts compared to the thermal treatment (Figures 5S.8C and D). Using hydrogen

peroxide to rebuild silver may seem counterintuitive, since hydrogen peroxide can be used to dissolve

silver at the neutral pH used in this work (pH range from 6.8 to 7.4).42,44 Two factors make hydrogen

peroxide work for the rebuilding in this system: presence of citrate as a reducing agent, and the formation

of a silver-gold alloy stable to hydrogen peroxide. Hydrogen peroxide may likely activate reduction by

citrate through radical generation, as is well-known for the system of hydrogen peroxide and ascorbic

acid.45 Consistent with alloy formation, the rebuilding with H2O2 stops working for the lower mol. % Au.

Instead, a red shift of the LSPR peaks for 40 mol. % Au (Figure 5S.8F curve 4) was observed, that is
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indicative of the dissolution of residual silver in the Au-AgNPs with the lower Au content. Rebuilding with

hydrogen peroxide for the samples with the higher Au content attests to the greatly improved stability of

Au-AgNPs due to the formation of a Au-Ag alloy.

To arrest the rebuilding process, Ag+ could be removed by centrifuging samples at 5500 g for 30

minutes, and then redispersing the centrifuged particles in water or a solution of citrate and PSS (Figure

5S.9). UV-vis spectra of samples aged after centrifugation are shown in Figures 5S.8G and H, where the

LSPR undergoes only minor changes over the 7 days of aging. The other processes that slow the rebuilding

process are treatment with potassium iodide to bind Ag+ ions and block the rebuilding process. In a

broader picture, the factors that enhance the rebuilding of Au-AgNPs include thermal treatment, exposure

to light and hydrogen peroxide. The corresponding LSPR graphs are presented in SI for the rebuilding of

Au-AgNPs of 80 mol. % Au with light exposure (Figure 5S.10 curve 3), peroxide (Figure 5S.11 curves 2 and

4) and iodide treatments (Figure 5S.10 curve 8).

Importantly, silver does not form any other small NPs during the rebuilding process, as confirmed

by UV-vis spectroscopy and EM microscopy, since the reduction process is appreciably slow and most

energetically favourable deposition on already existing surface occurs. Furthermore, concentration of

silver ions is low (<0.1 mM) for the nucleation of new AgNPs in the system.

Finally, we could observe a second cycle of rebuilding after the dissolution of silver from Au-AgNPs

using hydrogen peroxide and iodide and then subjecting the samples to the heat treatment with citrate.

Such transformations should be useful for the fine-tuning of the LSPR peaks, which can be accomplished

with the precision of ca. 5 nm.

Understanding transformations in Au-AgNPs by FDTD modelling.  While the overall process of

shell formation and rebuilding is fairly clear and understandable, the details on remaining silver in Au

shells and distribution of the metals in the Au-AgNPs, especially the plasmonically important surface

layer,46 are far from straightforward. In our previous work42 we realized that there are limitations of EDX
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and XPS for nanoparticles characterization, further exacerbated by inhomogeneities in metal distribution.

As a result, we have employed FDTD modelling to quantify Ag and Au in the surface layer and to provide

further insight on shell formation and rebuilding in Au-AgNPs.

The simulated spectra of AgDeNPs are highly sensitive to the optical constant of metal used in the

modelling and rounding of the vertices of the structures.47 Using different data on optical constants of

silver (e.g. Palik48 and Johnson and Christy49) yields differences as large as 10 nm in the LSPR peak

wavelength of AgDeNPs. Such variations are pointed out recently in the literature in the field.50 The effect

of rounding on pure AgDeNPs can be seen in Figure 5S.12, where the LSPR undergoes blue shift with the

increasing rounding. Because of the sensitivity of the optical properties to the fine structure of the

decahedra and the materials dispersion of Ag, a qualitative instead of absolute comparison between

modelled and experimental results are discussed. Moreover, surface ligands were not incorporated in the

modelling as their effects, which are not only governed by their dielectric properties, but also by the

chemical interaction with the nanoparticle,51 would be secondary compared to the high sensitivity of LSPR

to the decahedra geometry and composition. The details on the modelling are provided in SI, as well as

representative FDTD calculations of electric field intensity (Figure 5S.13).

At the initial Au plating stage, the LSPR red shifts and weakens in intensity due to the red-shifted

relative to silver and d-sp dampened plasmonic response of gold. This spectral shape of the LSPR peaks of

plated NPs could be best matched by the formation of alloy shells of AuxAg100-x, where x and the shell

thickness both increase with the increasing mol. % Au. Specifically, we modelled 10 mol. % Au, extensively

explored in our previous work,42 by formation of 2-nm shell of Au50Ag50 on the Ag decahedra – such an

alloy shell results in a LSPR red shift of 19 nm relative to that of AgDeNPs that has been observed

experimentally (Figure 5S.14, Table 5S.2). At the same time, based on the gold-to-silver ratio and the size

of the decahedra, 10 mol. % of Au would correspond to 0.9 nm of pure Au shell. However when thin layers

of pure Au are used to model the surface layer, the spectra broaden drastically with much larger red shifts
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and dampening in the intensity, as compared to the experimental data (Figure 5S.14). Likewise, the

sample with 20 mol. % Au is successfully modelled by incorporating 2.5-nm shell of Au80Ag20 on AgDeNPs,

which results in a LSPR shift of 43 nm relative to the LSPR of AgDeNPs. At the same time, if the shell is

modelled to be composed of pure Au, the LSPR spectra undergo much larger red shifts with drastic

broadening and dampening in the intensity, compared to experimental data (Figure 5S.14, Table 5S.2).

Consequently, it is plausible that Au-Ag alloy shells are formed in the plating process, which offers an

important insight in the plating process and formation of Au shells.

Experimentally, 30 mol. % Au yields a mixture of hollow shell structures and plated decahedra. At

> 40 mol. % Au, hollow shell structures dominate. The modelled spectra 3-7 in Figure 5.4 illustrate the

underlying changes to the shell composition, thickness and NP size with increasing mol. % Au. (see Table

5S.2 for details). We modelled 40 and 50 mol. % Au samples with 44 nm Au80Ag20DeNPs in which the

former has an inner layer of Ag. Spectra 3 and 4 (Figure 5.4) show that dissolution of silver in the inner

layer leads to a red shift in the LSPR. Upon increasing Au content in Au shells, the shell thickens and more

Au-rich or pure Au structures are formed. We modelled these structures with 46 and 48 nm of DeNPs with

shell compositions of Au90Ag10 and finally Au. The morphological changes beyond 50 mol. % (spectra 5-6)

lead to a slight blue shift in the LSPR peak accompanied by an increase in LSPR intensity with increasing

Au content – in line with the experimental observations. The presence of Ag in the shells of 80 mol. % Au

sample was experimentally confirmed by silver removal. On the other hand, similar tests for 100 mol. %

Au sample suggests the particles are pure Au. In summary, the effect of increasing Au content can be

separated in two regimes: in the initial plating stage Au dampens LSPR; in the subsequent stages where

shell structures are formed, higher Au content results in stronger LSPR. Note that rounding and

roughening of the decahedral structures during the shell formation, which were observed experimentally,

are not accounted for in the simulation. When combined with increasing size distribution, these factors
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may account for the lower LSPR intensity observed for Au shells experimentally compared to the

modelling.

Figure 5.4. FDTD simulated extinction spectra of different compositions and sizes of solid and hollow
decahedra mimicking the samples with various mol. % Au in the experiment: 0 – 0%; 1 – 10%; 2 – 20%; 3 – 40%; 4 –
50%; 5 – 60%; 6 – 80%; 7 – 90-100%. The details of the parameters (composition, size) used in the simulations are
listed in Table 5S.2. Inset shows the LSPR peak wavelengths of experiments compared to FDTD simulations.

Chemical and colloidal stability. The gold content of the shells and Au-AgNPs is expected to lead

to their significantly improved chemical stability compared to original AgDeNPs. To confirm and quantify

this, stability tests of Au shells and rebuilt Au-AgNPs were performed using sodium hydrosulfide (up to 1

mM) and hydrogen peroxide (0.5 M) (Figures 5S.15-5S.17). Figures 5S.15 and 5S.16 present changes in the

wavelength of LSPR peaks, while Figure 5S.17 documents the changes in the intensities of the LSPR peaks.

The time of exposure (15 minutes) was chosen to be close to a typical time frame of SPR and SERS
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experiments. The data for the stability in 2 hours (not shown) are very similar. Freshly prepared Au shells

with mol. % Au greater than 90 were slightly susceptible to hydrosulfide, where a red shift of LSPR was

observed (Figure 5S.15). Aged Au-AgNP samples exhibited significantly improved stability, especially at

higher concentrations of hydrosulphide (Figure 5S.16). Au shells with 40 mol. % Au were most susceptible

to H2O2 and exhibited most transformation, likely due to their mixed population of plated structures and

shells. Overall, the chemical stability of rebuilt Au-AgNPs, especially at higher mol. % Au, is significantly

improved relative to original AgDeNPs, as well as freshly prepared samples.

The colloidal stability of Au shells and Au-AgNPs was also tested and confirmed by measurement

of zeta potentials for the series of the samples prior and after the rebuilding process (Figures 5S.18 and

5S.19). With zeta potentials of ca. – 40 mV, Au shells and Au-AgNPs clearly remain colloidally stable, since

citrate and PSS provide charge and steric stabilization. The comparison of aged Au-AgNPs and freshly

prepared samples (Figure 5S.18) demonstrates that the stability is not compromised both during the

rebuilding process and upon extended storage. Size measurements for the same samples, as in zeta

potential measurements, were also performed (Figure 5S.20). The measured sizes, determined based on

the diffusion coefficients, are in a reasonably good correlation with the results of electron microscopy. At

the same time, it should be noticed that the values of polydispersity index (PDI) and corresponding

standard deviation in the estimated size are much larger than expected for the observed particle size

distribution, which likely occurs due to strong multiple scattering.52 The standard deviation and the

absolute errors of the measurements are the highest for the samples with the LSPR peaks close to the

laser wavelength (633 nm) used for the measurements (Figure 5S.21).

Applications of Au-AgNPs: SPR and SERS. Practically, in terms of the combination of the LSPR

tuning and stability, 80 mol. % Au is the optimal system, which is chemically stable (Figures 5S.15-5S.17)

and features the largest LSPR range: Au shells with the LSPR peak at ca. 700 nm (Figures 5.2 and 5S.8) that

can be rebuilt into Au-AgNPs with the LSPR at 500nm (Figures 5.2 and 5S.16).
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Formation of Au shells and Au-AgNPs with tuneable LSPR and enhanced stability are

advantageous for plasmonic applications. We have explored SPR and SERS to demonstrate the

applicability and merits of the developed Au-AgNPs. Figures 5S.22 and 5S.23 show the SPR sensing of low

iodide concentrations, as a model system to compare the response of different NPs.53 The largest

sensitivity is observed for the Au shells with 80 mol. % Au. The Au shells produce larger SPR shifts despite

their broader LSPR peaks, which can be likely attributed to morphological changes.33 The rebuilt Au-AgNPs

are more rounded and compact with a smoother surface, so their SPR response is not as strong as for Au

shells (Figure 5S.23).

Figure 5S.24 presents a comparison of several prepared samples as SERS substrates. Interestingly,

10 mol. % Au plating showed the best relative enhancement, even compared to AgDeNPs. We have tested

both as prepared and plasma cleaned AgDeNPs to assure that PSS or other ligands are not a factor in the

comparison. The formation of Au-Ag alloy on the surface, supported by FDTD modelling, is likely

responsible for such results. Expectedly, Au shells display lower enhancement due to lower efficiency of

gold in SERS. With the increasing Ag content, the rebuilt Au-AgNPs feature appreciably higher

enhancement. Specifically, the samples with 80 and 100 mol. % Au proved to be optimal for SERS

measurements due to their combination of enhancement and chemical stability.

Au-AgNPs with other templating AgNPs. To attest the universality of the procedure of formation

of Au-AgNPs, template AgNPs other than decahedra were explored. Figure 5.5 presents the results of shell

formation and rebuilding with silver platelet NPs. Similar to AgDeNPs, well-defined LSPR shifts can be

observed from the original AgNPs to the Au shells and then back to the rebuilt Au-AgNPs (Figure 5.5A).

Corresponding EM images Au shells and rebuilt structures are shown in Figures 5.5C and 5S.25. Using

silver pentagonal rods as template NPs, similar LSPR shifts were observed, although less defined (Figures

5S.26 and 5S.27), likely due to more fragile (100) surfaces of the pentagonal rods. With the Ag platelets

we have also tested the effect of the absence of stabilizing polymer, which worked reasonably well in
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terms of structural transformation. These results demonstrate that PVP exerts strong influence on

formation of Au shells and likely renders the shells more sealed for the rebuilding with silver. Formation

of Au-AgNPs at different PVP and PSS concentrations and in presence of different polymers, such as

poly(acrylic acid) will be further explored in future work.

Figure 5.5. A) UV-vis spectra of 1) original Ag platelets, 2) 80 mol. % Au shells and 3) Au-AgNPs after the rebuilding
process by thermal treatment at 95 °C for 2 hours. B)-C) TEM images of B) 80 mol. % Au shells and C) rebuilt Au-
AgNPs, corresponding to spectra 2) and 3) in A), respectively. All scale bars are 100 nm.

5.5. Summary and Conclusions

The formation of Au shells and rebuilding of silver to form Au-AgNPs were studied for different

parameters, including amount of gold, conditions of post-transformation and template AgNPs. The
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absence of PVP was identified as the main criteria for the optimal rebuilding process. The protocols were

developed and described to achieve nanoparticles with superior stability and a wide range of LSPR peak

tuning (470 nm to 800 nm) that are advantageous for SPR and SERS applications.
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5.7. Supporting Information.

Additional synthetic details

AgDeNP synthesis. In a 20 mL borosilicate glass vial with 12.7 x 3.2 mm stir bar, 14 mL high purity

deionized water is combined with 520 µL sodium tricitrate (0.05 M), 23 µL poly(styrene sulfonate) (0.05

M), 25 µL arginine (0.005 M), 400 µL silver nitrate (0.005 M), and 200 µL sodium borohydride (0.1 M).

After the solution colour darkens, 300 µL hydrogen peroxide (10.4 M) is added, and the vial is exposed

to LED (455 nm, 1 W) light for 14 hours.22,23

22 Pietrobon, B.; Kitaev, V. Photochemical Synthesis of Monodisperse Size-Controlled Silver Decahedral Nanoparticles and Their
Remarkable Optical Properties. Chem. Mater. 2008, 20, 5186-5190.

23 Murshid, N.; Keogh, D.; Kitaev, V. Optimized Synthetic Protocols for Preparation of Versatile Plasmonic Platform Based on
Silver Nanoparticles with Pentagonal Symmetries. Part. Part. Syst. Charact. 2014, 31, 178-189.
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Table 5S.1. Experimental details of samples presented in Figure 5S.1.

LSPR wavelength
(nm)

Mol. % Au Treatment NP structure Sample #

472 0 N/A AgDeNPs NY69
501 20 Au-plated

AgDeNPs
NY183

526 40 Aged 4 months Rebuilt Au-
AgNPs

NU631

541 80 Treated with H2O2,
aged 3 months

Rebuilt Au-
AgNPs

NU437P

574 80 Treated with H2O2 Rebuilt stellated
Au-AgNPs

NU496P

605 100 Heated at 95 °C,
aged 6 days

Partially rebuilt
Au-AgNPs

NY190A

618 100 Aged 7 days Partially Rebuilt
Au-AgNPs

NY190

653 70 Aged 7 days Au shells NY188
669 80 Centrifuged and

redispersed, then
aged 3 months

Au shells NY438

700 60 Centrifuged and
redispersed

Au shells NY187B

728 100 Au shells NY190
756 70 Au shells NY188
772 80 Aged 2 months Au shells NV60
792 80 Aged 2 months Au shells NV59
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Table 5S.2. Detailed information on the simulated spectra presented in Figure 5.4.

Experimental FDTD
%Au Size

(nm)
LSPR
(nm)

Size
(nm)

Shell material, thickness Core material LSPR
(nm)

0 39.4-41 470 41 N/A Ag 506
10 43.2 493 41 Au50Ag50, 2nm Ag 525
20 504 41 Au80Ag20, 2.5 nm Ag 549
40 44.0 673 44 Au80Ag20, 3 nm 1 nm Ag under

shell, hollow
interior

685

50 44.8 749 44 Au80Ag20, 3 nm Hollow 704
60 47.6 772 46 Au90Ag10, 3.5 nm Hollow 688
80 48.3 732 48 Au90Ag10, 4 nm Hollow 673
90 -
100

48- 49.1 729 48 Au, 4.5 nm Hollow 673
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Figure 5S.1. Normalized extinction UV-vis spectra with a representative range of LSPR tuning for AgDeNPs, Au
shells and Au-AgNPs covering the visible-near IR range of the electromagnetic spectrum. Experimental details on
specific samples are summarized in Table 5S.1.
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Figure 5S.2. Photographs of A) LED setup for synthesis of AgDeNPs and B) syringe pump assembly for
tetrachloroauric acid addition.
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Figure 5S.3. A) Transmission electron microscopy (TEM) images and B) UV-vis spectra of Au shells with 80 mol. %
Au prepared by varying the time of the gold precursor addition: 1 – at once, 2 – 1 hour, 3 – 4 hours, 4 – 12 hours,
and 5 – 48 hours. All scale bars are 100 nm.
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Figure 5S.4. LSPR peak wavelength as a function of the mol. % Au added demonstrating the reproducibility of the
procedure. Each individual point is averaged for 4-25 samples, with the standard deviation represented as error
bars.
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Figure 5S.5. TEM images of A) 50, B) 70, C) 60, and D) 40 mol. % Au-AgDeNPs prepared with PSS (A and B) or PVP (C
and D).  All scale bars are 50 nm.
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Figure 5S.6. A) LSPR peak tracking with time for 80 mol. % Au added to AgDeNPs prepared (and stabilized) with
either PVP (1) or PSS (2) and B) UV-vis spectra of 80 mol. % Au added to AgDeNPs prepared with PSS monitoring
the room-temperature rebuilding process at different times: 0) as prepared, 1) after 1 day, 2) after 5 days, 3) after
8 days, 4) after 12 days, and 5) after 20 days.
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Figure 5S.7. TEM images of aged samples treated with 0.5 M hydrogen peroxide. 1) 50 mol. % Au, 2) 80 mol. % Au.
A) aged sample, B) after treatment with hydrogen peroxide. All scale bars are 50 nm.



164

Figure 5S.8. UV-vis spectra (A,C,E,G) and LSPR peak tracking (B,D,F,H) for samples presented in Figure 5.2. Each
sample from Figure 2 was portioned into 4 aliquots and monitored either with no treatments (A&B) or after
heating at 95 ˚C for 2 hours (C&D), after 1.3 mM hydrogen peroxide treatment (E&F) or after centrifugation and
redispersal in water (G&H). UV-vis spectra are of the samples after 7 days. LSPR peak tracking start with silver
decahedra LSPR at hour 0, gold addition at hour 2, and different treatments at 24 hours (point is labeled on day vs
LSPR column). Percentages of added gold are as follows (mol. % Au): 1- 10 mol. %, 2- 20 mol. %, 3- 30 mol. %, 4- 40
mol. %, 5- 50 mol. %, 6- 60 mol. %, 7- 70 mol. %, 8- 80 mol. %, and 9 – 100 mol. %. For ease of LSPR
representation, two peaks of sample 3 ( 30 mol. %) were averaged, if bimodal.
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Figure 5S.9. UV-vis spectra of gold coated AgDeNPs (mol. % Au labeled on individual spectra) before and after
centrifugation and redispersal in water. Thin curves are original samples and thicker curves are after centrifugation
and redispersal.
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Figure 5S.10. LSPR tracking with time (in days) for 80 mol. % Au coated decahedra (gold shells) with varying
treatments. 1) as prepared, 2) dark, 3) exposed to ambient sun light near the window, 4) heating at 60 ˚C
overnight, 5) heating at 95 ˚C for 2 hours, 6)-8) treatment with 6) 0.2 M hydrogen peroxide, 7) 0.4 M hydrogen
peroxide, and 8) 10-4 M KI.
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Figure 5S.11. LSPR tracking with time (in days) of 80 mol. % Au coated decahedra (gold shells) subjected to
different treatments: 1) as is, 2) treated with 0.1 M peroxide, 3) centrifuged and redispersed, and 4) treated with
0.1 M peroxide followed by centrifugation and redispersal in water.
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Figure 5S.12.  FDTD simulated spectra of Ag decahedra with different rounding of the edges of AgDeNPs. The as-
extruded decahedron (shown in top inset) has 1 nm rounding of the pentagonal vertices. Dielectric rings (n=1.33)
of different inner diameters were employed as etch material to simulate additional rounding: d = 42 nm (green),
40 nm (blue) and 38 nm (red). The top inset shows the perspective view of the decahedron; the bottom inset
shows the top-view of the structure.24-27

24 Hagemann, H. J.; Gudat, W.; Kunz, C. Optical constants from the far infrared to the x-ray region: Mg, Al, Cu, Ag,
Au, Bi, C, and Al2O3. J. Opt. Soc. Am., 1975, 65, 742-744.

25 Palik, E. D. Handbook of optical constants of solids. Academic Press: Orlando, 1985; Vol. 1.

26 Rioux, D.; Vallières, S.; Besner, S.; Muñoz, P.; Mazur, E.; Meunier, M. An analytic model for the dielectric function
of Au, Ag, and their alloys. Adv. Opt. Mater. 2014, 2, 176-182.
27 Johnson, P. B.; Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B, 1972, 6, 4370-4379.
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Figure 5S.13. FDTD calculations of electric field intensity (|E|2) at peak LSPR of the decahedra used for modelling
structures with different mol. % of Au: a) 0%, b) 20%, c) 60% and d) 100%.
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Figure 5S.14. FDTD simulated extinction spectra of pure Au plating on AgDeNPs with Au thicknesses of: 0 nm
(blue), 0.3 nm (orange), 0.6 nm (green), 1 nm (purple) and 3 nm (red).
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Figure 5S.15. Stability tests of freshly prepared samples with varying mol. % Au. Columns from left to right are the
wavelength of original LSPR peak, followed by the wavelength of LSPR peaks 15 minutes after treatment with 0.1
mM NaHS, 1 mM NaHS, 0.1 M hydrogen peroxide and 0.5 M hydrogen peroxide.

Figure 5S.16. Stability tests of aged samples with varying mol. % Au. Columns from left to right are the wavelength
of original LSPR peak, followed by the wavelength of LSPR peaks 15 minutes after treatment with 0.1 mM NaHS, 1
mM NaHS, 0.1 M hydrogen peroxide and 0.5 M hydrogen peroxide.
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Figure 5S.17. Relative intensities of LSPR extinction for representative samples from Figures 5S.15 and 5S.16 and
as prepared AgDeNPs stabilized with PSS and PVP 15 minutes after treatments with 0.1 mM NaHS and 0.5 M
hydrogen peroxide. Intensities of LSPR peaks were normalized by the LSPR intensity for the samples prior to the
treatment.

Figure 5S.18. Zeta potential measurements for Au-AgNPs samples with varying mol. % Au. Orange square symbols
are for fresh samples, and blue diamond symbols are for samples that were aged for 6 months.
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Figure 5S.19. A representative measurement data of zeta potential for 100 mol. % Au-AgNPs.
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Figure 5S.20. Dynamic light scattering measurements of size (hydrodynamic radius) for Au-AgNPs samples with
varying mol. % Au. Orange square symbols are for fresh samples, and blue diamond symbols are for samples that
were aged for 6 months.
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Figure 5S.21. A representative measurement data of size for 100 mol. % Au-AgNPs. Note the size deviation due to
multiple scattering in the system.
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Figure 5S.22. SPR response to 10-8 M potassium iodide for Au-AgNPs with different mol. % Au prior to rebuilding.

Figure 5S.23. SPR response to 10-8 M potassium iodide Au-AgNPs with different mol. % Au after rebuilding.
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Figure 5S.24. SERS enhancement factors (relative to AgDeNPs) for Au-AgNP samples with varying mol. % Au, as
prepared and rebuilt, as SERS substrates, using thiosalicylic acid as a probe molecule.
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Figure 5S.25. A) UV-vis spectra and B) TEM images of gold-plated silver platelets and Au shells.  % mol. Au is as
follows 1) 20, 2) 100, 3) 75, and 4) 80. All scale bars are 100 nm.
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Figure 5S.26. A) UV-vis spectra and B) EM images of gold shells from silver pentagonal rods. % mol. Au is as
follows: 1) 10 , 2) 30, 3) & 4) 40. 1)-3) are TEM images, and 4) is Scanning Electron Microscopy (SEM) image. All
scale bars are 100 nm.
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Figure 5S.27. A) UV-vis spectra and B) TEM images of i) Ag pentagonal rods with 100 mol. % Au, and ii) Ag platelets
with 100 mol. % Au, where 1) as prepared samples, and 2) samples after 2-hour heat treatment at 95 °C.  All scale
bars are 100 nm.
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The discovery of the rebuilding process was made jointly by V. Kitaev and me, the computational

work was completed by J.I.L. Chen. Images were taken by V. Kitaev. My primary role was experimental,

preparation of the first draft of the manuscript, figures (experimental work), and iterative refining.
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Chapter 6: Selective Plasmonic Sensing and Highly-Ordered Metallodielectrics via

Encapsulation of Plasmonic Metal Nanoparticles with Metal Oxides

The following publication details a method to create metallodielectrics by encapsulating a metal

nanoparticle core with a metal oxide shell. Metal nanoparticle cores are gold-coated silver decahedra, and

silica and oxides of manganese, iron, and iridium are formed through hydrolysis. Reprinted with

permission from N. Cathcart, N. Murshid, P. Campbell, V. Kitaev, ACS Appl. Nano Mater. 2018, 1, 6514–

6524. Copyright (2018) American Chemical Society and accessible online at:

https://pubs.acs.org/doi/abs/10.1021/acsanm.8b01964. Referenced supplementary figures within the

accompanying text are accessible online at:

https://pubs.acs.org/doi/suppl/10.1021/acsanm.8b01964/suppl_file/an8b01964_si_001.pdf.

Selective Plasmonic Sensing and Highly-Ordered Metallodielectrics via Encapsulation of Plasmonic Metal

Nanoparticles with Metal Oxides

By Nicole Cathcart, Nimer Murshid, Patrick Campbell and Vladimir Kitaev

6.1. Abstract

Novel materials for sensing and metallodielectric arrays have been prepared by encapsulation of

gold-protected shape-selected silver nanoparticles with a diverse range of shells including iron,

manganese, and iridium oxides using a versatile deposition procedure. These shells of varying thickness,

porosity, and smoothness encapsulating metal nanoparticles advantageously combine functionalities of

plasmonic cores and oxide shells into resulting functional materials. In particular, the size-uniform metal

oxide encapsulated metal nanoparticles (MO-MNPs) assemble into well-ordered metallodielectric arrays

for plasmonic applications. The shape and the localized surface plasmon resonance (LSPR) of the metal

cores are well preserved, while the chemical and colloidal stability is enhanced by the formation of oxide
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shells. Metal oxide shells impart the selectivity of detection in surface enhanced Raman spectroscopy

(SERS) and surface plasmon resonance (SPR) sensing. Notably, selective sub-mM SPR detection of

phosphate ions has been demonstrated.

6.2. Introduction

Metal nanoparticles (MNPs) have been recognized for their unique functional nanoscale

properties1–3 and consequently are increasingly explored in diverse applications ranging from catalysis4,5

and optics6,7 to sensing8,9 and nanomedicine.10 The plasmonic properties of gold and silver MNPs by virtue

of their LSPR are explored in photonic applications, in particular light-harvesting devices.11 Development

of sensing applications with plasmonic MNPs is especially actively studied, given a broad selection of

available MNP substrates including silver and gold NPs (AgNPs and AuNPs), as well as coated and alloy

NPs.5,12–15 Two most commonly employed sensing techniques utilizing MNPs are SERS (surface enhanced

Raman spectroscopy), where metallic substrates with nanoscale features (e.g. cavities and anisotropic

morphologies) greatly enhance the sensitivity of detection,16–19 and SPR (surface plasmon resonance)

analysis, where changes at the surface of MNPs (e.g. adsorption of an analyte) are monitored through the

sensitive detection of LSPR shifts.20–22

SPR and SERS sensing benefits from MNP modification that yields well-defined architectures,23,24

enabling the formation of self-assembled layers for sensing substrates, and enhancing sensitivity and

selectivity of analyte detection.25 Core-shell morphologies26,27 are a primary route established to realize

such nanoscale architectures.28–30

The majority of developed NP coatings and shells are based on organic ligands and polymers, and

thus exhibit limited thermal and chemical stability. To overcome these limitations, functional

morphologies based on stable inorganic materials are advantageous. In particular, metal oxides (MOx)

offer a beneficial combination of stability, chemical diversity and availability of precursors with mild
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synthetic preparation routes.4 Furthermore, metal oxides feature a wide range of properties, including

dielectric constants, band gaps, specific adsorption properties and redox capabilities31–34 that can be used

advantageously to tune and enhance functional properties of MNPs.35–37

Multiple scenarios of combining MNPs and MOx into nanoparticles and have been

comprehensively classified in a recent review by Lui et al.38 Three main classes of noble metal-metal oxide

nanocomposites include 1) metal oxide inner core with noble metal surface deposition, 2) noble metal

inner core covered with a metal oxide, and 3) fused structures (e.g. Janus noble metal-metal oxide

particles).38 Controlled encapsulation of MNPs in dielectrics offers direct practical benefits for multiple

applications.39 Formation of dielectric shells around MNPs historically started with silica, as one of the

most chemically and colloidally stable oxides,40–46 and remains one of the most intensely studied class of

mixed metal-metal oxide (hybrid) materials.47 Subsequent developments in the field included different

oxides of MOx-encapsulated MNPs (MO-MNPs) shells,48,49 as well as well-defined self-assembled films of

Janus metal-metal oxide50 or core-shell NPs.51,52 Another advantage of MO-MNPs is that they can form

metallodielectric (MD) materials upon self-assembly or consolidation from dispersions.53 MD

nanocomposites offer unique optoelectronic properties,7,54–58 especially if regular periodic lattices are

produced by self-assembly of size- and shape-uniform MNPs51,59 and similar systems.52,60 Formation of

metallodielectric composites is strongly application-driven,61–63 the range of applications where metal-

metal oxide composites demonstrated enhanced properties is diverse64–66 and continues to be an active

research field. Given that the driving forces of this research are centered around functional properties

and applications, and considering the recent progress in preparation of shape-selected MNP, the next

logical step in formation of metallodielectric NPs is to employ well-defined nanoparticles that can be

encapsulated in different materials with the preservation of size and shape, and the enhancement of

advantageous optical properties, such as LSPR.
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One challenge with preparing such nanocomposites is the lattice mismatch between the noble

metal core and the metal oxide shell.67–69 In many syntheses of this type, surface-adsorbing species, such

as most commonly poly(vinylpyrrolidone), are used to mediate the lattice mismatch.69 Many reported

procedures for the fabrication of MO-MNPs involve a sol-gel strategy, where MNPs are added to a metal

oxide precursor in the presence of surface active species.69–71 In this work, we demonstrate that shape-

selected AgNPs stabilized both with poly(vinylpyrrolidone) or poly(styrene sulfonate), and properly

protected by gold plating can be conveniently employed for encapsulation with a diverse range of metal

oxides, including iron, manganese and iridium oxides using simple experimental protocols. The

universality of the encapsulation procedure has been further demonstrated with gold NPs, as another

important class of shape-selected plasmonic MNPs. Importantly, this procedure is gentle enough to coat

pure AgNPs with minimal morphological changes, thus preserving LSPR sharpness.  Upon encapsulation

of MNPs with MOx their advantageous LSPR properties were preserved and could be further tuned

through the thickness and density of the shell. The formation of well-defined MOx shells enhanced MNP

plasmonic properties and consequently expanded the opportunities in sensing with SERS and SPR.

Specifically, MNPs encapsulated with manganese and iron oxides were capable of selective SPR detection

of phosphate ions through specific interactions with an oxide shell.

6.3. Results and Discussions

6.3.1. Formation and Properties of MO-MNPs.

For successful controlled deposition of oxide shells onto well-defined MNP morphologies, both

shape-selected and chemically stable MNPs are required. One of the systems that satisfies both of these

requirements is gold-plated AgNPs.14,15 With a typical ratio of gold-to-silver of 5-20 mol. %, silver remains

the main component that imparts excellent optical properties, manifested in sharp LSPR peaks. The gold

plating offers necessary stability for the NP morphologies to remain stable and to not degrade (e.g. by

rounding) during the deposition of oxide shells.  The main AgNP morphology that we have explored in this
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work was decahedra (AgDeNPs),72,73 and encapsulation with other plasmonic MNPs have also been

demonstrated for the universality of the developed procedure. Once the AgDeNPs were produced, the

plating of ca. 10 mol. % Au was prepared by slow addition of tetrachloroauric acid, HAuCl4, a readily

available stable gold salt precursor.15 Using 10 mol. % of gold relative to silver greatly improves the

stability while minimizing galvanic replacement of silver during gold deposition.14,15 In the developed

plating conditions, silver remains intact, no etching or pitting are observed.14,15 The galvanic reaction is

effectively mitigated by the slow addition of a gold precursor (5-10 hours) so that the citrate present in

the system is able to serve as a reducing agent in this extended time frame, and the silver remains

minimally affected.14 It is likely that the galvanic replacement between gold ions and metallic silver still

takes place, since this reaction is very fast. Yet, with the very slow addition, the generated silver ions can

be reduced back at the surface by the citrate present in the reaction medium. This minimization of galvanic

replacement is effective until ca. 20 mol. % of gold is introduced; for the larger amounts pitting and shell

formation start to dominate.14 The amount of gold used in this work (10 mol. %) is relatively small, so the

sharpness of the LSPR peak is largely preserved, coming predominantly by silver, with appreciable

improved stability due to gold13,14 – a beneficial combination for sensing.

After template MNPs are prepared, the metal oxide shells are formed through the addition of

suitable precursors in conditions that allow for uniform MNP encapsulation, as well as preservation of the

MNP morphology and plasmonic properties. In this work, we demonstrate great versatility of MNP

templates that enable preparation of diverse oxide shells from common silica to more unique iridium

oxide. A general schematic for the formation of oxide shells on Au@AgDeNP templates is presented in

Figure 6.1A, with examples of oxide shells of iron, manganese and iridium oxides, as well as silica. Figure

6.1 summarizes the main features of MNP encapsulation with preserved plasmonic properties (Figure

6.1B), visualization of the shells by electron microscopy (Figure 6.1C and 6.2), and formation of periodic

self-assembled arrays of metallodielectric nanocomposites (Figure 6.1D).
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Figure 6.1. A) General schematic of the preparation of template plasmonic nanoparticles (Au@AgDeNPs) followed
by the formation of metal oxide shells. B) Normalized UV-vis spectra of i) silver decahedral nanoparticles (AgDeNPs),
ii) 10 mol. % Au coated AgDeNPs, iii) SiO2@Au@AgDeNPs, iv) IrOx@Au@AgDeNPs, v) FeOOH@Au@AgDeNPs, and
vi) MnO2-x@Au@AgDeNPs. C) Representative transmission electron microscopy (TEM) images of different
MOx@Au@AgDeNPs (numbers correspond to the spectra in B)). D) Scanning electron microscopy (SEM) images of
IrOx@Au@AgDeNP self-assembled arrays.  Scale bars are 50 nm for C), and 250 nm for D).

Oxide shells are produced through hydrolysis of corresponding metal oxide precursors and

deposition of insoluble products around the template nanoparticles. The rate of shell formation depends

on several parameters, such as solution pH, ionic strength and presence of complexing ligands (e.g.

citrate). To limit experimental variations and to develop most reproducible synthetic pathways not

involving centrifugation (where some NPs are inevitably lost, and it is still not possible to remove ligands

completely due to NP stabilization requirements), we have worked out hydrolysis conditions with as

prepared dispersions of 10 mol. % Au@AgDeNPs that contain ca. 1.5 mM of citrate and 0.1 to 0.2 mM of

PSS or PVP (see the Methods).
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It needs to be emphasized that the encapsulation conditions were effectively optimized for the

deposition of amorphous oxide shells, specifically using as-prepared MNPs with citrate present. In

conditions where crystalline oxides could form, e.g. hematite formation by iron salt hydrolysis, the shells

started to nucleate well-defined crystals that effectively ruins the continuity of the shell and in most cases

even detaches oxide coating from the MNP surface. Thus, the oxide shell being amorphous is an important

condition for the uniform and continuous encapsulation of metal cores.

inherent advantage of using plasmonic MNPs in the encapsulation is the ability to monitor the

shell formation process sensitively. This monitoring can be performed by UV-vis spectroscopy or using a

SPR instrument (Open SPR, Nicoya Lifesciences in our work). Given that refractive indices of oxide shells

are appreciably higher than that of an aqueous medium, MOx coating is accompanied by a significant red

shift of the LSPR peaks, shown in Figure 6.1B, and discussed in more details in Figure 6.3. From the initial

slope of the LSPR shifts during shell formation, shown in Figure 6S.1 in SI, we can estimate the deposition

rates at room temperature as follows: Fe(II) > Fe(III) > Mn(II) > Ir(III) > Si(IV) (TEOS), while noting that

optimal conditions of hydrolysis for Ir(III) require higher temperatures and for Si(IV) (TEOS) – basic

catalysts. An example of the control over LSPR shift in MO-MNPs is demonstrated by Figure 6S.2, where

encapsulation by IrOx can be conveniently controlled by heating time (time of deposition), in addition to

the variations of the precursor amount.

The materials of the shells are comprised of different hydrolysis products. Amorphous silica,

denoted as commonly accepted, SiO2 and that can be also understood as hydrated silica with acidic groups

on the surface, formally corresponding to a silicic acid.74,75 For iron-containing shells, produced either by

hydrolysis of Fe(III) or Fe(II), the main product in the presence of chloride ions was FeOOH with an

akaganeitic character (based on EM); and less defined FeOOH phases, if iron perchlorate salts were used

as precursors. For iridium oxide shells – the products of hydrolysis of IrCl3 correspond to IrOx in the initial

stages of hydrolysis where the majority of Ir is Ir(III) with some remaining chloride.76,77 For Mn oxides
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(MnOx) with their incredible diversity of phases due to different oxidation states of Mn, the materials of

the shell is tentatively birnessite-like phases, since we observed different sheet-like structures in similar

conditions of precursor hydrolysis and could also produce MnO2-x shells of MNPs encapsulated in MnO2-x

sheet-like matrices (Figure 6S.3).

During the encapsulation, the control over the shell thickness is straightforward, and can be

accomplished through both the amount of precursors and the deposition time. The summary of the

attainable ranges of shell thickness and LSPR for the tested metal oxides is presented in Figure 6S.4 and

Table 6S.1. While there is generally no upper boundary of the thickness of the shells (the shells can be

continuously enlarged by supplying more precursors), the practical limit on the thicker shells was ca. 50

nm to still take an advantage of plasmonic properties of the core MNPs. The thick shells of IrOx, MnO2-x,

silica and FeOOH are shown in Figure 6S.4 (H,D,B,F, respectively). At the same time, the ability to form

well-defined thin shells was often determined by the equilibrium solubility of deposited materials. This is

particularly evident for silica with its appreciable solubility of ca. 40 mg per L in water that can be even

higher in presence of different salts.74 This solubility is sufficient to dissolve or impair thin coatings upon

handling and thus it limits the thinnest reliably observed silica coating to ca. 8 nm. Similarly, the thinnest

coating which we observed in this work for MnO2-x was 10 nm, 6-7 nm for IrOx, and 5-6 nm for the least

soluble FeOOH (the corresponding oxide-encapsulated particles are shown in Figure 6S.4 (A,G,C,E,

respectively)).

Together with the thickness, porosity is another characteristic of oxide shells that is important for

practical applications. Shells with different porosities, visualized by electron microscopy are presented in

Figure 6.2. An observed general trend is that the most porous shells formed from the precursors with the

fastest hydrolysis, as discussed above. These precursors also produce the least soluble products and can

yield the thinnest shells, as is the case with FeOOH (Figure 6.2G,H). To assess porosity experimentally,

samples are tested with sodium hydrosulfide, shown in Figure 6S.5. The hydrosulphide ions affect the bare
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MNPs strongly – etching pure AgNPs fast and gold-plated AgNPs noticeably over longer times.14,15 LSPR

response to 10-3 and 10-2 M hydrosulfide is recorded as SPR response traces 1 and 2 in Figure 6S.5 for

AgDeNPs and Au@AgDeNPs respectively. When hydrosulfide is added to FeOOH@Au@AgDeNPs the

largest changes take place (Figure 6S.5, trace 3) confirming that these are the most porous shells (as

observed by EM). Next in porosity are MnO2-x@Au@AgDeNPs (Figure 6S.5, trace 4), and

SiO2@Au@AgDeNPs (Figure 6S.5, trace 6), where some penetration of hydrosulfide through the shell was

observed. There was no significant response to hydrosulfide with IrOx@Au@AgDeNPs (Figure 6S.5, trace

5) due to its dense and impenetrable shell. Shells could also partially mitigate the effect of hydrosulfide

by reacting with it, although it would be most expected with iron and manganese oxides and not observed

directly in the tests. It should be noted that sample disturbance (from removing, injecting, and reinserting

the sample) in some cases caused up to 0.2 nm shifts in the LSPR maxima recorded by SPR.
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Figure 6.2.  EM images of MO-MNPs with different thickness and shell porosity.  Outer metal oxide shells
are A) and B) IrOx, C) and D) SiO2, E) and F) MnO2-x, G) and H) FeOOH.  A), C), and E) are scanning electron microscopy
(SEM) images and the rest are transmission electron microscopy (TEM) images.  Scale bars are 50 nm for B), G), and
H); 100 nm for D), E), and F); and 500 nm for A) and C).
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We have evaluated porosity by nitrogen adsorption-desorption isotherms and performing

Brunauer−Emme −Teller (BET) analysis for MnO2-x@Au@AgDeNPs (Figure 6S.6). The measured surface

area is estimated as 27 m2/g, which is reasonable considering that the impenetrable metal cores

constitute the majority of MOx@Au@AgDeNPs. The isotherm corresponds to type IV with H3 hysteresis,

and the estimated pore size corresponding to MOx layer composed of small agglomerated particles of ca.

2-5 nm, possibly of the platelet nature (birnessite-like phases), as suggested by slit-type pores from the

isotherm, and which is also consistent with EM observations.

In the studies of MO-MNP stability by SPR, quite unexpected observation was the limited

comparative stability of SiO2@Au@AgDeNPs, where partial aggregation and sedimentation were often

observed. We first attributed it to the effect of ammonia traces, but later after testing cleaned samples,

this limited stability was realized to be a more general phenomenon. Systematic measurements of zeta

potentials (Table 6S.2) made this clear. All other metal oxides have the values of zeta potentials in a

narrow range from -35 to -42 mV that is indicative of good colloidal stability. The narrow range and

similarity of the values can likely be attributed to the effect of the citrate adsorbing on the oxide surfaces

and imparting an appreciable negative potential. At the same, time the value of zeta potentials for silica-

encapsulated MNPs is below -30 mV, and even closer to -20 mV for thinner coatings. These values are

significantly lower than typical zeta potentials measured for silica colloids, ranging from -40 to -80 mV.

The lower values of zeta potential in our system indicate that silica likely screens the strongly interacting

metal cores the least as the least dense oxide, with the correspondingly lowest Hamaker constant. We

will further address this point in our future studies. We can also note that measurements of hydrodynamic

diameters of metal nanoparticles by DLS, while not reliable due to strong interactions of metal cores with

the light that causes absorbance and multiple scattering, still can be used to monitor shell formation.

LSPR is the key functional property of MNPs that needs to be preserved and, ideally, enhanced

and tailored during the oxide encapsulation. Figure 6.3 shows the changes in LSPR peak maxima during
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the formation of MOx shells on Au@AgDeNPs. Indeed, LSPR properties are well preserved, as evident by

the vibrant colours of the stable MO-MNP dispersions and spectra (Figure 6.3, 6S.7 and 6S.8). With the

increasing amounts of oxide precursor added, the LSPR maxima shift to the red, indicating thickening of

MOx shells. First, continuous increases in LSPR are observed in a range from 125 to 500 mol. %, followed

by plateaus at around 1000 mol. %. Reaching plateaus in LSPR is a direct consequence of larger thicknesses

of the shells (above ca. 50 nm). In thick shells, the outer layer is sufficiently removed from the metal-

dielectric interface, so it is no longer interacting with the electrons at the MNP surface. As a result, any

additional increases in shell thickness do not cause further shifts in LSPR peak maxima.

Figure 6.3.  LSPR peaks (left) and optical photographs of samples (right) of MO-MNPs with varying mol. % of oxide
precursors relative to silver during the shell formation.  Oxide shells are A) IrOx, B) MnO2-x, C) FeOOH, and D) SiO2.
Mol. % of oxide precursors corresponding to the samples in the optical photographs are i) 125%, ii) 250%,iii) 375%,
iv) 500%, and v) 1000% relative to silver.
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During the oxide encapsulation, the LSPR peaks of MO-MNPs can be conveniently tuned by as

much as 65 nm from ca. 490 nm of Au@AgDeNPs to ca. 555 nm for MOx@Au@AgDeNPs, as shown in

Figures 6.1B and 6.3. Furthermore, easy variation of the concentrations of precursors enables precise

tuning of the LSPR during the formation of oxide shells. The dampening of the LSPR peaks due to the

partial absorbance of iron and manganese oxides in the visible range is not strong, as can be seen in Figure

6.1B and non-normalized spectra shown in Figure 6S.7.

One of the challenges in the preparation of metal nanoparticle films is the plasmonic interaction

when particles come into a close contact to have an overlapping plasmon resonances, which alters the

properties in the solid state when compared to dispersions. Uniform, sufficiently thick (> ca. 50 nm)

coating of dielectric on MNPs decouple plasmonic interaction in concentrated dispersions and dry films.

Figure 6S.8 shows the transmission spectra and photographs of AgDeNPs and IrOx@Au@AgDeNPs in both

dispersions and solid films. The plasmonic properties are drastically different for AgDeNPs in dispersions

and solid films produced upon drying, which are essentially metallic-like and display uniform absorbance

instead of well-defined LSPR resonances of isolated AgDeNPs in dispersions. This is in great contrast to

encapsulated MNPs, such as IrOx@Au@AgDeNPs, where LSPR is well preserved in both concentrated

dispersions and solid dry films. The optical photographs (Figure 6S.8) further attest to this stark contrast:

black, metallic sheen for AgDeNPs compared to the bright, intense, purple of plasmonic

IrOx@Au@AgDeNPs.

The uniform coating of the size- and shape-selected MNPs yields regular well-defined MO-MNPs

with the size distribution below ca. 4% that can form self-assembled arrays. We have observed formation

of such arrays for IrOx@Au@AgDeNPs (Figures 6.1D and 6S.9). These self-assembled MO-MNP arrays are

highly regular metallodielectric (MD) materials with tunable LSPR interactions and precisely controlled

distance between metallic cores. Imaging with Atomic Force Microscopy (Figure 6S.10) confirms the

regularity and mechanical robustness of arrays that are not disturbed by the scanning. For MnO2-x
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@Au@AgDeNPs, while the particles were uniformly coated, they interacted strongly with each other

(sticking together) that disrupted formation of well-ordered colloidal arrays.78 Similarly, for the silica-

encapsulated MNPs, with their low zeta potentials, formation of highly regular arrays was not observed.

FeOOH@Au@AgDeNPs were the least uniform particles and consequently did not display regular packing.

The broad applicability of the developed coating procedures to different metal nanoparticles has

been demonstrated first with the formation of silica coating performed in ammonia and isopropanol.

Importantly, Au@AgDeNPs survives this deposition perfectly intact chemically and colloidally: Figure

6S.11 shows the kinetics of shell formation monitored by SPR. Secondly, we have tested metal oxide

encapsulation with AuNPs of different shapes. Figure 6S.12 shows successful encapsulation of gold

platelets with IrOx. IrOx shells were visualized by EM (Figure 6S.12), and LSPR peak shifts were clearly

observed by UV-vis spectroscopy (Figure 6S.12) upon IrCl3 addition and heating.

The encapsulation procedure is readily scalable, the formation of the shells can be performed in

volumes of several hundred mL, e.g. scaling up several hundred times compared to the typical reported

procedures. We have performed such scaled-up synthesis to prepare MnO2-x @Au@AgDeNPs samples for

BET measurements (Figure 6S.13). The photochemical preparation of precursor AgDeNPs was scaled in

parallel fashion, using multiple LEDs (Figure 6S.13).

6.3.2. Sensing with MOx@Au@AgDeNPs.

Fundamental for sensing applications, oxide-encapsulated plasmonic MNPs retain sharp LSPR

peaks and sensitivity of the metallic cores with the shape preservation after the formation of oxide shells.

Another necessary condition for the realization of sensing is that either the shell thickness should be

smaller than the probing length at the metal-dielectric interface or the shells should be porous and

penetrable to analytes. We have been able to satisfy these criteria in several prepared MO-MNP systems

that offer the clear advantage of detection selectivity achieved either by interacting with analytes
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selectively or by selective shell penetration. To demonstrate such proof of concept experiments,

MOx@Au@AgDeNP films were prepared and tested by surface-enhanced Raman spectroscopy (SERS) and

surface plasmon resonance (SPR) analysis.

Figure 6.4 shows the calculated enhancement factors for SERS comparing 5,5’-dithiobis (2-

nitrobenzoic acid) (DTNB), thiosalicylic acid and rhodamine 6G as analytes and MOx@Au@AgDeNPs,

Au@AgDeNPs and AgDeNPs as substrates. Calculation details are included in Methods. Oxide shells screen

metal core and the overall enhancement is lower for MOx@Au@AgDeNPs compared to bare template

MNPs. At the same time, selected enhancement was observed with thiosalicylic acid, where the peak at

801 cm-1 (in-plane C-H bending, δ CH)79 was enhanced more than the strongest 1031 cm-1 peak (C-COOH

stretch, ν C-COOH)79 of bare MNPs, shown in Figure 6S.14A. Less enhancement of the signal observed for

a carboxylic group is likely due to its binding to metal oxides. The selective enhancement is potentially

useful for detection of analytes that are not strongly bound to metal substrates. A positive effect of the

oxides shell was also observed for the enhancement of rhodamine 6G, which is a fluorescent compound.

The fluorescence often strongly interferes with Raman spectroscopy and contributes to the enhanced

background noise.80 In presence of MOx@Au@AgDeNPs, the fluorescence background is noticeably

suppressed to yield cleaner spectra (Figure 6S.14B). The background noise between 1379 cm-1 to 1429

cm- 1 was 5 and 33 for MnO2-x@Au@AgDeNP substrate and in absence of the substrate, respectively.
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Figure 6.4.  Calculated enhancement factors for NP films serving as a substrate for Raman spectroscopy of 5,5’-
dithiobis (2-nitrobenzoic acid) (blue bars on the left); thiosalicylic acid (orange bars in the middle) and rhodamine
6G (grey bars on the right).  See Experimental for more details.

6.3.3. SPR sensing, Selective Detection of Phosphate

SPR sensing with plasmonic MNPs rely upon sensitive changes in the energy (wavelength) of LSPR

caused by changes in refractive index of the dielectric interface of MNPs. These changes can arise either

in the bulk medium or due to adsorption on the species interacting with the MNP surface, such as

thiolates.20 Adsorption of halide species onto MNPs can be detected as well; iodide is a convenient ion to

detect with MNPs very sensitively.21,22
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SPR results with MO-MNPs demonstrated successful detection of iodide and phosphate (Figure

6.5). Strong physisorption by iodide on gold and silver surfaces changes the metal-dielectric interface and

translates into LSPR shifts, which is sensitively detected by SPR. Iodide was used to test shell penetrability

and to gauge direct comparison with bare Au@AgDeNPs. No iodide detection was observed for

IrOx@Au@AgDeNPs due to their dense non-porous shells. For penetrable shells, iodide was generally

detected at higher concentrations than previously reported by our group with non-coated particles.21,22

Readily observable LSPR shifts for FeOOH@Au@AgDeNPs and MnO2-x@Au@AgDeNP films were produced

at 10-5 M potassium iodide (Figure 6.5A,B). The lower limit of the iodide detection was below 10-6 M, given

that the background noise was below 0.025 nm.

In the next step, we explored AgDeNPs encapsulated with iron and manganese oxides, known for

their affinity to phosphate ions, for phosphate detection. Important to water and biochemical analysis,

reliable phosphate detection remains challenging.81 There is no significant phosphate adsorption to MNP

surface, thus it cannot be detected by bare MNPs. The shells of iron and manganese oxide are expected

to bind phosphate that may translate to the SPR signal if binding takes place near the metal surface.

Indeed, we were first able to detect phosphate at 1 mM with FeOOH@Au@AgDeNP films (Figure 6.5C),

while the time of response was comparatively long at ca. 100 s. Noteworthy, doping

FeOOH@Au@AgDeNPs with Mo(IV), known to form phosphomolybdates used in phosphate detection,

enabled both the enhancement of the sensitivity (>1.5 times) and, most importantly, shortened the time

of response to ca. 5 s (Figure 6.5D). In another series of experiments, we have tested phosphate detection

with dispersions of MnO2-x@Au@AgDeNPs. In this system, 0.1 mM phosphate can be detected, owing to

the low SPR signal background (Figure 6.5E,F). Very low SPR background compared to bare MNPs is

another advantageous feature of MO-MNPs. No interference of chloride at 1 mM and sulphate at 0.1 mM

were observed (Figure 6.5F), thus confirming the selectivity of the phosphate detection. The influence of

the shell thickness on the time and magnitude of the response of MnO2-x @Au@AgDeNPs to phosphate in
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shown in Figure 6S.15. The MO-MNPs with thicker shells respond appreciably faster and feature a larger

magnitude of the response, since thicker oxide layers absorb more phosphate due to the accessibility of

their volume. The selective phosphate detection is thus a very promising direction in applications of MO-

MNPs.

Figure 6.5. Surface plasmon resonance (SPR) response curves. A) and B) detection of 10-5 M iodide using films of
FeOOH@Au@AgDeNPs and MnO2-x@Au@AgDeNPs, respectively. C) and D) detection of 10-3 M of phosphate using
films of FeOOH@Au@AgDeNPs and FeOOH/MoOx@Au@AgDeNPs, respectively. E) and F) detection of 10-4 M of
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phosphate using dispersions of MnO2-x@Au@AgDeNPs. F) shows the selectivity in phosphate detection with the
comparative response to 10-4 M sulfate and 10-3 M chloride.

Future work with MO-MNPs will be focused on further developments of selective detection of

analytes with different oxide shells, in particular phosphate detection. Uniform MD nanocomposites of

MO-MNPs will be explored in sensing and photonic applications.

6.4. Conclusions

We reported upon formation of novel functional nanoparticles and nanomaterials using a reliable

protocol of formation of uniform metal oxide shells encapsulating well-defined shape-controlled metal

nanoparticles with the preservation and enhancement of plasmonic properties. Deposition of several

metal oxides (Fe, Mn and Ir) in mild aqueous conditions was demonstrated, while LSPR of resulting MO-

MNPs could be tuned through the shell thickness and porosity. The uniformity of MO-MNPs was attested

in formation of self-assembled arrays that offers a convenient pathway to metallodielectric

nanocomposites. Developed MO-MNPs have been demonstrated promising for sensing, in particular

selective phosphate detection by SPR utilizing the selectivity imparted by the metal oxide shells.

6.5. Methods

6.5.1. Reagents.

Silver nitrate (99%), sodium citrate tribasic dihydrate (99.5%), L-arginine (98%), sodium

borohydride (>99%), hydrogen peroxide with the potassium stannate inhibitor 30–32 wt. %, in water

(99.999% trace metal basis), tetrachloroauric acid (99%), potassium iodide (99%), potassium chloride

(99%), sodium hydrosulfide (ACS grade), manganese (II) chloride tetrahydrate (≥ 99.0%), manganese (II)

perchlorate hydrate (99.0%), iron (II) perchlorate hydrate (98%), iron (II) sulfate heptahydrate (≥ 99%),

iron (III) chloride hexahydrate (≥ 99%), iridium (III) chloride (≥ 99.0%), tetraethyl orthosilicate (≥ 99.0%),

5,5’-dithiobis (2-nitro-benzoic acid) (99%), thiosalicylic acid (98%), poly(diallyldimethylammonium

chloride), (high molecular weight, 20 wt. % in water (PDDA, Mw = 400,000–500,000) all supplied by Sigma-
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Aldrich, and poly(vinylpyrrolidone) (PVP, MW = 40,000), 2-propanol (HPLC grade) and ammonium

hydroxide (trace metal), supplied by Caledon Chemicals (Caledon, Canada), were used as received.

Poly(sodium 4-styrenesulfonate) (PSS, Mw = 70,000, Sigma-Aldrich) was purified as follows: 2 g of PSS was

dissolved in water (5 mL) and then precipitated with 5 mL of isopropanol. The precipitate was centrifuged

and re-dissolved in 10 mL of mixture of water and isopropanol, 1 to 1 by volume. The last step was

repeated one or two more times, and finally the precipitate was dried in an oven overnight. High-purity

deionized water (>18.2 MΩ cm) was produced using a Millipore A10 Milli-Q.

6.5.2. Synthetic Protocols.

Synthesis of precursor gold-plated decahedral silver nanoparticles (Au@AgDeNPs).

Silver decahedra (AgDeNPs) are prepared as previously reported,72 and then coated with 10 mol. % Au

according to our recently reported procedure.15 Briefly, sodium tricitrate (1.68 mM), PVP or PSS (0.07

mM), L-arginine (8 μM), silver nitrate (0.13 mM) and sodium borohydride (1.29 mM) are combined while

stirring at 400 rpm using a 12.7 mm by 3.2 mm stir bar in a 20 mL borosilicate vial (the molarities are total

concentrations). After 1 hour of constant stirring, the solution darkened from pale yellow, and hydrogen

peroxide (0.2 M) was added. The stir bar was removed, the sample was capped and exposed to a 450 nm

LED for 14 hours. Gold precursor (HAuCl4) was added to the prepared AgDeNP dispersion (15.7 mL) under

stirring (400 rpm using a 12.7 by 3.2 mm stir bar) using a syringe pump (KDScientific) at a rate of 0.25

mL/hr. For the 10 mol. % coating, HAuCl4 (3 mL of 0.06 mM) was loaded into a 5 mL syringe and dispensed

using Teflon tubing (PTFE #18 AWG, Cole Parmer) sealed to the syringe with ethylene-vinyl acetate glue.

6.5.3. Formation of Metal Oxide Shells onto Au@AgDeNPs.

The general process of the metal oxide layer formation involved the controlled hydrolysis of metal

salts in the presence of plasmonic MNP templates. For Mn, Fe, and Ir oxides, hydrolysis took place at or



206

above room temperature; formation of silica shells required a basic catalyst (ammonia) and alcohol media

(either isopropanol or ethanol) with a controlled amount of water.

MnO2-x: In a typical procedure for 500 mol. % (relative to silver in Au@AgDeNPs) MnO2-x shells, MnCl2 (200

µL of 0.01 M) was added to 10% mol. Au@AgDeNPs (3.6 mL), tightly capped and placed into an aluminum

bead bath set to 80 ˚C for 1 hour. Hydrolysis occurred at room temperature as well, with the shell

formation requiring 12-24 hours.

IrOx: In a typical procedure for 400 mol. % IrOx shells, 3.6 mL of 10 mol. % Au@AgDeNPs is mixed with IrCl3

(90 µL of 0.02 M) in a 20 mL vial. The vial is tightly capped and heated at 100 ˚C for 20-30 minutes.

FeOOH: In a typical procedure for 1000 mol. % FeOOH shells, Fe(ClO4)2 or Fe(ClO4)3 (40 µL of 0.1 M) is

added to 3.6 mL of 10 mol. % Au@AgDeNPs. The reaction occurs quickly at room temperature.

SiO2: Typical procedure to prepare SiO2@Au@AgDeNPs with SiO2 shell thickness of 20 nm used the

following protocol. A 4.0 mL solution of Au@AgDeNPs was first concentrated by centrifugation for 30 min

at 4000 rpm. Supernatant was then removed and the concentrated Au@AgDeNPs were dispersed in 800

µL of deionized water. To this dispersion, PVP (50 µL of 0.005 M), 3.0 mL of isopropanol, and NH4OH (200

µL of 14.8 M) were added. TEOS solution in isopropanol (diluted 200 times, 120 µL) was then added, and

the vial was mixed gently and left at room temperature for 3 to 4 hours to complete the reaction.

6.5.4. Characterization.

Electron microscopy (both TEM and SEM) was performed using Hitachi S-5200 with the operating

voltage of 30.0 kV. LEO 912B 120 kV energy filtered TEM with LaB6 filament was used for HRTEM. NP

dispersions were deposited on a carbon-coated formvar grid (EMS Corp.).

Measurements of zeta potential and hydrodynamic size were performed using Malvern Zetasizer Nano

ZS.  Brunner−Emmet−Teller (BET) data for nitrogen adsorption-desorption have been collected using
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NOVA 2200e surface area and pore size analyzer (Quantachrome Instruments) at 77 K after 24-hour

sample outgassing at 55 °C under vacuum.

Surface Plasmon Resonance Spectroscopy (SPR) measurements were performed using OpenSPR

by Nicoya Lifesciences. 1 mL sample was measured into a 1.7-ml PMMA cell and inserted into an OpenSPR

instrument, outfitted with a cell holder. After approximately 500 seconds of equilibration and establishing

signal background (typical peak-to-peak noise amplitude of ca. 0.025 nm over 60-s interval), analyte of

interest was injected, a cell was capped, removed and shaken roughly 10 times, and finally reinserted. The

LSPR shift was measured as the difference between the maximum LSPR after injection and the

equilibrated LSPR before injection. MO-MNPs films were prepared similarly to the reported procedure,82

where glass slides were treated with 0.01 wt. % PDDA followed by deposition of concentrated dispersions

(1 mL centrifuged at 3,000 g for 30 minutes, concentrated to 10 µL). Slides were inserted into PMMA cells

and water was added, followed by an analyte of interest.

Surface Enhanced Raman Spectroscopy (SERS) data were acquired using R-3000QE fibre-optic

Raman spectrometer equipped with 300 mW laser at 785 nm (RSI). Measurements were performed at

150 to 290 mW laser power with 5 s integration and 30 s frame size.  1 mL of NP solution was centrifuged

at 3,000 g for 30 minutes to prepare a concentrated 10 µL dispersion. The concentrated dispersion was

dispensed onto a plasma cleaned quartz slide, spread to ca. 1 cm2 and then dried in an oven at 60 °C. 10-

6 M target analyte was spread to the same 1 cm2 area over the film in 10 µL increments. Peak heights at

ca. 1350 cm-1 for the known concentration of DTNB (-NO2 symmetric stretch)83, 801 cm-1 for thiosalicylic

acid (in plane aromatic C-H bending)79, and 1320 cm-1 for rhodamine 6G (in plane C-H bending)84 were

used to calculate enhancement factors. Reference spectra of the target analytes were obtained for a

known concentration and area, following which the peak height per moles per area was calculated. This

value was also calculated for measurements with nanoparticle films, which was then divided by the peak

height/moles/area of the reference, giving a calculated enhancement factor.
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UV-vis spectra were acquired with either Ocean Optics QE65000 fiber-optic UV-vis spectrometer

or Cary 50Bio UV-vis spectrophotometer. Centrifugation was performed using either Thermo Scientific

Legend Micro 21 or Medifuge centrifuges.
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6.7. Supplementary Information

Table 6S.1. Summary of experimental parameters for samples described in Figure 6.2 and Figure 6S.4.

Figure
Shell
Type

Metal
Precursor

Mol. %
vs. Ag

Δ Diameter
(nm)

LSPR
(nm)

Δ LSPR
(nm) Experimental Treatment

6.2A IrOx IrCl3 380 44 538 68 *

6.2B IrOx IrCl3 400 18 556 86 *

6.2C SiO2 TEOS 2400 58 514 18 *

6.2D SiO2 TEOS 200 44 520 24 *

6.2E MnO2-x MnCl2 200 25 588 92 heated 6 hrs 85 °C

6.2F MnO2-x MnCl2 500 8 541 45 heated 3 minutes 160 °C in
microwave reactor

6.2G FeOOH Fe(ClO4)2 10000 19 541 45 *

6.2H FeOOH FeCl3 1250 8 569 73 heated overnight at 85 °C

6S.4A SiO2 TEOS 600 18 511 15 *

6S.4B SiO2 TEOS 5500 58 519 23 *
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6S.4C MnO2-x Mn(ClO4)2 200 11 561 65 treated with 0.05 mM PAA
(MW=1800), 0.5 mM
guanidine

6S.4D MnO2-x Mn(ClO4)2 375 31 549 53 heated 30 mins at 95 °C

6S.4E FeOOH Fe(ClO4)2 250 4 541 45 *

6S.4F FeOOH FeSO4 100 14 561 72 4 hr slow addition

with syringe pump

6S.4G IrOx IrCl3 200 8 520 31 *

6S.4H IrOx IrCl3 340 13 534 64 *

* As described in Methods section

Table 6S.2.  Values of zeta potential measured for template metal nanoparticles (MNPs) and MNPs encapsulated in
oxide shells (MO-MNPs).  St. dev. is the standard deviation from the average of individual instrument
measurements rather than from multiple runs, where the values may be lower.

Sample Zeta potential (mV)
Average St. dev.

AgDeNPs -36.2 9.1
Au@AgDeNPs -34.4 5.8
MnO2-x@Au@AgDeNPs -35.3 8.1
FeOOH@Au@AgDeNPs -41.0 10.7
IrOx@Au@AgDeNPs -41.1 9.1
SiO2@Au@AgDeNPs -28.5 4.8
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Figure 6S.1.  Surface plasmon resonance (SPR) monitoring of LSPR peaks during formation of oxide shells by
precursor hydrolysis at room temperature. The precursors used were the following: Mn (II) - MnCl2, Fe(II)- Fe(ClO4)2,
Fe(III)- FeCl3, Ir - IrCl3, Si- TEOS (tetraethyl orthosilicate). The timing of precursor addition is indicated at the point of
injection. Note that the room temperature conditions are not optimal for the hydrolysis of the iridium precursor that
requires higher temperatures and silica precursor that requires base catalysts.

Figure 6S.2.  Localized surface plasmon resonance (LSPR) peak monitoring of IrOx shell formation by UV-vis
spectroscopy. The precursor IrCl3 (400% mol. % relative to silver in Au@AgDeNPs) was added at the initial time, while
starting to heat to 100 °C. The sample was removed to measure each point.  Connecting dashed line is to indicate
the trend only.
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Figure 6S.3. Transmission electron microscopy (TEM) images of samples prepared with excess of Mn(II) precursors, forming
layered birnessite (MnO2-x) structures.  All scale bars are 100 nm.
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Figure 6S.4.  TEM images of MO-MNPs with thin A), C), E), and G) and thick B), D), F), and H) shells. A) and B) are
SiO2@Au@AgDeNPs; C) and D) are MnO2-x@Au@AgDeNPs; E) and F) are FeOOH@Au@AgDeNPs; and G) and H) are
IrOx@Au@AgDeNPs.  All scale bars are 100 nm.
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Figure 6S.5.  Stability and porosity tests based on SPR response curves upon NaHS exposure for 1) AgDeNPs, 2)
Au@AgDeNPs, 3) FeOOH@Au@AgDeNPs, 4) MnO2-x@Au@AgDeNPs, 5) IrOx@Au@AgDeNPs, and 6) SiO2@Au
@AgDeNPs.  Injection times are indicated by arrows, first injection is 10-3 M NaHS, and second injection (if used) is
10-2 M NaHS.
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Figure 6S.6. N2 adsorption-desorption isotherm for MnOx@Au@AgDeNPs. Red circles are adsorption and blue
squares are desorption.

Table 6S.3. N2 adsorption-desorption results for MnOx@Au@AgDeNPs.

MnOx-2@Au@AgDeNPs
Run 1 (plotted above)

MnOx-2@Au@AgDeNPs
Run 2

Outgassed Mass (mg) 53.5 53.5
Specific Surface Area (m2/g) 27.641 26.457
BET (C) Constant 18.817 23.910
Correlation Coefficient, r 0.9976 0.9998
Adsorptive N2 N2

Adsorptive Temperature (K) 77.350 77.350
SinglePoint BET (m2/g) 24.92 24.10
BJH method cumulative
desorption pore volume (cc/g)

8.94 × 10-2 1.01 × 10-1

DH method cumulative pore
volume

8.69 × 10-2 9.85 × 10-2
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Figure 6S.7.  UV-vis spectra of Figure 6.1 shown without normalization, i) silver decahedral nanoparticles (AgDeNPs),
ii) 10 mol. % Au coated AgDeNPs (Au@AgDeNPs), iii) SiO2@Au@AgDeNPs, iv) FeOOH@Au@AgDeNPs, v)
IrOx@Au@AgDeNPs, vi) MnO2-x@Au@AgDeNPs.  Samples were measured with 0.5-cm path length cuvettes, silver
concentration is 0.13 mM for i), and 0.1 mM for ii)-vi).
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Figure 6S.8. Normalized transmission UV-vis spectra (left) and optical photographs (right) of 1) AgDeNPs, and 2)
IrOx@Au@AgDeNPs in a) as prepared dispersions, b) 20 concentrated dispersions (after centrifugation and
supernatant removal) confined between microscope slides, and c) solid films (shown at 90° and 45° relative to the
glass slide in optical photographs).
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Figure 6S.9. Representative scanning electron microscopy (SEM) images of self-assembled metallodielectric arrays
of IrOx@Au@AgDeNPs.  Samples on the left panels are prepared with 360 mol. % Ir relative to silver, and panels on
the right – with 380 mol. % that correspond to ca. 12 and 13 nm thickness of IrOx shell, respectively.  All scale bars
are 500 nm.
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Figure 6S.10. Atomic force microscopy (AFM) images of self-assembled metallodielectric arrays of
IrOx@Au@AgDeNPs prepared with 360 mol. % Ir relative to silver. Corresponding to ca. 12 nm shell thickness shell,
in a good agreement with the average diameter of the coated particles measured by AFM (76  4 nm).  Scale bars
are 100 nm on the left and 500 nm on the right.

Figure 6S.11.  Surface plasmon resonance (SPR) response curve of the room temperature formation of SiO2 shells at
Au@AgDeNPs through hydrolysis of tetraethyl orthosilicate (TEOS) in basic media (0.75 M ammonia and 13.1 M
water in isopropanol). Monitoring of SPR response started upon addition of TEOS.
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Figure 6S.12.  Universality of oxide encapsulation procedure demonstrated by coating Au platelets (AuNPls) with
IrOx. A) and B) TEM images of IrOx@AuNPls, C) UV-vis spectra of AuNPls prior (0) and after (1) IrOx shell formation.
Scale bars are 50 nm in A) and 100 nm in B).
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Figure 6S.13.  Demonstration of scaling up the procedure with decahedral silver nanoparticles (AgDeNPs). A-C) UV-
vis spectra of A) AgDeNPs synthesis of 18 by 20 ml vials repeated consecutively 8 times, B) 10 mol. % Au coated silver
decahedra (10% Au@AgDeNPs), C) 800 mol. % MnOx deposition of Au@AgDeNPs (MnOx@Au@AgDeNPs) with inset
of optical photographs of dispersions and the final dried powder. D) and E) representative transmission electron
microscopy (TEM) images of MnOx@Au@AgDeNPs for a typical deposition in D) and one of the deposition runs
where some aggregation and/or pitting took place, observable by UV-vis peaks at ca. 800 nm in E).  All scale bars are
100 nm.
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Figure 6S.14.  Raman spectra of substrate-enhanced compared to non-enhanced (reference): A) thiosalicylic acid
and B) rhodamine 6G. 0) reference at higher concentrations, without NP substrate, 1) AgDeNPs, 2) Au@AgDeNPs,
3) MnO2-x@Au@AgDeNPs, 4) FeOOH@Au@AgDeNPs, and 5) IrOx@Au@AgDeNPs as a substrate.

0

1000

2000

3000

4000

5000

6000

350 850 1350 1850

In
te

ns
ity

Wavenumber cm-1

0

1

2

3

0

500

1000

1500

2000

2500

3000

350 850 1350 1850

In
te

ns
ity

Wavenumber (cm-1)

0

2

1

3

4
5

A B



222

Figure 6S.15. SPR response curves of MnO2-x@Au@AgDeNP dispersions to 10-4 M phosphate for different amounts
of manganese in a shell: A) 125 mol. % relative to silver in Au@AgDeNPs, B) 500 %, and C) 1000% and corresponding
oxide thickness of ca. 3-5 nm, 10 nm and 15 nm, respectively.  Arrows indicate the time of phosphate injection.
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effort between myself and N. Murshid. SPR measurements were completed in collaboration with N.

Murshid, SERS measurements were completed by me. The first draft of the manusript was prepared by

me, figures were primarily my responsibility, with assistance by N. Murshid. Images were taken by V.

Kitaev. Iterative refining of the manuscript was a joint effort between N. Murshid, V. Kitaev, and myself.
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Chapter 7: Philosophical Takeaways

7.1. Perspectives in Biological and Chemical Sciences

At the beginning of my PhD program, I took one of the required courses, BH800: Perspectives in

Biological and Chemical Sciences. This course brought together PhD students of Biological and Chemical

Sciences from varying disciplines and research areas to discuss, present, and appreciate the diversity of

research in the program. To be exposed to this diversity at the start of my research was an eye-opening

experience and helped establish an understanding of the connections between various fields of study and

implementing an integrative approach in my own research. Each project in the program falls under three

core framework research strengths: 1. structure and reactivity, 2. environment and health, and 3. biotic

interactions. Through the preparation of our presentations for each research strength and how it related

to our research interests while conversely participating in discussions led by classmates, we each honed

our scientific inquiry skills. To conclude this work, my projects will be discussed introspectively in the

context of the framework of these three research strengths and the established research goals.

7.1.1. Structure and Reactivity of Nanoscale Building Blocks

My research is heavily centered in structure and reactivity, especially the aspects of the

relationship between size, shape, and composition of metal NPs and their properties, e.g. localized surface

plasmon resonance (LSPR) and corresponding applications. Much of my work is focused on designing

nanostructures (size, shape, and composition) to tailor desirable properties for the chosen applications.

For me, the most fascinating aspect in nanoparticle synthesis is the creativity: starting with a morphology

idea and designing nanostructures, using inspiration from art techniques (etching, coating, selective

protection), seeing the dramatic shape and size changes accessible with fine chemical variations and

constructing diverse functional nanoscale entities. Perhaps the most enjoyable part of preparing silver

and gold nanoparticles is the colourful colloids, and the ability to make rainbows everyday. These
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nanoscale building blocks were not just picturesque colloidally or structurally, they can be used as

powerful components in sensing applications, essentially investigating the relationship between structure

and reactivity.

The two main applications explored were surface enhanced Raman spectroscopy (SERS) and

surface plasmon resonance (SPR) that both rely heavily on the LSPR of metal nanoparticles. In Chapter 3,

I demonstrated that silver could be controllably reduced at the vertex of a seed NP by blocking the surface

with a polymer, controlling reactivity and enabling the subsequent bimorphic structure to form.1 This new

structure integrated gaps/grooves which provide localized electromagnetic (EM) hot spots for signal

enhancement in Raman. One of the challenges with SERS is reproducible EM hot spots; in a NP

film/substrate there can be localized enhancement with a lot of hot spots, and areas with none.2 With

specialized SERS microscopy, EM hot spots on substrates can be mapped, however, these will vary with

analyte binding and may not be practical for experimental diagnostics.3 An alternative to engineering

nanostructures with tips/grooves/gaps is magnetic concentration, a project I contributed to with SERS

testing. Combining maghemite (γ-Fe2O3) NPs with silver decahedral NPs, and magnetically concentrating

the particles on the side of a cuvette reproducibly gave hotspots and enhancement factors.4 In Chapter 4,

silver decahedral stars were prepared, demonstrated to be excellent substrates in SERS, and could be

used for SPR sensing. The tips of the stars were created using surface blocking for specific reduction of

silver at the vertices of the decahedral seeds.5 This synthesis was one of the most colourful to observe:

when the tips of the stars were growing, the colour of the colloid changed from yellow to orange to

pink/red and then to purple/blue for the largest stars (Figure 4.2). The stars made excellent substrates for

SERS, owing to the tips,5 giving our highest calculated enhancement factors, rivalling our previous work

with silver flowers (faceted prisms).6

A consistent challenge in SPR testing was the stability of silver when exposed to analytes. Instead

of measuring a LSPR shift due to adsorption of analytes onto NPs, morphological changes of the NP also
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contributed to the observed variation. One could look at this as an issue and move on or could consider

capitalizing upon the great enhancement provided by these analyte-induced morphological changes. In

Chapter 4, stars were used in SPR sensing experiments detecting 10-10 M KBr reproducibly, which is much

lower than the World Health Organization limits of bromide in drinking water (ca. 6 × 10-6 M).7 Since silver

from the tips of the stars was observed to rearrange (reducing the ‘spikiness’ of the points), adequate

aging was required to allow for this process to occur, and was not related to analytes (but could be

enhanced/prevented with additives).5 Capitalizing on the enhancement from morphological changes, I

collaborated on an additional study where analytes induced cavitation or pitting in silver decahedra that

were thinly coated in gold. The creation of pits shifted the LSPR on average 1 nm more within 1-5 minutes,

and even greater with longer exposure/measurement times.8 The key to pit creation was a thin gold

coating of <5 mol. % relative to silver, which did not completely cover the surface of the silver NP. When

using higher mol. % of gold, coating regimes change from plating (5-30 mol. %) to galvanic replacement

of silver and generation of gold shells at 30+ mol. %.9

As discussed previously in Chapter 2, gold has superior chemical nobility when compared to silver.

Coating silver NPs with gold provides a ‘best of both worlds” opportunity to improve stability while

maintaining sharp LSPRs of silver, imparting superior optical properties to AgNPs. This strategy has been

used for many years in our lab,10 however, it wasn’t until a collaborative project with Nicoya Lifesciences,

Inc., where decahedral gold shells were essentially mass-produced, that silver rebuilding was observed.

When silver is galvanically replaced by gold, silver ions remain in solution (unless removed by

centrifugation), and in the presence of citrate can reincorporate into silver-gold alloyed nanostructures.9

This process is accompanied by a drastic colour change from the pale blue of gold shells to bright pink,

purple, or red (Figure  5.3), after about one week. Not only was this discovery significant for nanoparticle

synthesis and the improved stability for applications, it drives home the importance of observation and
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monitoring LSPR/colloidal stability over time. It also makes me wonder how many other things were

missed due to lack of proper observation/time. Hindsight is always 20/20.

In the same respect, looking back and wondering “why didn’t we try this and that sooner” is how

the untold story of Chapter 6 begins. After coating nanoparticles with gold and/or silica for several years,

using different metals had not been successful. That was until iridium (III) chloride was tried in the same

way we had been using tetrachloroauric acid. While it didn’t work as expected, iridium was hydrolyzed

and formed iridium oxide (IrO2-x); that experiment by a Master’s student in our lab, Patrick Campbell,

started an “all hands-on deck” collaborative project with all lab members involved. Testing all of the metal

salts in our chemical inventory, we focused on four metal oxide shells, each co-author with their

‘expertise’, and Chapter 6 was completed. Presenting a straightforward method to coat metal

nanoparticles with metal oxide shells combines properties from both NP types.  As an added bonus, the

metal oxide shells have been found to impart selectivity for plasmonic sensing applications. In the role of

the first author, I was responsible for a major experimental part, tying results together, preparing figures,

and writing a cohesive story, and I learned several important lessons (or re-learned) during this process;

the importance of communication, setting clear expectations, and the absolute necessity for organization

while collaborating.

Reflectively, key takeaways extend further than the scientific discoveries and reports; embracing

serendipity and creativity, while maintaining organization has enabled me to accomplish this research on

structure and reactivity. Knowing the reactivity of nanoscale blocks and their applications provides the

first piece to bridging the gap between potential and reality; understanding safe usage and bioavailability

are also important to establishing their new, yet to be realized, applications.
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7.1.2. Environmental and Health Aspects of Nanoscale Building Blocks

We know that properties of matter on the nanoscale vary from atomic or bulk forms; this very

fact has been used to generate this entire thesis. The risks and the rewards of using nanoparticles should

be carefully weighed prior to implementation in the environment or health. Considerations of safety are

paramount to applied use of nanoparticles; in many cases, the same properties for advantageous

treatment, remediation, or diagnostics can also be disadvantageous for the environment, biota, or human

health.11 Several modeling studies have been completed comparing the predicted environmental

concentrations (PEC) with the predicted no effect concentrations (PNEC) for different NPs. Mueller and

Nowack compared risk quotients (PEC/PNEC) for nano-Ag, nano-TiO2, and carbon nanotubes, and report

the highest value for nano-TiO2.12 Risk quotients for nano- SiO2, -iron oxides, -Al2O3, -CeO2, and quantum

dots were also modeled, and were reported to be 3-7 orders of magnitude below 0 indicating no expected

risk.13 Even with low/limited predicted risk, proper disposal and environmental considerations when using

nanoparticles should be encouraged. In completing this PhD work, ca. 10 000 vials of nanoparticles were

prepared, with NP volumes varying from 2 mL to 18 mL (averaging 7 mL), 99 % of which was water. Instead

of disposing >70 L of aqueous solution as a hazardous waste containing a very low amount of nanoparticles

and/or metal salt, the water was evaporated, and only ca. 20 grams of sludge had to be disposed (Figure

7.1)
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Figure 7.1. Waste disposal procedure from left to right: from vials to beaker for evaporation (or
re-purposed solvent bottles), to NP sludge.

How chemicals are handled and disposed needs to be properly considered when managing

synthesis (and following green chemistry principles). We are proud to have made the conscious decision

to use water as a main solvent, as Roger A. Sheldon wrote, “The best solvent is no solvent” but if a solvent

is needed then water is recommended.14 Additionally, we have avoided the use of

hexadecyltrimethylammonium bromide (CTAB) as a capping agent due to its toxicity and environmental

danger.15 We are quite proud of the knowledge we have been able to gain and contribute while reducing

waste and limiting environmental impact.

7.1.3. Biotic Interactions of Nanoscale Building Blocks

Several years ago, in an interdepartmental collaboration with Dr. Lucy Lee, the cytotoxicity of our

silica and silver decahedral NPs were tested with fish cell lines.16 The unpublished silver decahedra results

actually slightly improved cell survival just above statistically significant, compared to the published low

toxicity (>100 µg/mL required for 24 h EC50) determined for silica. A correlation between size and toxicity

was established, with smaller NPs having greater effects.16 Recently, we have made a serendipitous
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discovery of a mold colony that started to grow in our metal nanoparticle waste. Observing that it was

thriving in mixed media of metal NPs (silver, gold, metal oxides) with citrate, polymers, and a number of

unknown chemicals, we transferred a portion to a vial with citrate solution (which would reduce likelihood

of metal NP instability), shown in Figure 7.2A. Citrate also provides some protection from metal toxicity

through chelation,17 and its inclusion as nutrient allows for growth to occur.18 Noting the stability of the

mold, and the release of nanoparticles into solution, samples were transferred into separate vials

containing increasing concentrations of silver nitrate (Ag+ source). Monitoring mold samples in these

solutions over three months, we observed that silver was reducing on the mold’s surface at higher

exposure concentrations. According to Dr. Robin Slawson (Biology Department), silver can accumulate on

the surface of microorganisms (being reduced), or will be taken up by the cells and inhibit regulatory

functions.19 Silver reduction is the likely detoxification pathway taken by this mold based on observation

of black silver accumulations and growth inhibition. The fact that this microorganism grew in the NP waste

is good evidence of their non-toxic behaviour, and the limited persistence of metal ions in the waste

solution.

Figure 7.2. Optical photographs of mold exposure to Ag+ over time. A) original mold from waste in citrate solution,
mold exposed to varying concentrations of Ag+ (labelled on figure), B) after one month and C) after three months.
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Samples of ca. 2 mm of the original mold were also put into silver decahedral solutions, that have

a silver concentration of 0.13 mM (Figure 7.3). Observing limited depositions and change over 3 months,

we can tentatively confirm the initial assessment about Ag+ being the contributing factor to toxicity. Some

inhibition is observed with respect to growth, however, the visually unchanged sample can suggest that

our NPs are relatively benign and citrate protection is maintaining stability and limiting Ag+ release.

Figure 7.3. Photographs of mold in silver decahedral NP solutions A) original, B) after 3 months.

Optical (Figure 7.4) and electron microscopy (Figure 7.5) images were also prepared comparing

the original specimen to those exposed to Ag+ and decahedra. Dark and light field images were used to

provide an assessment of the amount of silver taken up by the mold. Visually the mold exposed to 0.2

mM Ag+ appears to be completely encased in metallic silver (Figure 7.4B), while the sample exposed to

silver decahedral NP solution (Figure 7.4C) is closer in resemblance to the original mold sample (Figure

7.4A) as can be compared from the brightness of the images.

To determine the structure of the mold and if the uptake of particles had taken place, the sample

exposed to a silver decahedral colloidal solution was imaged using electron microscopy (Figure 7.5).
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Figure 7.4. Optical microscopy images of A&D) original mold from waste beaker (1 mm circle diameter), B&E) mold
exposed to 0.2 mM Ag+ for 3 months (450 µm circle diameter), and C&F) mold exposed to silver decahedra colloidal
dispersions for 3 months (400 µm circle diameter). A-C) are dark field images, and D-F) are bright field images.

Figure 7.5. A) Scanning electron microscope and B) transmission electron microscope image of mold exposed to
silver decahedra colloidal solution for 3 months.
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Notably, the growth of the mold on waste nanoparticle solutions is a testament to the relative

safety of these metal NP colloidal solutions.

7.2. General Conclusion

The work presented in this PhD thesis includes the preparation of nanoscale building blocks (NBBs)

with well-defined and tunable functional properties and their development for specific applications. Three

types of nanoparticles were prepared with a focus on metal nanoparticles for plasmonic sensing.

Metallodielectric nanoparticles were also prepared for sensing applications, and lastly metal oxide

nanoparticles synthesis, preliminary photoelectrochemistry results and potential for environmental

remediation were discussed (Appendix 1). An improved understanding of size and shape control in the

synthesis of these NPs has been attained to contribute to the field; the gap between potential and realized

applications has been minimized.

7.3. Future Perspectives

From my standpoint, for the potential of NP-based sensing to be realized, solid substrates would

be the most reliable and transportable system. We have started work on preparing NP films, learning

many incompatible methods along the way. Most importantly, functionalization will be key for any

practical tests where a simple yes/no confirmation is achieved. Both of these are topics of my proposed

postdoctoral work that will expand upon what has been achieved in this work. With respect to cost and

potential, metal oxides are a great option for many applications, the performance that can be enhanced

with noble metal doping; this route would have been interesting to be able to explore in more depth.
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Appendix 1: Metal oxide nanoparticles as photoelectrochemical anodes and their

potential for environmental remediation

A1.1. General Introduction

Metal oxide nanoparticles (MONPs) are used in sensing,1 catalysis,2 and environmental

remediation3 applications owing to their diverse properties.4 A further discussion on MONP properties

and applications is provided in Chapter 2. There is a current pursuit to use earth-abundant materials as

(photo)electrochemical catalysts to split water into hydrogen (for fuel) and oxygen.5 MONPs have also

been used as catalysts or sorbent materials for environmental remediation of water and soil.6–8 Required

for electrochemical water splitting are an anode where the oxygen evolution reaction (OER) occurs, a

cathode where the hydrogen evolution reaction (HER) takes place and an electrolyte.9 Metal oxide

nanoparticles have shown potential to catalyze the OER as anode materials.10 Iron oxides have an ideal

combination of tailorable electronic and magnetic properties through varied accessible oxidation states

and polymorphs while also being abundant with low biotoxicity.11 Manganese oxides have gained

increasing interest owing to the manganese cluster in photosystem II as a natural water oxidation

catalyst.12

A1.2. Synthesis Methods

The MONPs studied in this PhD work are iron oxides and manganese oxides. Iron oxides are

common in nature and their nanoparticles are straightforward to synthesize in the lab. There are a wide

range of procedures to prepare MnO2-x nanoparticles including spray deposition,13 by reduction of

potassium permanganate (KMnO4) with a polyelectrolyte,14 or through sonication.15 Representative

images of the akageneite, hematite and manganese oxide nanoparticles for this PhD work are shown in

Figure A1.1.
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Figure A1.1. Representative electron microscopy images of a) and b) akageneite, c) and d) hematite and e) and f)
MnO2-x nanoparticles.

A1.3. Experimental Details

A1.3.1. Iron Oxide Nanoparticle Synthesis

Iron oxide nanoparticles/iron oxyhydroxide nanoparticles are prepared by dissolving an iron salt

(typically FeCl3) in water, and then either heated or exposed to light (white LED) for >24 hours to produce

hematite or akageneite respectively. 5 mM solutions were prepared by combining 27 mg of ferric chloride

hexahydrate (FeCl3·6H20) and 20 mL of Millipore treated ultrapure water. Concentration is important to



244

mediate pH and to allow for effective hydrolysis. Concentrations greater than 15 mM limited conversion

to hematite due to higher pH.

A1.3.2. Synthesis of Manganese Oxide NPs

Manganese oxide NPs were prepared by combining 1.8 mL Millipore treated water with 100 µL of

0.01M MnCl2, 50 µL of 0.02 M polyacrylic acid (Mw = 1800), 50 µL of 0.15 M NaOH, and 50 µL of 0.2 M

H2O2. Upon addition of hydrogen peroxide, the solution turns pale yellow, and develops over 5-10 minutes

to orange.

A1.3.3. Photoelectrochemical Set-Up

The photoelectrochemical set up consisted of a platinum cathode, a voltage generator, a

programmable DC load (to confirm voltage), an ammeter (to measure current), glassy carbon or fluorine-

doped tin oxide (FTO)-coated glass slides as substrates for anode deposition, an electrolyte solution

(typically 0.15 M NaOH) and LEDs as light sources. The photoelectrochemical cell setup is shown in Figure

A1.2.

Figure A1.2 A photograph of a photoelectrochemical cell set up used in my PhD work.
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Templating metal oxide nanoparticles as films onto the glassy carbon or FTO (shown above) and

then measuring the changes in the current with exposure to light enables us to determine the

photocurrent density of the films. Water will split electrolytically when the applied voltage is 1.23 V16 as

such, it is important to achieve and reliably measure the reaction at lower voltages. High photocurrent

densities are one of the parameters to optimize, however, the charge transfer efficiency also needs to be

considered, which is the driving force for chemical reactions of the electrolyte.17

As a preliminary step, metal oxide NP dispersions were dried on FTO, inserted into the

photoelectrochemical cell set up, allowed to equilibrate until a constant current was established, and then

illuminated with a white LED (to simulate solar light). The photocurrent densities are calculated by the

average increase in current (µA) over the size of the NP film (cm2). Table 2.1 summarizes the photocurrent

density of a variety of metal oxide photoelectrodes reported in the literature and several examples from

this PhD work.
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Table A1.1. Summary of photocurrent density measured with various metal oxide photoelectrodes

Anode
Composition

Substrate Voltage (V) Reference
Electrode

Photocurrent
density

(µA/cm2)

Electrolyte Light
intensity

(mW/cm2)

Ref.

Hematite FTO 0.7 RHE 0 1 M NaOH 100
18

Hematite FTO 0.7 RHE 0 1 M NaOH

Solar Light
16S - 300

solar
simulator

19

Hematite
(iron oxide) FTO 0.7 (+0.2) SCE 0 NR NR

20

Hematite + Si FTO 0.7 (+0.2) SCE 0 1 M NaOH 100
21

Hematite +
Ge FTO 0.3 (+0.2) SCE 100 1 M NaOH 150

22

Hematite + Ir FTO 0.7 RHE 0 1 M NaOH 100
23

BiVO4 + Co-Pi FTO 0.7 RHE 250
0.5 M
K2SO4 100

24

Hematite +
Co-Pi FTO 0.7 RHE 0 1 M NaOH 100

25

Ta3N5 FTO 0.7 (+0.2) Ag/AgCl 70
0.1 M
Na2SO4 300

26

MnO2

Glassy
Carbon 0.7 102 1 M NaOH 100

VK
lab

RuO2

Glassy
Carbon 0.7 24

0.15 M
NaOH 100

VK
lab

Hematite FTO 0.7 230
0.15 M
NaOH 100

VK
lab

A1.4. Future Work – Photoelectrochemistry

One of the possibilities to improve photocurrent densities are to use mixed metal oxides, or doped

metal oxides. Additionally, determining templating/film stabilities and processing (heat treatment) will be

an important part for implementation. The development of a full cell for both half reactions of water

splitting will be necessary for potential implementation; considerations of electrolyte and cathode will be

required. In addition to water splitting, use of the current generated can also be used to degrade

contaminants, for example, chlorinated organics to chloride and CO2.27
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A1.5. Future Work- Environmental Remediation

Magnetic separation of heavy metals is a promising route to environmental remediation; for

example, maghemite has been demonstrated to adsorb arsenic (V) and then both can be removed

magnetically.28 Maghemite NPs coated with PVP have also been used to adsorb and remove the emerging

contaminants, Tonalide, Bisphenol-A, Triclosan, Metalachlor, Ketoprofen, and Estriol, from aqueous

solutions.29 Optimizing the surface of magnetic NPs by polymers (type, molecular weight, charge, etc.) is

a desirable and potentially fruitful direction for removal of environmental contaminants. A further step

would be to use MONPs as catalysts to degrade contaminants, ideally photochemically (solar), in a

combined adsorption-degradation pathway.

Previously, there has been success in our lab removing phosphorous from wastewater with Iron

Oxide NPs and hydrogen peroxide. Continuing this work and expanding to other contaminants is a viable

research direction.
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Appendix 2: Methods and Glossary

A2.1. Decahedra NP synthesis

Colloidal solutions of decahedra are prepared in a 20 mL borosilicate vial with a stir bar (3 mm by

12.7 mm), on a stir plate set to 350 rpm. 14.0 mL Millipore water, 520 µL of 0.05 M tricitrate, 23 µL of 0.05

M poly styrene sulfonate (or 25 µL of 0.05 M poly(vinyl pyrrolidone)), 25 µL of 0.005 M arginine, 400 µL

of 0.005 M silver nitrate and 200 µL of 0.1 M sodium borohydride are combined in order with constant

stirring. The solution will turn pale yellow with the addition of sodium borohydride. The reduction of silver

by sodium borohydride is described by the following reaction:

NaBH4 (aq) + 8AgNO3 (aq) + 4 H2O (l) 8 Ag (s) + Na[B(OH)4] (aq) + 8 HNO3 (aq)

After 50 minutes to 1 hour the solutions darken in colour to a more vibrant yellow, and 300 µL of

10.4 M hydrogen peroxide is added. The oxidative etching of hydrogen peroxide establishes a redox

equilibrium between the silver’s reduction from sodium borohydride and oxidation from hydrogen

peroxide:

2 Ag(s) + H2O2 (aq) + 2 H+ (aq) 2 Ag+ (aq) + 2 H2O (l)

With the hydrogen peroxide addition, the solution starts to bubble; 10 minutes elapse before removing

the stir bar (magnetically) and putting the cap on the vial. The vial is then put on a 450 nm LED for 14

hours. Photos of the LED set up are presented in Figure 5S.2A.

A2.2. Measuring NP size

From EM images, a ruler is used to determine lateral size according to the schematic below:
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Figure A2.1. Scanning electron microscopy image of faceted silver platelets with drawn lines across lateral
dimensions to measure size.

Inputting the values (in cm) into excel, the average is calculated, and is then converted to nm using the

scale bar of the image (e.g. scale 500 nm = 3.8 cm, particle = 500 nm/3.8 cm × 2.8 cm = 368 nm)

A2.3. Surface plasmon resonance sensing measurements

First, the instrument (OpenSPR) is turned on and the software is initiated, dark and light

references are taken (using software); then 1 mL of NP solution is pipetted into a half cell (PMMA cuvette,

path length 0.5 cm), which is subsequently placed into the OpenSPR instrument fit with a cell holder

(Figure A2.2).
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Figure A2.2. Photograph of OpenSPR instrumental set-up for SPR measurements.

Following the software’s prompts, data fitting starts, selecting the LSPR peak and recording it with

time. After 5-10 minutes, the peak stabilizes, at which point the analyte of interest is added by a pipette

(injected). A cell cap is added to the cuvette containing the NP solution and analyte, it is removed to mix

(by shaking), and replaced in the cell holder to continue measurements. This process takes less than 5

seconds. At the end of the measurement, the data populates an Excel file with two columns, one for the

time in seconds, one for the LSPR peak in nm. This data is then used to make SPR graphs. To determine

LSPR shifts with the analyte, the LSPR peak at the time of injection is subtracted from the LSPR peak at

100 seconds after injection.
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A2.4. Surface enhanced Raman spectroscopy measurements

1 mL of colloidal NP solution was centrifuged at 3000 g for 30 minutes, separating the solution

into a concentrated NP pellet, and supernatent. The supernatent was removed by a pipette, leaving 10 µL

of a concentrated dispersion. The concentrated dispersion was dispensed onto a plasma cleaned quartz

slide, spread to ca. 1 cm2 and then dried in an oven at 60 °C. A spectrum was taken of this film by inserting

the quartz slide into the sample holder and starting the laser with the software.

Figure A2.3. Photograph of laser and sample holder set up for surface enhanced Raman spectroscopy
measurements.

For surface enhancement measurements, a known concentration of target analyte is spread to

the same 1 cm2 area over the film in 10 µL increments, the film was dried, and a spectrum was taken. Once

a spectrum with descernable peaks is obtained, a chosen peak’s intensity can be compared to that of the

non-enhanced analyte. For example, with 5,5‘-dithiobis(2-nitrobenzoic acid), a strong peak at ca. 1330

cm-1 is detected. In the non-enhanced measurement, 9.08 × 10-6 moles/cm2 this peak has an intensity of

698, and for the enhanced measurement (with silver decahedra), 1.25 × 10-11 moles/cm2 this peak is 1031.

Calculating the peak intensity per moles per area (intensity/(moles/cm2)) for each of these
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measuremenets gives 7.6 × 107 and 8.2 × 1013 for the reference and enhanced measurements,

respectively. To calculate the enhancement factor, the enhanced (intensity/(moles/cm2)) is divided by the

reference, giving an enhancement factor of 1.07 × 106 in this example.

Measurements were performed at 290 mW laser power with 30 s integration and frame sizes, set

by tuning laser power on the instrument, and in the software.

A2.5. Glossary

Adatom – an adsorbed atom on a nanoparticle surface.

Analyte – a chemical species of interest to identify.

Decahedron – a polyhedron with 10 faces, in this work referring to a pentagonal bipyramid, Johnson

solid J13). Johnson solids are a set of polyhedra made of regular polygons at each face (not required to be

the same polygon as with Platonic solids).

Doping – the addition of a trace impurity element to change properties. Many gemstone colours are due

to doping; for example, the red colour of ruby is due to chromium ions in aluminum oxide.

Physisorption – a physical adsorption process that minimally disturbs the electronic structure of the

atom or molecule.

Platonic solids – a set of five most symmetric polyhedra constructed by polygonal faces with equal sizes

and angles meeting the same number of vertexes: tetrahedon (4 faces), cube (6 faces), octahedron (8

faces), dodecahedron (12 faces), and icosahedron (20 faces).

Surface enhanced Raman spectroscopy – Raman scattering enhanced by roughened metal films or

nanoparticles. Photons are scattered inelastically (having a different energy after interaction than

before).
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Surface plasmon resonance – oscillation of electrons at the interface of two materials induced by light.

In metal films, this resonance propagates along the surface, in metal nanoparticles the resonance is

localized, and is then called localized surface plasmon resonance.

Surface plasmon resonance spectroscopy- a measure of a change in the interaction of light with either a

metal film or nanoparticles through adsorption onto their surface. The adsorption changes the

resonance at the surface of the metal.

UV-vis spectroscopy - a branch of spectroscopy dealing with the interaction of light (in the ultraviolet to

visible range) with matter. In this work, UV-vis spectroscopy is used to measure the absorbance and

scattering of light from nanoparticle colloidal solutions. The wavelength of light that is absorbed is

complementary to that which is observed.
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