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ABSTRACT
Nanoparticle synthesis is the driving force behind research and development in
nanotechnology. The development of more tailored nanoparticles for different uses
is increasing the need for more efficient and cleaner synthetic methods. The use of
sodium silicate matrix for the synthesis of various nanoparticles is a novel strategy
requiring minimum laboratory set up. Exploratory studies that are presented and
discussed here highlight the robust nature, versatility, and multifaceted role this
matrix plays in the synthesis of nanoparticles. This dissertation focuses on the
synthesis and properties of plasmonic hybrid nanoparticles and metal sulfide
nanoparticles. The introductory chapter highlights the importance of nanoscience
and discusses properties of the silicate matrix in the relevance to the synthesis of
nanoparticles. Chapter II describes the synthesis of novel core-shell silver/silver
sulfide nanoparticles in the silicate matrix. New properties related to the interplay
related to the scattering and absorption were discovered in this system. It is
demonstrated that light absorption can be rationally engineered in these
nanoparticles. Chapter III describes how the versatility of the silicate matrix was
expanded to the synthesis of several other metal chalcogenides nanoparticles.
Chapter IV presents a number of experiments related to the further expansion of the
silicate matrix to the passivation of nanoparticle surfaces. These experiments lay
the foundation for future work aiming for the synthesis of multilayered core-shell
nanoparticles and higher nanoarchitectures.
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CHAPTER I
GENERAL INTRODUCTION

1.1 Importance of nanosized systems
Nanotechnology and the study of nanosized systems is the driving force in
engineering, chemistry, and physics research. In the last decade, there has been a consistent
increase (at least 10 percent each year) of papers published on the subject of nanoscience,
nanomaterials, nanoparticles (NPs), and quantum dots1. Nanosized systems provide
opportunities for discovering new properties as well as physical and chemical
phenomena2,3. Potential applications range from current development of nanorobots
capable of functioning in harsh environments to engineered NPs already implemented for
clinical monitoring and targeted drug delivery4-6. The fundamental understanding of
optical, thermal, electronic, and catalytic properties of nanosized systems is a key to their
applications. Synthesis, characterization of properties, and applications of various NPs are
the focus of nanotechnology-based research and development. Synthesis of nanoscale
systems is accomplished using two general approaches: top-down and bottom-up. Topdown approach is when a bulk material broken down to the nanoscale. Bottom-up approach
is the assembly of individual molecules and atoms in larger NPs structures. A common
example of the latter is the self-assembly of molecules into monomolecular films7. The
bottom-up synthesis using silicate matrix is the focus of this dissertation.
The variety of methods for the synthesis of NPs continues to grow exponentially in
order to tailor their properties for specific applications8-14. The large surface area to volume
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ratio that causes the enhanced reactivity of the NPs as well as the size-dependent quantum
phenomena define fundamental interest in their properties and synthesis 15. Multi-layered
(hybrid) NPs are especially interesting because they combine properties of original
components and properties that emerge from the interaction of those original components.
However, the synthesis of hybrid NPs is often cumbersome and involves multiple steps 16.
These methods require large amounts of solvents, stabilizing agents, and harsh chemical
conditions (e.g., high temperatures in the synthesis of chalcogenide NPs)17-23.
Aqueous benchtop synthesis of silver nanoparticles (AgNPs) in the silicate matrix
via hydrogen reduction, is the approach that our lab has extensive expertise. Silicates, e.g.,
fumed silica or sodium metasilicate, can be used as a matrix in which NPs can be
synthesized and further stabilized. As a result, this matrix provides clean NPs without
organic stabilizing agents often used in more conventional synthesis. This prior expertise
led to the new strategy that the silicate matrix can be used for synthesizing many other NPs.
This synthetic approach makes NPs synthesis accessible to any laboratory setting without
the need for expensive, exotic, and complex reaction setups.
1.2 Relevance of the silicate matrix
Silicates are compounds that contain silicon and oxygen in different ratios. These
compounds are the most abundant minerals available on Earth, making up 97% of its crust,
and mostly exist in their tetrahedral configuration as SiO4

24.

These silicates exist in

different varieties such as nesosilicates, sorosilicates, cyclosilicates, inosilicates,
phyllosilicates, and tectosilicates, and are classified depending on the number and
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orientation of the tetrahedrons. Each group of silicates has different crystal structures and
can often be related to where they can be found in nature and how they are used. For
example, a well-known crystal structure such as tourmaline is in the cyclosilicate group.
This boron-containing silicate is used as a precious gemstone and for piezoelectric
components. On the other hand, mica and mineral clay are part of phyllosilicates and can
be found ubiquitously in rivers and mountains24. Silicon makes a variety of compounds
with other elements similarly to carbon, making it a versatile building block. The most
abundant silicone chemistry bond is -Si-O-Si-O-Si-24,25.
Metasilicate compounds that this dissertation will focus on do not belong to any
groups described above. Metasilicate refers explicitly to compounds with the ion SiO32and are usually formed with alkali metals, such as potassium and sodium26,27. Sodium
metasilicate, known as liquid glass, is highly soluble in water (compared to other silicates),
and it has glass-like transparency in saturated solutions. Sodium metasilicate is a precursor
for the formation of silicate NPs28. It is a preferred silicate source in contrast to with TEOS
(tetraethyl orthosilicate) or fumed silica. The solubility of sodium silicate in water leads
the formation of polymer-like chains of silicate and a highly alkaline environment29.
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Figure 1-1: Sodium metasilicate polymeric chain illustration adapted27.
Silicate NPs can be formed by precipitating a solution of metasilicate by the
addition of solvents in which the silicate has a lower solubility. This precipitation will cause
the many oligomeric/polymeric chains of silicate to collapse into one another, forming NPs
(Fig. 1-1). The silicate NPs reaction can be finetuned by changing the polarity or pH of the
solvents used to achieve a desired NPs size or morphology29,30. Once synthesized, these
particles remain highly hydrated and are permeable to other chemicals, including ion
exchange. These particles become porous after drying. The ability of silicate NPs to support
ion exchange as well as their permeability to other chemicals are the key properties which
are the foundation for these studies. The interactions of silicates with different metal ions,
specifically transition and other metal ions are discussed and described later in this chapter
and chapter III.
Nanoparticles have a long history of optical applications and their synthesis dates
back to Ancient Egypt. Some of the NPs used during that time period included lead sulfide
(PbS) for hair dying and the first synthetic pigment by mixing a calcium copper silicate
mixture (CaCuSi4O10) with silica (SiO2)31,32. Copper, gold, and silver NPs were widely
used to pigment glass and create iconic pieces such as the Lycurgus cup in Greco-Roman
times31,33. Their optical properties led to the in-depth study of their optical applications33.
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Silver nanoparticles, among all other metal NPs, have the highest efficiency when
interacting with light. This efficiency is tied to the plasmon resonance of the particles.
Plasmon resonance is defined as the collective oscillation of the conducting (free) electrons
within the NPs boundary34. The resonance occurs when the light frequency matches that of
the surface electrons and these oscillate against the restoring forces of the positive nuclei
(Fig. 1-2)6,33.

The plasmon resonance can be tuned to exhibit maxima at different

wavelengths in the visible/near-IR spectral range. The tunability of the plasmon resonance
position can be done by changing the refractive index around the NPs, condensing more
layers of different materials, or changing the size. Varying the NPs size and changing the
layers around the NPs allows for complete control of the plasmon resonance position. This
tunability is of great importance for AgNPs applications, such as nanosensors,
photovoltaics, and light-harvesting devices35-38.

Figure 1-2: Illustration of electron plasmon resonance.
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Our previous studies have resulted in a straightforward synthesis of AgNPs using a
silicate matrix that does not appear to interfere with their plasmonic properties. AgNPs
synthesis is carried out via the reduction of silver (I) oxide with hydrogen gas at elevated
temperatures (<60 C). An observation was made that the concentration of AgNPs was
affected by the material of the reaction vessel when the reaction was carried under the same
reaction conditions. Glass vessels resulted in higher concentrations of the AgNPs than
amorphous silica vessels. When the reactions were carried out in PTFE vessels, no AgNPs
were observed. The difference between these reaction systems was the presence or absence
of dissolved silicate. When a small amount of silicate was added (in the form of either
sodium metasilicate or fumed silica) to the PTFE vessel the reduction of silver went
forward readily. Glass vessels provide dissolved silicate to facilitate the reaction rendering
orders of magnitude higher concentrations of AgNPs than those running in amorphous
silica vessels that supply significantly less dissolved silicate39-41. This observation
prompted the broad studies of AgNPs synthesis in the absence and presence of different
concentrations of dissolved silicate.
The studies later performed focused on reactions with different concentrations of
sodium metasilicate in solution to elucidate the role of this matrix. The reactions were
carried out in PTFE reactors in which a controlled amount of silicate was added. Separate
reactions were also carried out in soda-lime, Pyrex™(borosilicate), Vycor®, and
amorphous silica vessels. These glasses exhibit different silica dissolution rates under
various temperatures and pH. It was determined that soda-lime dissolves at a greater rate
than Pyrex™>,Vycor®>, or amorphous silica40-42. The concentration of NPs formed was
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related to the amount of silicate available in the reaction and followed the above trend.
AgNPs were only formed when silicate was present. Small amounts of silicate resulted in
lower concentrations of bigger AgNPs, and higher amounts of silicate resulted in higher
concentrations of smaller AgNPs for the same concentration of silver.
Our current hypothesis for this observation is that silver ions in water, despite
silver's positive redox potential (~0.8 V), cannot be reduced by hydrogen gas in the absence
of silicate due to the primary hydration shell around the silver ion. Hydrogen, being a
nonpolar molecule, does not dissociate in water so that the hydration shell around silver
ions functions as a polar 'wall'. Different metal ions in aqueous solutions have varying sizes
of hydration shells that are closely dependent on the oxidation state of the ion as well as
the atomic radius and electronegativity. There are primary, secondary, and tertiary
hydration layers; the focus in the literature is on the primary hydration layer and it has been
studied to have the most substantial effect on metal ion chemistry in water41. Divalent metal
aqua ions obey an octahedral ligand structure, while some aqua ions that are monovalent
or polyvalent have different coordinations to water that are not octahedral. Silver has a
primary hydration layer of four water molecules, forming a silver aqua ion [Ag(OH2)4]+ of
pyramidal geometry43. The ligands present in the solution, in this case silicate, disrupt the
hydration layer around the metal aqua ion. The presence of only four water molecules in
the silver ion’s (Ag+) primary hydration layer will allow for the facile formation of the
insoluble metal silicate complex, silver silicate (Ag-SiO3). Because of the insoluble nature
of Ag-SiO3, they spontaneously condense into NPs structures at low concentrations of
silicate. The Ag-SiO3 NPs provide conditions for Ag+ to react with hydrogen gas forming
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AgNPs. Therefore, Ag-SiO3 and other metal silicate complex NPs can be considered as
'nanoreactors' in which metal ions are concentrated by being coordinated to the silicate
chains. Once the metal ions are concentrated in the metal silicate NPs they can be further
reacted as well as subjected to other ion-exchange processes. Silicate availability in its
different forms such as sodium metasilicate, fumed silica, or other species such as
orthosilicic acid, that originates from the dissolution of glasses, is crucial for reducing
silver ions with hydrogen gas. As the reduction occurs, silicate forms a shell around NPs
that can be as thin as 1-2 nm. The thickness of the shell can be further increased by
condensing additional silicate around the shell, which is added after completing the
reaction. This shell can act as a scaffold for complexing other metal ions that can be
subjected to more reactions44,45. In this way, multi layered core-shell nanostructures can be
achieved.
The experience gained from synthesis of AgNPs in this silicate matrix allowed the
formulation of the following properties/advantages as well as to extend this general
approach to the synthesis of other NPs. The silicate matrix provides (i) the ion exchange
reaction between sodium in sodium metasilicate and metal ions Na+→M+ leads to the
formation of metal silicate that are largely insoluble in aqueous solutions. The formation
of metal silicate complexes can be conveniently monitored by UV-Vis spectroscopy. (ii)
The further condensation of metal silicates at low concentrations results in the formation
of metal silicate NPs that can function as nanoreactors. (iii) The nanoreactors concentrate
metal ions of interest that can be subjected to further reactions. (iv) The metal ions in the
nanoreactors can undergo reduction or combination reactions resulting in different NPs.
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(v) The remaining silica matrix imparts long term stability to NPs in suspensions. (vi) The
reduction and combination reactions in the nanoreactors are generally kinetically impaired
due to the silicate matrix.
The formation of the metal silicate complexes can be monitored via UV-Vis
spectroscopy. In Figure 1-3, the formation of Ag-SiO3 can be seen. As more silver ions are
introduced to the solution, the intensity of the spectroscopic features increases. The
saturation point is reached when more than equimolar amounts of silicate are present.
2

Absorbance (a.u.)

1.6

1.2

0.8

0.4

0
200

300

400

Wavelength (nm)

500

Figure 1-3: UV-Vis extinction spectra of the formation Ag- SiO3.
Chapter II describes the published work related to the light absorption and
scattering of silver/silver sulfide hybrid NPs in the silicate matrix. This chapter presents
the synthesis of hybrid NPs and their characterization via optical spectroscopy, PXRD,
AFM, TEM. It was demonstrated that light absorption can be ‘designed’ at will by careful
sulfidation, and the absorbed energy can be ‘deposited’ into a thin Ag2S layer making these
hybrid NPs promising for photovoltaic applications.
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Chapter III focuses on the synthesis of other metal sulfide NPs such as copper,
copper tin, tin, bismuth, and zinc in the silicate matrix. Advantages of the silicate matrix
for the synthesis is demonstrated and emphasized throughout this chapter, thus,
highlighting the versatility of the silicate matrix. This work is written up and submitted for
publication.
Chapter IV summarizes the initial studies attempting to extend the silicate matrix
for the synthesis to multilayered core-shell NPs. The focus was on passivating the AgNPs
surface to minimize the reactivity of the Ag-core with other ions. An alternative to the
silicate matrix for the passivation of the Ag-core was studied using a long-chain thiol.
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CHAPTER II
LIGHT ABSORPTION AND SCATTERING BY SILVER/SILVER SULFIDE
HYBRID NANOPARTICLES
Reprinted (adapted) with permission from (Estrada-Mendoza, T. A.; Willett, D.;
Chumanov, G. Light Absorption and Scattering by Silver/Silver Sulfide Hybrid
Nanoparticles. J. Phys. Chem. C 2020, 124 (49), 27024–27031.). Copyright (2020)
American Chemical Society.
2.1 Summary
Plasmonic single crystal silver NPs exhibit high efficiency for the interaction with
light and low intrinsic losses across the visible and near-infrared spectral ranges as
manifested by weak light absorption and strong light scattering. The addition of a thin
surface silver sulfide layer radically increases light absorption at the expense of decreasing
light scattering. The hybrid silver/silver sulfide NPs retain high interaction efficiency
despite partial damping of the plasmon resonance by the silver sulfide layer. It is postulated
that the light energy absorbed by the hybrid NPs is 'deposited' in the thin silver sulfide
layer, thus opening possibilities for its further utilization. The hybrid NPs of different sizes
with varying silver sulfide thickness were characterized by absorption and scattering
spectroscopy and X-ray diffraction and atomic force microscopy. The described hybrid
NPs present a general strategy for the rational design of structures exhibiting strong light
absorption across the visible and near-infrared spectral ranges via the excitation of plasmon
resonances.
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2.2 Introduction
The excitation of plasmon resonances, or the collective oscillations of the free
electron density, in silver nanoparticles (AgNPs), represents an efficient mechanism for the
interaction of light with matter surpassing that of any molecular chromophore. For
example, the optical cross-section of a 60 nm AgNPs exceeds its geometric cross-section
by more than an order of magnitude1. Compared to molecular chromophores, a 60 nm
AgNPs interacts with light about 50 times stronger than a hypothetical ball of the same size
tightly packed chlorophyll a molecules, assuming their 4 x 10-16 cm2 absorption crosssection at 440 nm and 0.5 nm3 packing volume of the single molecule1. The spectral
position of the plasmon resonance can be tuned across the visible and near-IR spectral
ranges by changing the particle's size, shape, dielectric environment, and surface
modifications1-3. The high efficiency and tunability of the plasmon resonance together with
the excellent photochemical stability make AgNPs attractive for various applications
involving interactions with light, including light-harvesting in photochemical and
photovoltaic systems.
AgNPs in the size range from 100 nm to 150 nm exhibit plasmon resonances closely
matching the terrestrial solar spectrum2,4-6. These resonances are largely due to light
scattering so that the energy 'stored' in the resonance is effectively re-radiated back into
space and, therefore, cannot be easily utilized. One way of utilizing this energy is by
placing a light-absorbing material in the region of the enhanced local field near the
plasmonic NPs, thereby enhancing the light absorption rate and is an approach that has
been previously explored7-10. Alternatively, one can design plasmonic hybrid
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nanostructures that intrinsically exhibit strong light absorption, and is the approach
explored in this work. The difference between these two approaches relates to the
requirement of electronic coupling (direct contact) between different materials in the
hybrid case, whereas no direct electronic coupling is necessary in the 'local field' case as
long as the absorbing entity is placed in the region of the enhanced local field9,11. One can
argue that this is a subtle difference that is only related to the distance between the
plasmonic particle and the absorbing material.
The plasmon resonance of an arbitrary size AgNPs consists of scattering and
absorbing components governed by the real and imaginary parts of the complex dielectric
function of the metal, respectively, both of which depend differently upon the wavelength
of light1,2. It is important to emphasize that silver has the smallest imaginary part across
the visible spectral range compared to all other plasmonic materials and, therefore, the
smallest intrinsic losses when plasmon resonances are excited 12. Whereas the small
imaginary part of silver remains largely unchanged through the visible and near-IR spectral
ranges, the real (negative) part quickly increases with wavelength1,13. As the particles' size
increases, the plasmon resonance shifts to longer wavelengths where the real part
dominates, thus leading to strong light scattering. The light scattering can contribute more
than 90% to the total optical extinction of large single-crystal AgNPs1. However,
polycrystalline NPs of the same size exhibit a significantly larger light absorption
component due to the additional inelastic electron scattering at the boundaries between
individual crystallites. This additional absorption leads to more losses, and the absorbed
energy cannot be effectively used except for heating the NPs14.
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Therefore, it is feasible to rationally design plasmonic light absorption by
synthesizing hybrid NPs, in which a thin layer of a material with a sufficiently large
imaginary part of the complex dielectric function is deposited onto otherwise scattering
AgNPs. Using single-crystal AgNPs, the additional losses associated with the
polycrystallinity are avoided. The absorbed energy is primarily 'deposited' in this thin layer,
thereby opening a possibility for its further utilization, e.g., via the generation of electronhole pairs in the layer. The absorption cross-section of such hybrid NPs is determined by
the plasmon excitation cross-section in the core and is expected to remain large. The
thickness of the layer and the absorption coefficient of the layer material should be selected
to afford strong light absorption to the hybrid NPs but not to excessively dampen the
plasmon resonance. It is expected that such hybrid NPs offer a general strategy for
capturing light energy via the excitation of highly efficient plasmon resonances in AgNPs
and concentrating this energy in a thin surface layer where it can be utilized.
Here, we report the experimental evidence that supports this concept using a simple
system composed of single crystal AgNPs cores coated with a variable thickness Ag2S
layer. The light absorption in these Ag/Ag2S hybrid NPs can be made anywhere in the
visible and near-IR spectral ranges by varying the size of the AgNPs cores and the layer
thickness. Even though the imaginary part of Ag 2S dielectric function dampens the
plasmon resonance in AgNPs cores, it is demonstrated that the thickness of the layer can
be adjusted to minimize the damping effect and at the same time maximizing the light
absorption without significant reduction of the overall resonance efficiency when
compared to the resonance efficiency of the same AgNPs without the Ag2S layer. The
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AgNPs cores retained their single-crystal nature after synthesizing the Ag2S layer, thereby
minimizing the energy absorption in the metal itself. Thus, it is postulated that the light
energy absorbed by these hybrid NPs is primarily deposited in the thin Ag2S surface layer.
Silver sulfide adopts three crystallographic structures: monoclinic below 450 K,
body-centered cubic between 450 K and ~850 K, and face-centered cubic above ~850 K
15,16.

The monoclinic room temperature structure is a semiconductor with a bandgap around

1 eV, significant electronic mobility around 100 cm2 V-1 s-1 but somewhat low carrier
concentration on the order of 1014 cm-3 15,17,18. A unique property of Ag2S semiconductor
is its high ductility that is comparable to that of metals, specifically silver, and is much
higher than the ductility of typical semiconductor materials that are often quite brittle 19.
Because of the high ductility, Ag2S is expected to provide good adhesion and electronic
contact with silver metal under large temperature variations, a property that is of practical
importance for various applications. The dielectric function of Ag2S depends upon its
forms, such as bulk crystals, thin films, or NPs, and was widely reported in the 5-10 range
for both the real and imaginary parts in the visible spectral range17, 20-24. With a refractive
index of around 3 and a relatively low extinction coefficient of less than one, Ag 2S can be
viewed as a high refractive index moderately lossy material.
Silver sulfide single crystals, thin films, and NPs exhibit several optical properties
important for practical applications. The photoconductivity of cubic and orthorhombic
crystals was reported as early as 1922, and the response in the spectral range from 600 nm
to 1700 nm with the maximum between 1100 nm and 1400 nm depending upon the
temperature was observed25,26. Whereas thin films of Ag2S exhibited photoconductivity in
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the near-IR spectrum with the maximum around 800 nm, the maximum photoconductivity
of 10 nm NPs appeared between 350 nm and 550 nm27. Ag2S NPs can be synthesized to
absorb light in the visible and near IR spectral ranges making them good candidates for
light absorbers in photovoltaic devices28. When Ag2S NPs were doped with lithium, the
light absorption increased, translating into larger photocurrents28. Ag2S NPs represent a
versatile and robust scaffold for doping and designing hybrid nanostructures with enhanced
optical, electrical, and chemical properties29-33. Enhanced photoluminescence in the nearIR was observed from Ag2S quantum dots (2-10 nm), rendering them important for
bioimaging34,35. The low toxicity associated with the largely insoluble nature of Ag 2S and
strong photoluminescence in near-IR was explored for multisystem and organ imaging3638.

It is expected that the combination of plasmonic AgNPs cores with Ag2S surface layers,

as described in this work, will result in hybrid NPs that will enhance optical properties of
silver sulfide as well as lead to the emergence of novel phenomena and applications.
2.3 Methods
Silver NPs were synthesized in a saturated aqueous solution (H2O 18 Mcm) of
silver oxide (Ag2O ≥99%, Aldrich) in the presence of 250 M of sodium metasilicate
(Na2SiO3 45-47%-SiO2, Sigma-Aldrich) by reduction with hydrogen gas (ultra-high purity,
Airgas) at 10 psi and 70 C in a 500 mL quartz reactor2,3. The reaction was allowed to
proceed for several hours until the desired size of the NPs was achieved. The sodium
sulfide concentration (Na2S9H2O 99.999%, Aldrich) was varied between 0.3 mM and 3
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mM. The sulfidation reaction was tested at three different temperatures (10C, 20C, and
60C) that affected the kinetics of the reaction but not the outcomes.
A Shimadzu UV-3600 Plus UV-VIS-NIR spectrometer was used to obtain the
extinction spectra of the NPs in suspensions. The measurements were performed in a quartz
cuvette with water in the reference channel and processed in UV-plus Shimadzu software.
The light absorption and light scattering spectra of the NPs in suspension were
obtained using an in-house built spectrometer equipped with an integrating sphere,
tungsten light source, and photomultiplier1.
The NPs were characterized by PXRD (Ultima IV diffractometer, Rigaku), TEM
(H9500 High-Resolution TEM, Hitachi, equipped with a LaB6 electron source), and AFM
(SPM1000, AIST). All samples were concentrated by centrifugation for PXRD
measurements. TEM imaging was performed under 300 kV accelerating voltage, minimal
electron current, and dwell time to minimize electron-induced transformations, as
described later. Aluminum coated, n-type silicon cantilevers with 160 kHz resonance
frequency and 5 N/m force constant (HQ: NSC14/Al BS, MikroMasch) were used for the
AFM imaging. The AFM images were processed in the AIST-NT 3.129. software, planeleveled, and polynomial background subtracted.
2.4 Results and discussion
2.4.1 Extinction: As synthesized, AgNPs are coated with a 1-3 nm silica (sodium
silicate) shell3. The silica shell facilitates the growth of AgNPs during the synthesis and
assures their long-term stability in the suspension by preventing particles' aggregation. The
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shell thickness can be further increased by the ethanol-induced condensation/precipitation
of additional sodium silicate onto the NPs surface39. The highly hydrated, jelly-like silica
shell is permeable to reactants, specifically to sulfide ions, thereby enabling controlled
synthesis of Ag2S layers on the surface of the AgNPs. The sulfidation reaction takes place
at the interface between the silver and silica. As the Ag2S layer grows, the silica shell is
'squeezed' to the outside so that the newly formed hybrid NPs remain coated with the silica
shell that renders them dispersible and stable in the suspension. The sulfidation of AgNPs
without the silica shell quickly leads to the aggregation and precipitation of the NPs. The
silica shell also affects the sulfidation kinetics: it was previously shown that a 15 nm shell
slowed down the sulfidation of AgNPs to nearly unnoticeable levels3. The thickness of the
Ag2S layer can be controlled by either the concentration of the sulfide ions in the solutions
while allowing the reaction to proceed to the endpoint or stopping the reaction by removing
unreacted sulfide ions, e.g., via centrifugation after the desired thickness is achieved. As
will be discussed later, the Ag2S layer consists of small, clustered individual Ag2S particles.
The plasmon resonance of 97 nm AgNPs (labeled λ497) with a ~3 nm silica shell
suspended in water is represented by a dipole at 497 nm and quadrupole at 421 nm
components (Fig. 2-1, graph a)40. The quadrupole component quickly disappears during
the early stages of sulfidation due to strong damping by the imaginary part of the Ag 2S
complex dielectric function. At the same time, the dipole component experiences only
weak damping, as is indicated by a relatively small decrease in its intensity (Fig. 2-1). The
strong damping of the quadrupole is expected because the local EM field associated with
the quadrupole resonance decays significantly faster with the NPs surface's distance
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compared to the local field from the dipole resonance. Therefore, the local quadrupole field
is primarily concentrated near the NPs surface so that even a thin Ag2S layer is sufficient
to completely encompass the field, thus leading to the resonance damping. As the
sulfidation reaction proceeds, the dipole resonance also redshifts due to increasing the real
part of the local dielectric function near the surface of the hybrid NPs. The real part of the
Ag2S dielectric function is larger than that of the silica shell that initially covers the AgNPs.
It is difficult to estimate the actual refractive index of the silica shell around the NPs due
to its highly hydrated nature. As a note, in the case of the dielectric shell without a
significant imaginary part (non-absorbing material, e.g., silica), the redshift of the plasmon
resonance is often associated with a small increase of the resonance intensity. This behavior
is expected because a larger dielectric function of the surrounding medium increases the
resonance strength by imposing a larger restoring force to the oscillating electrons 41. In
addition, AgNPs with dimensions larger than the mean free path for the conduction
electrons (~50 nm) are in the regime of the 'normal' skin effect so that more conduction
electrons contribute to the plasmon resonance because the penetration depth of the incident
field into the interior of the NPs increases with decreasing the resonance frequency. The
effect of the sulfidation reaction on the extinction spectra of other sizes AgNPs (λ455 and
λ540) can be found in Supplemental Information, Appx. G, and Appx. H.
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Figure 2-1: The extinction spectra of λ497 Ag/Ag2S hybrid NPs formed at different
stages of the sulfidation reaction. Inset: EM images of (a) λ497 AgNPs before sulfidation
and (b) the hybrid λ497 Ag/Ag2S nanostructures at the midpoint of the reaction. The
arrows indicate the direction of the spectra evolution as the sulfidation reaction proceeds
in time.
As the dipole resonance continues to redshift with increasing the thickness of the
Ag2S layer, and a new peak forms between 400 nm and 500 nm and at the midpoint of the
reaction, the extinction spectrum has 'blue' and 'red' peaks of more or less equal intensities
(Fig. 2-1, curve b). The red peak corresponds to the plasmon resonance of the Ag-core
redshifted by the Ag2S layer; it continues shifting to longer wavelengths and decreasing in
intensity as more Ag2S is produced. This peak disappears at the endpoint of the reaction
when the metallic silver is completely consumed by sulfide (Fig 1, curve c). The blue peak
corresponds to the dielectric resonance (a surface mode) of the Ag2S layer (shell) as is
expected in the extinction spectra of core-shell NPs14,42. The degree of sulfidation can be
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monitored by decreasing the characteristic dip at ~320 nm in the extinction spectrum of the
hybrid NPs. The spectral position of this dip matches that of strong interband transitions in
silver metal and the minimum reflectivity of the bulk metal40. The sulfidation reaction can
also be monitored by decreasing the peak at ~220 nm corresponding to free HS - ions in
water43,44.
2.4.2 Scattering and absorption The light extinction of non-sulfidized λ497 AgNPs
is dominated by light scattering with minimal contribution from light absorption.
Specifically, the contribution of the scattering and absorption to the total light extinction at
the dipole resonance maximum (497 nm) is 86% and 14%, respectively (Fig. 2-2, 0 min)1.
The extinction cross-section at 497 nm is ~ 5 x 10-10 cm2, corresponding to the extinction
efficiency of more than 6-fold. The extinction efficiency is defined as the ratio of the
extinction cross-section to the geometric cross-section, 0.74 x 10-10 cm2 for 97 nm Ag
spheres. The absorption and the scattering efficiencies are defined similarly as the ratio of
the corresponding cross-section to the geometric cross-section of a particle. The nature of
the AgNPs renders them polyhedral-shaped, but the geometric cross-section was calculated
for an equivalent sphere.
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Figure 2-2: Extinction, scattering, and absorption spectra of λ497 Ag/Ag2S hybrid NPs
formed at different times of the sulfidation reaction.
As the sulfidation reaction proceeds, the light absorption by the hybrid NPs rapidly
increases at the expense of decreasing light scattering. The light absorption at 620 nm
resonance maximum at the midpoint of the reaction becomes four times stronger than light
scattering (Fig. 2-2, 360 min). The blue peak also gains a light-absorbing component so
that the absorption to scattering ratio is about 70:30. Despite the partial damping of the
plasmon resonance, the Ag/Ag2S hybrid NPs retain their high efficiency for the interaction
with light: the absorption efficiency in the red and blue maxima at the reaction midpoint
remains large: 3.4 and 3.0, respectively. The extinction, absorption, and scattering spectra
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of λ455 and λ540 hybrid NPs can be found in Supplemental Information, Appx. I, and
Appx. J.
The extinction spectra of Ag2S NPs formed at the endpoint of the sulfidation
reaction also exhibit a maximum in the visible spectral range. As in the case of the Ag 2S
layer, these NPs consist of small Ag2S particles clustered together; for this reason, the Ag2S
NPs formed at the end of the reaction are termed Ag2S nanoclusters (Ag2S NCs). The
spectral position of this maximum and the overall shape of the extinction spectrum depend
upon the particle's size, which, in turn, is defined by the size of the initial Ag NPs that were
used to produce the NCs (Fig. 2-3). The spectrum of Ag2S NCs synthesized using silver
sulfate as a metal source also exhibits a broad maximum at ~510 nm (Fig 2-3, curve d).
The spectral differences between Ag2S NCs of the same concentration but synthesized
from different silver sources further emphasize the contribution from dielectric
morphology-dependent resonances most likely associated with the surface mode of
uniform polarization in dielectric spheres42,45. Separate measurements of light scattering
and light absorption reveal a strong absorbing component in these resonances with a light
absorption efficiency of 2.8 (Fig. 2-2, 48 hours). Enhancement of various optical processes,
including light absorption, was previously demonstrated in systems exhibiting dielectric
resonances24,45. The observed maxima in the extinction spectra of Ag2S NCs cannot be
related to a plasmon resonance because the Ag-core has been completely reacted, and the
concentration of intrinsic free carriers in Ag2S semiconductor is too low to exhibit plasmon
resonances in the visible spectral range. It is important to recall that there is no fundamental
difference between plasmonic and dielectric resonances, collectively known as Mie
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resonances: whereas the former occurs in the region of the negative real part of the
dielectric function, e.g., silver (ε` < 1), the latter occurs in the region of ε` > 1, e.g., silver
sulfide42. The observed resonances in Ag2S NCs are also not due to downshifted excitonic
transitions in Ag2S semiconductor (1.8-2.0 eV) because the size of the NCs obtained in this
work was significantly larger for the quantum regime35,46-48.

b
Extinction
(a.u.)
Extinction(a.u.)

a

c

d

300

400

500

600

Wavelength
Wavelength (nm)
(nm)

700

800

Figure 2-3: Extinction spectra of Ag2S NCs formed at the end of the sulfidation reaction
from (a) 75 nm Ag NPs (λ455) (b) 98 nm Ag NPs (λ497), and (c) 140 nm Ag NPs (λ540).
(d) The extinction spectrum of Ag2S NPs synthesized from Ag2SO4 and Na2S in the
presence of sodium silicate. All curves are normalized to the same silver concentration.
2.4.3 Characterization of the Ag/Ag2S Hybrid Nanostructures: The hydrogen
synthesis of AgNPs in the presence of silicates enables good control of the particles' size
and concentration that both depend upon the concentration of added silicate. The addition
of more silicate to the reaction leads to higher concentrations but smaller AgNPs, whereas
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lower concentrations of silicate result in lower concentrations of larger AgNPs for the same
amount of silver2. A relatively narrow size distribution and a high degree of crystallinity is
achieved because the growth of the NPs is a slow process starting from the formation of
small Ag seeds that continue to grow uniformly and simultaneously ripen during the
reaction. The reaction can be conveniently terminated once the desired size is obtained by
releasing the hydrogen gas from the reactor2.
PXRD revealed the crystal nature of the initial AgNPs, Ag cores, and Ag2S layers
in hybrid NPs, and the Ag2S NCs formed at the endpoint of the reaction (Fig. 2-4). The
PXRD peaks corresponding to the silver sulfide layer in the hybrid NPs and to the Ag 2S
NCs indicate the monoclinic, room temperature crystal form of the material. Electron
diffraction patterns using a convergent beam TEM operating in a mode that approximates
a parallel beam unveiled that more than 95% of as synthesized AgNPs are single crystals,
with the rest representing crystal twinning2. Electron diffraction was not used to
characterize the hybrid NPs and Ag2S NCs for the reasons described below.
Electron microscopy images of the hybrid NPs and Ag2S NCs, as well as other
results obtained using electron microscopy-based techniques, should be viewed and
interpreted with caution. An electron beam is a powerful 'reducing agent' causing reactions
that alter the chemical makeup and morphology of the NPs during imaging and, together
with the high volatility of sulfur in vacuum, leads to artifacts and irreproducible results.
Video images of what was expected to be Ag2S NCs as a function of the imaging time
illustrate this problem (Appx. A 14). Even though this behavior was previously
recognized18, many published electron microscopy images of Ag2S display features that
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indicate photochemical transformation caused by the electron beam. The electron beaminduced photochemical transformations also led to inaccurate and inconsistent values for
the silver to sulfur ratios when attempted from EDX measurements in this work
(Appendices K-M). High electron accelerating voltage, low electron current, and dwell
time will reduce electron-induced chemical reactions. The two images in Inset Figure. 2-1

Intensity (a.u.)

were acquired using such imaging parameters.
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Figure 2-4: PXRD of λ497 Ag NPs, λ497 Ag/Ag2S hybrid NPs formed at the
midpoint of the sulfidation reaction, and λ497 Ag2S NPs. Asterisks denote
diffraction peaks from silver.
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For this reason, AFM was used as the main characterization tool to determine the
size distribution and the morphology of the NPs. Because the Ag2S layer around AgNPs
cores is crystalline, as was confirmed by PXRD, an important question relates to the
morphology of this layer, specifically whether or not this is a smooth uniform layer
expected from an epitaxial growth. AFM revealed that this layer and the Ag2S NCs formed
at the end of the reaction, consists of small, clustered together Ag2S particles so that the
entire structure looks like a 'raspberry' (Fig. 2-5), thus excluding the epitaxial growth. A
possible reason for the raspberry structure could relate to insufficient wetting of the AgNPs
surface by silver sulfide.
The size of the small individual Ag2S particles that comprise the raspberry-like
Ag2S NCs formed at the endpoint of the reaction was determined from the AFM
measurements. It was assumed that the small Ag2S particles are tightly packed so that the
distance between apexes of the adjacent particles in the AFM image of the raspberry-like
structure closely approximates the size of these Ag2S particles, Inset, Fig. 2-5c. The size of
the small Ag2S particles determined in this way ranged between 20 nm and 40 nm and
appeared somewhat inconsistent between different preparations (Table 2-1). This
inconsistency is most likely due to small differences in the reaction conditions. The effect
of different reaction conditions on the size distribution of these small Ag 2S particles that
comprise the Ag2S NCs were not studied in detail here.
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Table 2-1: Nanoparticles size distribution.
Particle/Structure

Ag NPs

497
Hybrid
NPs
(Midpoint)

497
Ag2S
NCs
(End
Point)

497
small
Ag2S
particles

455 small 540
Ag2S
small
particles
Ag2S
particles

Avg. Dia. (nm)

97.1

104.0

121.0

24.0

23.1

33.0

Standard dev.

8.3

8.3

8.3

4.0

3.0

4.4

497

Size of particles as measured by AFM. The measured height was deemed as particles'
diameter.

The presence of small individual Ag2S particles can also be inferred on the surface
of Ag/Ag2S hybrid NPs formed at the midpoint of the reaction (Fig. 2-5b). However, it was
not possible to reliably measure their size. The average thickness of the corresponding
Ag2S ‘layer’ was estimated instead. It was postulated that the increased size of the hybrid
NPs (~104 nm) from that of the initial AgNPs (~97 nm) (see Table 2-1) was due to the
addition of sulfur atoms resulting in the change of the crystal lattice from the face-centered
cubic (fcc) of silver metal to monoclinic of silver sulfide. The fcc unit cell contains four
Ag atoms and has a volume of 0.068 nm3, whereas the monoclinic silver sulfide unit cell
has eight Ag atoms and a volume of 0.227 nm3, from which the volume occupied by a
single Ag atom in silver metal and silver sulfide lattices was calculated to be 0.017 nm3
and 0.028 nm3, respectively49,50. The total number of Ag atoms in an Ag/Ag2S hybrid NPs
is the same as that in the initial AgNPs (2.8 x 107), from which the hybrid NPs were formed.
Considering the core-shell structure of the Ag/Ag2S hybrid NPs, with the Ag-core being
smaller than the initial AgNPs due to some Ag atoms reacting to form the silver sulfide
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shell, the number of Ag atoms in the core and the shell was determined. The diameter of
the core and the thickness of the shell were further calculated from their corresponding
volumes. The diameter of the Ag-core and the thickness of the Ag2S shell in Ag/Ag2S
hybrid NPs formed at the midpoint of the sulfidation reaction were estimated to be ~85 nm
and ~19 nm, respectively.
2.5 Conclusions
The modification of single crystal plasmonic AgNPs with a thin silver sulfide layer
results in hybrid NPs that exhibit increased light absorption when compared to that of the
AgNPs alone. The increase of light absorption comes at the expense of decreasing light
scattering, and the absorption efficiency in the 3-6 range can be achieved across the spectral
region matching the terrestrial solar spectrum. It is suggested that the energy absorbed by
the hybrid NPs is concentrated in the thin silver sulfide layer (e.g., 19 nm) and, as such,
could be available for photochemical and photovoltaic applications. Such hybrid NPs can
offer a general strategy for high efficiency capturing and utilizing light energy via the
excitation of plasmon resonances in AgNPs.
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CHAPTER III
SILICATE AS A VERSATILE MATRIX FOR THE AQUEOUS SYNTHESIS OF
METAL SULFIDE NANOPARTICLES

Reprinted (adapted) with permission from (Estrada-Mendoza, T. A.; Burgess, T.F.;
Edirisinghe, D.S.; Gonzalez, A.G.; Khalaf, J.N.; Fravel, J.B.; McMillen, C.D.;
Chumanov, G. Silicate as a Versatile Matrix for the Aqueous Synthesis of Metal Sulfide
Nanoparticles. Chemistry Methods. 2021, 1, 1–8.) Chemistry Europe, European
Chemical Societies Publishing.
3.1 Summary
Silicate is a synthetic matrix that has been used for the formation of AgNPs and can
be used for the synthesis of metal sulfide NPs. Synthesis of metal sulfide NPs is of interest
due to their versatile properties and multipurpose applications. Their synthesis often
requires complex chemical precursors, stabilizing agents, multiple steps, and complex
laboratory setups. This can be a limitation when scaling up the reaction or setting up
exploratory studies of these NPs. Here we present the silicate matrix that can alleviate
these issues. As metal ions are in solution in the presence of silicate, they form insoluble
metal silicate complex NPs that can be seen as ‘nanoreactors’. These nanoreactors provide
a controlled matrix in which further chemistry can take place. The synthesis of copper
sulfide, tin sulfide, bismuth sulfide and zinc sulfide NPs reveal that the silicate matrix is a
versatile method in which a variety of NPs can be formed. The synthesis of a binary metal
sulfide was possible with the formation of kuramite (Cu2SnS4). The reactions were
monitored via UV-Vis-NIR spectroscopy and characterized using AFM, PXRD, and
Raman Spectroscopy.

46

3.2 Introduction
It was previously demonstrated that silica exhibits a catalytic effect when
synthesizing AgNPs with hydrogen gas in water1,2. The role of silica was reasoned to
kinetically stabilize hydrogen molecules in the silver silicate complex; notably, the
reduction did not proceed without silica. Silver silicate formed a shell around the growing
NPs and remained there after the completion of the reaction. The shell, the thickness of
which can be controlled by the initial concentration of sodium silicate, imparted long-term
stability to the NPs suspension and did not interfere with their optical properties

1-4.

Capitalizing on these initial results a new concept is incited, namely silicates can function
as a general matrix for the synthesis of various NPs.
The silicates of alkaline metals are generally soluble in water forming oligomers,
the size and shape of which depend upon the silicate concentration and pH

5–7,

whereas

silicates of transition and other metals are largely insoluble. The addition of transition metal
ions to the solution of sodium metasilicate initiates a Na+→M(n+) ion exchange leading to
the coagulation (precipitation) of the metal silicates. At low concentrations, the coagulation
results in the formation of transition metal silicate NPs that remain suspended in the
solution and can function as 'nanoreactors' for synthesis of more complex nanostructures.
The size of these nanoreactors can be controlled by the silicate concentration providing
that it remains low, in the millimolar (mM) range, to avoid its complete precipitation out
of the solution. Exploiting this general concept, we demonstrate here the synthesis of
several metal sulfide NPs.
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Transition metal sulfide NPs exhibit important size-dependent semiconducting and
optical properties with potential applications in sensors, optoelectronic devices, and solar
cells, etc.8-10. The synthesis of these NPs often involves multiple steps at high temperatures,
complex precursors and reaction setups, and stabilizing agents, all of which add to more
resources required to reach the end-products 10–21. Carrying the reactions in a silicate matrix
has potential to alleviate these complexities.
Copper sulfide (CuS, covellite), tin sulfide (SnS), bismuth sulfide (Bi2S3) copper
tin sulfide (CTS, kuramite), and zinc sulfide (ZnS) NPs were synthesized using sodium
metasilicate. Copper sulfide is a metallic p-type semiconductor with the bandgap of 1.21.9 eV and a high free charge (hole) density close to that of free electron metals. The high
hole density can support the localized plasmon resonances (LPR) in the NIR spectral
region8,22–26 .Tin sulfide, binary CTS, Bi2S3 are semiconductors with narrow bandgaps of
1.3-1.4 eV27 ,1.2-1.6 eV28,29, and 1.3-1.7 eV30,31, respectively. They are promising
candidates for photovoltaic, optoelectronic, and thermoelectric devices and as anodes for
Lithium-ion batteries27,32–38. In addition, Bi2S3 exhibits a higher X-ray absorption
coefficient that is considered as an efficient and safer bioimaging contrast agent alternative
to iodine30. ZnS a wide bandgap semiconductor (3.54-3.91 eV), is used as an optical label
due to its luminescent properties and has other applications such as optical sensors,
phosphor, solid-state solar window layers, and electroluminescent material19–21,39. The
plurality of properties and potential application of these chalcogenides justifies the
development of more efficient synthetic methods specifically based on the aqueous
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synthesis in the silicate matrix. The described method results in the stable chalcogenide
NPs aqueous suspensions.
3.3 Methods
Anhydrous copper sulfate (CuSO4 99.98%, Aldrich), anhydrous tin sulfate (SnSO4
99.999%, Fisher), zinc sulfate heptahydrate (ZnSO47H2O 99.98%, Fisher), and bismuth
nitrate pentahydrate (Bi(NO3)35H2O 99.999%, Aldrich) were used as received. The
solutions were prepared in nitrogen degassed DI water (H2O 18 Mcm). Dissolving
bismuth nitrate required the addition of 10% acetic acid (CHCOOH,>95%, Fischer). A
stock solution of 10mM sodium metasilicate (Na2SiO3 45-47%-SiO2, Sigma-Aldrich) was
prepared in DI water. Sodium sulfide (Na2S9H2O 99.999%, Aldrich) solution in DI water
was used as a source of sulfide (HS-). All reactions were carried out in PTFE vessels, metal
silicates were prepared by drop addition of the metal salts solutions into the silicate
solution. Metal sulfides were prepared by the drop addition of sulfide solution into metal
silicate solution. The drop addition was performed using a Chemyx Fusion 100 syringe
pump equipped with a 10 mL BD syringe at a rate of 0.2 mL per minute.
UV-Vis measurements were performed in a quartz cuvette with water as a solvent
using UV-3600 Plus UV-VIS-NIR spectrometer (Shimadzu) and the data were processed
in UVProbe (Shimadzu) software. Phase analysis of the NPs was performed by X-ray
diffraction. To maximize the diffraction signal, a concentrated suspension was first
prepared, and the resulting sample was mounted on a low background polymer micromesh.
The sample was then irradiated using Cu Kα radiation (λ = 1.5406 Å) from a microfocus
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source on a Bruker D8 Venture Diffractometer. The sample was rotated in phi to generate
Debye rings that were measured using a Photon II CMOS detector. The intensities of the
Debye rings were then integrated using the Apex 3 software suite, and the crystalline
phases present in the resulting diffraction patterns were identified based on standards
indexed in the International Centre For Diffraction Data. AFM imaging was performed
with aluminum coated, n-type silicon cantilevers with 160 kHz resonance frequency and 5
N/m force constant (HQ: NSC14/Al BS, MikroMasch) in an SPM100 (AIST). The AFM
images were processed in the AIST-NT 3.3.129. software, plane-level, and polynomial
background subtracted. Raman spectra were excited by a Kr+ laser (Innova 100, Coherent)
line at 530.9 nm, collected in a backscattering geometry, and analyzed by spectrograph
(Triplemate 1377, Spex) equipped with a CCD camera (Andor, IDus). The power at the
sample was maintained at 30 mW and the total spectra collection time was 500s. The
spectra were collected from dried NPs samples.
3.4 Results and discussion
Sodium metasilicate exists in the form of oligomeric and polymeric metasilicate
ions in aqueous solutions5. When transition and other metal ions are added to the silicate
solution, the corresponding polymeric metal silicate complexes became insoluble and, at
low silicate concentrations, will further coagulate into suspended NPs. The formation of
copper silicate complex (Cu-SiO3) NPs was monitored by the appearance of a broad
spectral feature in 230 nm – 250 nm region in the UV-Vis extinction spectra (Fig. 3-1a).
The feature becomes more prominent with increasing concentration of Cu 2+ reaching
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saturation at equimolar copper to silicate ratio. This broad spectral feature can be assigned
to either light absorption by Cu-SiO3 complex or to the resonant light scattering from the
Cu-SiO3 NPs or to the contribution from both processes. The addition of Cu2+ is expected
to increase the refractive index of Cu-SiO3 NPs relative to that of the polymeric sodium
metasilicate resulting in the resonant, size dependent light scattering by the NPs. The
continuously increasing tailing into longer wavelength region upon the addition of the
silicate supports the scattering account (Fig. 3-1a). In fact, AFM images indicate that the
Cu-SiO3 complex exists in the NPs form with an average height of 5 ±1.9 nm (Fig. 3-1b).
It is important to recognize that this size corresponds to the dried sample; in aqueous
solutions however, the NPs are expected to be highly hydrated and be of larger size.
Dynamic light scattering measurements of the solutions yielded inconsistent results
possibly due the low refractive index contrast between the NPs and the surrounding
medium at an excitation wavelength of 632.8 nm. Similar difficulties were encountered
when low refractive index micelle suspensions were interrogated with DLS 40.
In previous studies related to the synthesis of Ag NPs in silicate matrices, it was
observed that the concentration of silicate relative to that of Ag had a strong effect on size
and distribution of the NPs. Specifically, larger concentrations of silicate produced smaller
particles, and vice versa for the same amount of Ag 2. Similar behavior was expected when
copper sulfide NPs were synthesized in the silicate matrix, as described here.
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Figure 3-1: UV-Vis extinction spectra of 1 mM Cu2+ and the [Cu-SiO3] with various
concentration of SiO32-. Arrow indicates evolution of the spectra with increasing
concentrations of silicate. The silicate concentration was changed from 0 to 1.1 in 0.1
molar increments. b) AFM image.

3.3.1 Copper Nanoparticles: Prior to the sulfidation of Cu-SiO3 complex, experiments
were carried out to produce copper nanoparticles (CuNPs) in the silicate matrix similarly
to that for AgNPs. Whereas AgNPs in silicate matrix were successfully synthesized using
hydrogen gas, this reducing agent did not work with copper. Both silver and copper form
aqua ions in aqueous solutions; silver aqua ion [Ag(OH2)4]+ has a pyramidal geometry with
four water molecules and the copper aqua ion [Cu(OH2)6]2+ octahedral geometry contains
six water molecules in the primary hydration shell41. The inability to reduce copper by
hydrogen gas despite its 0.31 V positive redox potential vs. SHE can be speculated to be
due to the presence of the six water molecules that hinder accessibility of H 2 to the copper
in this Cu-SiO3 complex as compared to the only four water molecules for silver. The six
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water molecules in the hydration shell around [Cu(OH2)6]2+ also comprise more polar
‘wall’ compared to that around [Ag(OH2)4]+.
Copper NPs were successfully synthesized in the silicate matrix using sodium
borohydride as a reducing agent. However, it was noted the strong propensity of CuNPs to
be oxidized by dissolved oxygen into CuO. At room temperature the concentration of
dissolved oxygen in water is estimated to be between 0.2-0.5 mM and is temperature
dependent 42. The degassing of the Cu-SiO3 suspension prior to the borohydride reduction
proved to be advantageous in that it not only reduced the oxidation of CuNPs but also
imparted long term stability to them. (Fig. 3-2 degassed not degassed). The effect of the
silicate matrix for the synthesis of CuNPs can be clearly seen in Figure 3-3 in which the
absence and low concentration of silicate did not produce NPs. Conversely, 0.5 and 1 mM
of silicate resulted in the formation of the peak in 590-600 nm region corresponding to the
plasmon resonance of the CuNPs43-45. These experiments again demonstrate the versatility
of the silicate matrix for the synthesis of different metal NPs.
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Figure 3-2: UV-Vis extinction spectra of CuNPs. 1 mM Cu2+, 1 mM SiO32-, 2 mM NaBH4
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Figure 3-3: UV-Vis extinction spectra of CuNPs synthesized with 1mM Cu2+, 2 mM NaBH4 and
different SiO32- concentrations.
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3.3.2 Copper sulfide: The sulfidation of Cu-SiO3 complexes with Na2S·9H2O resulted
in the formation of CuS NPs, as is evident from the UV-Vis-NIR spectra (Fig. 3-4a). The
sodium sulfide exists in an aqueous solution in the form of HS- and S2- with the equilibrium
shifted towards the former at pH range below the 12.5 (pKa) and to the latter above this
pH46. Both species are expected to react with Cu-SiO3 to produce CuS.
The formation of the absorption band in the 1155-1200 nm that is characteristic of
the plasmon resonance is observed in the course of 48 hours, after which its intensity
stabilized and did not change significantly with time. The slow decrease of the plasmon
resonance intensity that was observed during the following three months was attributed to
oxidation of CuS NPs. The plasmon resonance is due to the excess holes in the valence
band of CuS supplied by excess sulfur forming S-S bonds in the covellite crystal
structure28,47. These bonds produce high density (1021 cm-3) of the free holes (2 holes per
each bond) imparting the metallic character to the covellite23. In addition to the plasmon
resonance, the absorption from the direct band gap transitions can also be observed below
700 nm CuS NPs 23 AFM revealed the average height of CuS NPs to be 16.0 ± 2.2 nm (Fig.
3-4b). The AFM size was somewhat larger than that determined from PXRD data, as is
discussed below.
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Figure 3-4: a) UV-Vis-NIR extinction spectra of CuS NPs synthesized with 1 mM Cu2+, 0.1 mM of SiO32-, and
2mM HS- 48 hours time study. b) AFM image taken at 48 hours, particle size 16.0 ± 2.2 nm.
As was expected, the silicate had noticeable effect on the synthesis and properties
of CuS NPs: generally, higher concentrations lead to higher intensity of the plasmon
resonance, better reproducibility of the reaction, and imparted long-term stability to the
NPs suspensions. In addition, the silicate matrix resulted in smaller NPs with a narrower
size distribution when compared to those obtained from the reactions without the silicate
(Appx. B1). It appeared also that there is an optimal silicate concentration to produce the
strongest plasmon resonance, and this optimum is dependent on the Cu2+ concentration
(Appx. B2). However, it was also noted that the plasmon resonance and the bandgap
absorption was significantly lower when equimolar and larger silicate to copper
concentration ratios were used as compared to the optimal ratio. The exact reason for this
behavior is currently not clear. Conceivably, high silicate concentrations produce large
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silicate polymers that hinder the sulfidation reaction. The kinetics of the sulfidation
reaction is substantially slowed down so that the reaction begins to compete with the sulfide
oxidation, and the net result of which is less CuS produced2. The slow sulfidation kinetics
and the sulfide oxidation can also be inferred from the time dependence of the plasmon
resonance intensity for different sulfide concentrations: an excess of sulfide is required to
achieve the maximal intensities (Appx. B3 and B4).
The long-term aqueous stability of CuS NPs imparted by the silicate matrix
permitted PXRD characterization of their crystalline structure during the suspension aging
and at different silicate concentrations. Shortly after the synthesis, the size of the crystalline
NPs, as determined by Scherrer equation, was 11.3 nm, and appeared smaller than that
measured by AFM, 16.0 ± 2.2 (Fig. 3-5 red curve). The discrepancy is due to the fact that
the AFM measured size also included the silica shell around the NPs whereas PXRD
reflected only the crystalline core. PXRD peaks became narrower as the NPs synthesized
with the optimal silicate concentration (0.1mM) aged for 8 weeks indicating a slight
increase of the NPs size to 10.0 nm due to Ostwald ripening (Fig. 3-5, blue curve)25,48.
Simultaneously, signatures of the NPs oxidation to crystalline monoclinic Cu4(SO4)(OH)6
(brochantite) can be seen. The oxidation was significantly accelerated when the silicate
concentration was further increased to 0.5 mM so that, after 8 weeks of aging, no peaks of
CuS could be recognized (Fig. 3-5 black curve) and no plasmon resonance was observed
in UV-Vis-NIR spectra. The exact reason for this trend is currently unknown but it hints
towards catalytic properties of the silica matrix2.
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Figure 3-5: Powder X-ray diffraction of CuS NPs: red curve-1mM Cu2+, 0.1 mM SiO32-, 2 mM HS- aged
for 1-week; blue curve-1mM Cu2+, 0.1 mM SiO32-, 2 mM HS- aged for 8 weeks; black curve-1mM Cu2+,
0.5 mM SiO32-, 2 mM HS- aged for 8 weeks.
The silica stabilized CuS NPs can be subjected to further chemical transformation
specifically to Sn2+. It was previously determined that the reducing Sn2+ can incorporate
into covelline structure by breaking S-S and forming Sn-S bonds28,29. Consequently, the
newly formed Cu3SnS4 (kuramite) does not have free holes and no plasmon resonance can
be observed. The transformation of CuS NPs to Cu3SnS4 NPs can be noticed in Fig. 3-6a
as a decrease of the plasmon resonance intensity with increasing Sn 2+ concentration. The
plasmon resonance also shifts to longer wavelengths as is expected with decreasing the
concentration of free holes28. The observed transformation from covellite to kuramite
crystal structures was further confirmed by PXRD (Appx. B5) and AFM imaging (Appx.
B6). The size of the Cu3SnS4 NPs was increased to 15.1 nm from 11.3 nm of CuS NPs due
to the incorporation of Sn atoms into the crystal structure. The addition of oxidizing Sn4+
to the CuS NPs did not change the crystal structure of the NPs but lead to a blue shift and
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intensity decrease of the plasmon resonance corresponding to a decrease of the NPs size
due to the oxidation (Fig. 3-6b).

Absorbance (a.u.)

Cu (II) : Sn (II)
1 :0
1 : 0.05
1 : 0.1
1 : 0.2
1 : 0.3
1 : 0.8

400

600

800

Cu (II) : Sn (IV)
1 :0
1 : 0.05
1 : 0.1
1 : 0.2
1 : 0.3
1 : 0.8

a

1000

1200

600

Wavelength (nm)

800

b

1000

1200

Figure 3-6: UV-Vis-NIR extinction spectra of CuS NPs reaction with a) Sn2+ at
different molar ratios and b) Sn4+ at different molar ratios.

The direct bandgap absorption also can be seen in the UV-VIS-NIR spectra of CuS
and Cu3SnS4 NPs in the spectral region below 600 nm (Fig. 3-6). Tauc plots were made
for this spectral range revealing the bandgap energies of 1.92 eV, 1.7 eV, and 1.9 eV for
CuS, Cu3SnS4, and CuS (Sn4+) NPs respectively (Appx. B7). In Figure 3-7, Raman
spectrum of CuS exhibits characteristic peaks at 261 cm-1 associated with Cu-S and 472
cm-1 due to S-S stretching vibrations49-53. The addition of Sn2+ caused the appearance of a
new band at 319 cm-1 consistent with the formation of Sn-S bond (black curve). Other
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metal sulfides were synthesized to demonstrate the versatility of the silicate matrix. The
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Figure 3-7: Raman spectra of CuS, SnS and Cu3SnS4 NPs.
3.3.3 Tin sulfide: The formation of tin silicate (Sn-SiO3) complex did not result in distinct
peaks in the UV region of the extinction spectra. However, the background tailing off into
the longer wavelength region, presumably due to light scattering, significantly increased
upon the addition of the silicate to the tin solution, thus implying the formation of the
complex. The suspension acquired a dark brown color upon the addition of the sulfide
pointing out to the formation of small tin sulfide (SnS) seeds. A well pronounced peak at
~230 nm that immediately appears in the extinction spectra corresponds to free HS- in the
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solution (Fig. 3-8b, 0 hours). A new peak at ~270 nm that grew with time with the
simultaneous decrease of the free HS- peak most likely indicated the formation of larger
SnS NPs via Ostwald ripening43. These NPs appeared somewhat unstable as, with time the
270 nm peak decreased and the free HS- peak increased possibly owing to the SnS to SnO2
oxidation (Fig. 3-8b, 24 hours) due to air exposure when taking sample aliquots for
characterization54. The evidence of SnO2 can be seen in Raman spectra as a weak band at
473 cm-1 59. The two peaks at 171 cm-1 and 187 cm-1 are characteristic of cubic SnS51-57.
The peak at 312 cm-1 in the Raman spectrum also reveals the presence of the SnS2 phase54,58
(Fig 3-7, blue curve). However, the existence of this phase was not observed in PXRD;
only cubic SnS was identified, Appx.B560-65. The discrepancy between Raman and PXRD
results can be rationalized by photochemical conversion of SnS to SnS 2 under intense laser
irradiation when the Raman spectrum was measured. Even though tin sulfide NPs could be
synthesized in aqueous medium without silicate, the resulting NPs were unstable as both
the oxidation and aggregation quickly took place.
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Figure 3-8: a) UV-Vis extinction spectra of 5 µM Sn2+ and the [Sn-SiO3] with various concentrations of SiO32-. The
SiO32- concentration was varied from 0-2.56 µM b) UV-Vis extinction spectra of SnS NPs synthesized with 1 mM
Sn2+, 0.1 mM SiO32-, 2 mM HS- 24-hour time study. 24-hour curve 2X concentrated to observe spectral changes. c)
AFM image taken at 24 hours, particle size 8.4 (± 2.6) nm. d) UV-Vis extinction spectra 0.3 mM Bi3+ and the [BiSiO3] with various concentrations of SiO32-. The SiO32- concentration varied from 0-0.3 mM e) UV-Vis extinction
spectra of Bi2S3 NPs synthesized with 2mM Bi3+, 0.1 mM SiO32-, 3 mM HS- 120-hour study. f) AFM image taken at
120 hours, particle size 12.0 (± 2.5) nm.
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Figure 3-9: Raman spectra of Bi2S3 NPs synthesized with 2 mM Bi3+, 0.1 mM SiO32-, 3 mM HS- and
SnS NPs synthesized 1 mM Sn2+, 0.1 mM SiO32-.

3.3.4 Bismuth sulfide: The synthesis of these particles was monitored via UV-Visible
spectroscopy. The Bi-SiO3 complex NPs is formed (Fig. 3-8d). As HS- is added to the
reaction, a peak at 520 nm appears after 48 hours (Fig. 3-8e). This peak remains in the
same spectral position while its intensity decreases over time. The main benefit of the
silicate matrix in the formation of Bi2S3 NPs was the narrow size distribution of the reaction
with 0.1 mM of SiO32- that render particles of size 12.0 ± 2.5 (Fig. 3-8f) while NPs without
silicate had a size distribution of 16.3  7.3 nm. PXRD data confirmed the crystallinity of
the synthesized Bi2S3 NPs matching its peaks to the literature values (Appx. B8: blue
curve). The Raman spectroscopy reveals peaks at 183 and 237 cm-1 that are associated with
Bi-S transverse optical mode and the 260 cm-1 is associated with longitudinal optical mode
(Fig. 3-9, blue curve) 31,66,67.
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3.3.5 Zinc sulfide: The formation of the Zn-SiO3 complex NPs can be monitored via
UV-Visible spectroscopy (Fig. 3-10a). The reaction proceeds upon the introduction of HSand a peak at 294 nm emerges at 0 hours of the reaction. This peak redshifts to 300 nm and
reaches its maximum intensity at 120 hours. The evolution of the ZnS peak increased
within 120 hours, and no other change was further observed over time (Fig. 3-10b). The
characterization of these NPs started with AFM, the height of the NPs was determined to
be 12.4  2.55 nm (Fig. 3-10c). The photoluminescence studies revealed that varying the
concentration of HS- showed a difference in the intensity of the excitation and emission
scans, rendering the reaction that had 1mM Zn2+: 0.1 mM SiO32-, 1mM HS- as the one with
the highest intensity (Fig. 3-10d). To increase the photoluminescence of the ZnS particles,
the introduction of manganese (Mn2+) was done68. The effects of the introduction of Mn2+
to ZnS particles redshifted the emission from 485 nm to 580 nm, while no change was
evident in the absorption spectra (Fig. 3-10e). The possibility of the introduction of other
ions into the reaction solution for the formation of chalcogenide NPs also showcases the
multifaceted nature of the silicate matrix by stabilizing multiple metals in solution. When
different concentrations of Mn2+ were introduced, the photoluminescence increases when
there is an equimolar or excess amount of Mn2+ to Zn2+ in solution. The increased intensity
in luminescence is a factor that can play a role in optimizing the reaction, that in our case
was the reaction with 1mM Zn2+ : 2 mM Mn 2+ : 0.1 mM SiO32- : 1mM HS-. The PXRD for
ZnS was coherent with what is found in literature and the addition of Mn2+ did not change
the crystalline nature of our NPs (Appx. B9).
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Figure 3-10: a) UV-Visible spectra of
1mM Zn2+ and the [Zn-SiO3] complex with
various concentrations of SiO32-.
Concentrations of SiO32- were changed from
0 to 1 in 0.1 mM increments. b) ZnS NPs
120-hours time study with 1mM Zn2+, 0.1
mM SiO32-, and 1 mM HS-. c) AFM images
of ZnS NPs synthesized with 1mM Zn2+, 0.1
mM SiO32-, and 1 mM HS- particle height
size 4.07 (± 0.63) nm. d) Photoluminescence
excitation and emission spectra of ZnS NPs
with different HS- concentrations 0.5 mM
HS- and 1 mM HS-. e) Photoluminescence
excitation and emission spectra of ZnS-Mn
synthesized with 1 mM Zn2+: 0.1 mM SiO32: 1mM HS- and different concentrations of
Mn2+ 0.5 mM, 1 mM, and 2 mM Mn2+.

3.4 Conclusions
The silicate matrix proves to be a versatile synthetic method for the formation of metal
sulfide NPs. As it forms the insoluble metal silicate complex NPs are used as nanoreactors
for further chemistry such as the sulfidation reaction. The reactions can be monitored via
UV-Vis-NIR. The characterization using Raman, PXRD, and AFM confirmed the
synthesis of CuS, Cu3SnS4, SnS, Bi2S3, and ZnS NPs. Using this matrix for the synthesis
of other metal sulfides NPs and the in-depth characterization of these nanoreactors are part
of the current research of the silicate matrix as a synthetic approach.
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CHAPTER IV
ON THE WAY TO THE SYNTHESIS OF MULTI-LAYERED CORE-SHELL
NANOPARTICLES
4.1 Summary
Hybrid and multilayered core-shell NPs have emerging properties that are of
interest due to their potential applications in various areas of nanotechnology. Synthetic
methods that are faster, cleaner, and have less steps are indispensable to accommodate
these specifically tailored NPs. The silicate matrix was used as a straightforward synthetic
approach for the formation of multi-layered core-shell NPs. The condensation of an outer
silicate layer was the first step on the way to the synthesis of hybrid multi-layered NPs.
The limitations of this layer catapulted other studies in which a protective layer was
condensed around the silver (Ag)-core. It was this layer that was used to synthesize Agcore/Al-SiO3/SiO32-/ZnS hybrid NPs. A long-chained thiol was also used as an alternative
to the silicate matrix for the passivation of the Ag-core surface. The protected Ag-core was
then subjected to sulfidation to determine if the passivation was effective. These results are
the first steps on the way to the synthesis of hybrid multi-layer NPs.
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4.2 Introduction
The scientific interest in hybrid and multi-layered NPs continues to increase due to
potential emerging properties of these nanomaterials e.g., gold core NPs coated with CuS
shell that enhance the plasmon resonance of the chalcogenide1-4. Many synthetic methods
have been developed to make these NPs stable. These methods generally need complex
precursors, several solvent systems, high temperatures, multiple steps of purification, and
stabilization2,5-7. The strong interest in hybrid NPs warrants the development of new,
simpler, and straightforward synthetic methods8-11. In this chapter, I intend to demonstrate
the application of our synthetic method, namely the use of the silicate matrix for the
formation of multi-layered NPs. Even though the final goal of synthesis of multi-layered
NPs was not fully achieved, the described results provide the foundation for further work
in this direction. AgNPs were selected as cores for exploring the synthesis of multi-shell
NPs. As demonstrated in chapter II, the silicate matrix enabled the successful synthesis of
core-shell NPs (Ag/Ag2S) with a single shell12.
The plasmonic nature of the silver (Ag)-core is expected to enhance optical
properties of the shells and emerging properties from the interaction between the Ag-core
and the shells and between the shells can also be expected. For example, it was
demonstrated a 50% enhancement of light absorption in the IR region by plasmonic core
with chalcogenide shell system1,4. These results and expectations comprise a framework
for the development of Ag-core based multi-shell NPs. Another motivation for using Agcores is that work published by other researchers used primarily on gold-cores13,14.
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The silicate matrix enables the synthesis of complex NPs in aqueous solution as
was demonstrated in the previous chapters. The matrix also acts as a stabilizing agent
contrary to the commonly used surfactants and polymers15-18. At the time of writing this
dissertation, there are few reported methods in which an aqueous medium is used with less
than three synthetic steps to achieve the formation of multi-layered NPs4,6,7. The focus of
this chapter is on the development of a simpler, aqueous, synthetic approach based on the
silicate matrix for multi-shell NPs. In order to grow multiple shells of various thicknesses,
the silicate was condensed around NPs using solvents in which the silicate has a low
solubility19. Ethanol and propanol were explored as solvents of choice to condense the
silicate around the NPs due to the low solubility that sodium metasilicate has in alcohols20.
The idea was to impregnate this silicate shell with metal ions other than Na+ to carryout
combination reactions e.g., sulfidation to produce shells of different materials. In doing so,
the solubility of metal salts in ethanol and propanol must be considered thus comprising
the first step in this work. Another complexity that was quickly discovered related to the
reactivity of the Ag-core. Specifically, when carrying the sulfidation reaction in the metal
impregnated silicate shell, sulfide reacted not only with the metal silicate but also with the
Ag-core. This complexity necessitated the development of an efficient protection of the
Ag-core because the thin layer of silicate that is present after the AgNPs synthesis does not
impart the required protection. Previous studies from this group indicated that 20 nm
sodium metasilicate layer around AgNPs was sufficient to slow down the sulfidation
reaction to unnoticeable levels as monitored in the course of 24 hours21. Yet, my studies
demonstrated significant kinetics of the sulfidation reaction during the 72 hours of
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observation for the same layer thickness. This is because the silicate layer is highly
hydrated and, as such, is permeable to reactive ions (sulfide) so that they can attack the Agcore. Conceivably, further increase of the layer thickness could slow down the sulfidation
reaction to the required low levels. However, increasing of the protective silicate shell will
put functional shells further away from the Ag-core so that the plasmon resonance from
the core will not interact with the functional shells and no new (emergent) properties will
be obtained. It was previously demonstrated that the plasmon resonance produces the
locally enhanced EM field that extends to the distance of about 30 nm from the surface of
80 nm AgNPs22. Therefore, the protective shell is desired to be significantly thinner than
this distance necessitating other protection approaches to be developed. Instead of simply
increasing the thickness of the silicate shell, it was decided to chemically modify it with
reactive metal ions such as aluminum and magnesium to create impermeable
aluminum/magnesium silicate shell. It was expected that the chemical nature of aluminum
and magnesium will produce the metal silicates that cannot be ion exchanged with other
metals thus imparting the required protective barrier. In addition to the aluminum and
magnesium silicates protective shell, self-assembled layers of long chained thiols were also
explored as means for the Ag-core protection.
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4.3 Methods

Silver NPs synthesis proceeded in a saturated aqueous solution (H 2O 18 Mcm)
of silver oxide (Ag2O ≥99%, Aldrich) in the presence of 250 M of sodium metasilicate
(Na2SiO3 45-47%-SiO2, Sigma-Aldrich) by reduction with hydrogen gas (ultra-high purity,
Airgas) at 10 psi and 70C in a 500 mL quartz reactor21,22. The reaction proceeded for
several hours until the desired size of the NPs was reached. To condense the protective
silicate layers, the AgNPs were transferred into 80:20 ethanol to water solution. Sodium
silicate was then added to the AgNP suspension. To impregnate the condensed silicate with
other metal ions, sodium alum (NaAl(SO4)212H2O, 90%, ThermoFischer), magnesium
sulfate (MgSO4, 97%, TermoFischer) and zinc sulfate (ZnSO4, 99.999%, Aldrich) were
used as sources of Al3+, Mg2+, and Zn2+ respectively. Sodium sulfide (Na2S9H2O,
99.999%, Aldrich) was the source for the sulfidation reactions.
A solution of 11-mercapto-1-undecanol (MUD) (HSCH2(CH2)9CH2OH, 97%,
Sigma-Aldrich) was prepared in ethanol and propanol. The MUD solution was added
dropwise (100µL/ min) to the AgNPs suspension (O.D.1) After 12 hours the solutions were
washed with the corresponding alcohol to remove any unbound MUD.
A Shimadzu UV-3600 Plus UV-VIS-NIR spectrometer was used to obtain the
extinction spectra of the NPs suspensions. The measurements were performed in a quartz
cuvette with ethanol:water, water or propanol in the reference channel and processed in
UV-plus Shimadzu software. The electron microscope images were taken with H-9500
with a LaB6 electron gun, at 300 kV and the magnification varied from 80 kX to 200 kX.
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4.4 Discussion
4.4.1 Silicate shells
The alcohol induced condensation of the silicate layer around AgNPs was explored
for the protection of Ag-core from the sulfidation reaction19,21. The optimal condensation
conditions were initially selected as 80:20 ethanol to water according to the previously
published literature data19. Other ratios were also tested further confirming that 80:20
ethanol to water is the optimal ratio. This was determined by following the plasmon
resonance spectral shift in UV-Vis extinction spectra of AgNPs upon the condensation
reaction. This is a convenient way to monitor the formation of the silicate shell because the
plasmon resonance is sensitive to the refractive index of the surrounding medium
immediate to the AgNPs. As the refractive index increases, the plasmon resonance shifts
to the red spectral region23,24. It was expected that the thickest silicate shell that forms at
the optimal ethanol to water ratio results in the largest shift of the plasmon resonance
frequency. In order to cleanly extract the plasmon resonance shift due to the silicate, it was
necessary to study the plasmon shift as a function of ethanol to water ratio that also causes
a change of the refractive index. The plasmon resonance shift due to different ethanol to
water ratios can be seen in Figure 4-1. The dipole component of the plasmon resonance at
545 nm (120 nm AgNPs size) shifted to 556 nm. This shift is larger than the corresponding
shift of the quadrupole component of the resonance that shifted from 432 nm to 440 nm.
The larger dipole shift upon refractive index changes is due to the fact that the local EM
field associated with this component extends further into dielectric medium from the NPs
surface as compared to the quadrupole. As such, the dipole component will be affected to
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a larger extent for the same change of the refractive index. Once the effect of the
ethanol:water mixture on the plasmon resonance shift was quantified, the experiments were
carried out to condense silicate around AgNPs.
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Figure 4-1: UV-Vis extinction spectra of AgNPs in water (black curve), 60:40
ethanol:water (blue curve), 80:20 ethanol:water (red curve).

The addition of sodium metasilicate caused further red shifts of the plasmon
resonance. The maximum shift from the silicate addition was determined by subtracting
the effect from the solvent, thus confirming that the 80:20 ratio of ethanol to water was the
optimal solvent mixture resulting in the largest amount of silicate condensed around the
AgNPs (Fig. 4-2). As expected, higher concentrations of silicate that were condensed at
the optimal solvent ratio resulted in further redshift of the plasmon resonance (Fig. 4-3).
The thickness of the silicate layer condensed from 500 µM of sodium metasilicate solution
in 80:20 ethanol to water ratio was estimated from TEM images to be 20 nm (Fig. 4-4).
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However, it is important to recognize that the direct measurement of the thickness is
difficult due to the highly hydrated nature of the silicate layer. The difficulty comes from
the fact that the conventional methods such as electron microscopy and AFM require dried
samples and drying the hydrated layer will collapse it resulting in inaccurate values.
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Figure 4-2: UV-Vis extinction spectra of AgNPs with condensed 500 µM of silicate in 60:40
ethanol:water and 80:20 ethanol:water.
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Figure 4-3: UV-Vis extinction spectra of AgNPs in 80% ethanol with 0 M, 200 M, and
500 M of silicate.

Figure 4-4: TEM image of AgNPs with condensed 500 M silicate 80 kX(left), 200
kX (right).
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The silicate layers obtained by condensing sodium metasilicate at the two different
concentrations (200 and 500 M) by 80:20 ethanol to water ratio were tested for the ability
to protect the Ag-core from the sulfide attack. The sulfidation reaction was monitored by
measuring the UV-Vis extinction spectra of the AgNPs suspension in a quartz cuvette over
the course of 72 hours (Fig. 4-5). As was initially suspected the silicate layer slowed down
the sulfidation kinetics but did not impart complete protection. Whereas the plasmon
resonance of the AgNPs coated with silicate layer condensed from a 200 M solution
almost completely disappear after 72 hours of exposure to 500 M of sulfide (Fig 4-5a),
the resonance of the AgNPs coated with a thicker silicate layer condensed from a 500 M
solution can still be visible, although significantly dampened (Fig.4-5b). These results
further confirm that a thick silicate layer, although slowing the sulfidation kinetics, does
not impart complete protection. Therefore, an alternative way of protection was devised
and explored as discussed below.
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Figure 4-5: UV-Vis extinction spectra of AgNPs after 72-hour sulfidation with 500 M of
HS- a) 200 M condensed silicate layer b) 500 M condensed silicate layer.
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It was hypothesized that exchanging sodium for other metals such as aluminum
(Al3+), magnesium (Mg2+), and zinc (Zn2+) could result in a silicate layer that would be less
permeable to sulfide and thus, impart better protection. These metals strongly bind to the
silicate and form highly insoluble complexes; as such they were expected to be more dense
and less permeable to sulfide25,26. The ion exchange reactions were carried out by exposing
AgNPs coated with the sodium metasilicate layer via condensation via 80:20 ethanol to
water to solutions of the corresponding salts. The effect of the ion exchange on the plasmon
resonance of AgNPs can be observed in Figure 4-6. A control experiment was carried out
in which these metal salts were added to the suspension of AgNPs without a condensed
silicate layer. It should be noted that AgNPs without the condensed silicate layer still have
a thin silicate layer because of the way they were synthesized as discussed in Chapter I.
The addition of the metal ions to the as synthesized AgNPs caused minimum effect on their
plasmon resonance (Fig. 4-6a). Significant spectroscopic changes were observed when the
same concentration of metals were added to the AgNPs with the condensed silicate layer
(Fig. 4-6b). Small red/blue spectral shifts upon the addition of the metal ions, though, have
not been studied in detail and can be attributed to changes of the local refractive index.
Decrease of the plasmon resonance intensity was also observed and was attributed to the
aggregation of the NPs. A vivid illustration of the aggregation in real time can be noted in
Figure 4-6b (red curve) specifically its jagged appearance. The confirmation of the metal
ion induced aggregation of the AgNPs with condensed silicate layer were further obtained
from the sonication experiments where the sonication of aggregated solutions largely
brought back NPs into the suspension as was evident from near complete recovery of the
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plasmon resonance (Fig. 4-7). These experiments led to the conclusion that the ion
exchange between sodium and the corresponding metal ions (Al3+, Mg2+, Zn2+) took place.
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Figure 4-6: UV-Vis extinction spectra of AgNPs a) with no silicate added b) 500 µM
silicate shell. Experiments had the individual addition of 500 M Mg2+, Zn2+, Al3+.
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Figure 4-7: UV-Vis extinction spectra of AgNPs with 500 µM SiO32- condensed and 500 M additions of Mg2+,
Zn2+, and Al3+, not sonicated (blue curves) and sonicated (red curves).
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Next an additional layer of sodium silicate was condensed via 80:20 ethanol to
water mixture. This second silicate layer was further used to synthesize a functional shell.
At this point the hybrid NPs look like Ag-core/Al-SiO3 protective layer/sodium
metasilicate shell. These hybrid NPs were exposed to sulfide to establish the protective
properties of the Al-SiO3 protective layer and the plasmon resonance was monitored
spectroscopically over the course of 72 hours. Two different concentrations of aluminum
were used (Fig. 4-8). Substantial improvement of the Ag-core protection from sulfide
attack was achieved with this strategy (Fig. 4-8b). Even though changes of the plasmon
resonance spectra can be seen after different steps of this procedure the hybrid NPs retained
strong plasmon resonance in the presence of sulfide after 72 hours. Whereas the
magnesium ion imparted similar protection as aluminum, zinc did not and was deemed
ineffective in the protection of the Ag-core.
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Figure 4-8: UV-Vis of extinction spectra of AgNPs with condensed 500 M SiO32- and a) 250
M Al3+ b) 500 M Al3+. Both experiments continue with the addition of 500 µM SiO32- and 500
µM of HS- at 0 minutes, 30 minutes, and 72 hours sulfidation.
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The outer sodium metasilicate layer on these hybrid NPs was used to synthesize a
zinc sulfide functional shell. First, the ion exchange between sodium and zinc in this layer
was carried out followed by exposure to sulfide. Even though the corresponding spectra
shown in Figure 4-9 do not explicitly indicate the formation of zinc sulfide, it was assumed
that the zinc sulfide outer shell was formed on these hybrid NPs. The inability to observe
spectroscopic features associated with the zinc sulfide shell can be rationalized by the fact
that the spectra are dominated by the plasmon resonance of Ag-core. Because the plasmon
resonance is so strong any small spectroscopic changes associated with zinc sulfide will be
undiscernible. However, the formation of the zinc sulfide shell can be inferred from the
increase of the absorbance below 250 nm (Fig. 4-9a, red curve) and from TEM images of
hybrid NPs (Fig. 4-10) which contained a high electron density layer (Fig 10. green
arrows), most likely corresponding to zinc sulfide, and can be clearly seen in the images as
the outer-most layer around the NPs. It was also noted that the plasmon resonance
spectroscopic features were changing with time (Fig. 4-9b) in that the resonance continued
shifting to the blue spectral range. The exact nature of this behavior is currently unknown,
but the observed blue shift is indicative of decreasing size of the plasmonic Ag-core.
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Figure 4-9: a) UV-Vis extinction spectra of AgNPs with condensed 500 µM of SiO32- + 500 M of Al3+ + 500
M SiO32- + 500 µM Zn2+ + 500 M HS- b) UV-Vis spectra taken at 0 minutes, 30 minutes, and 48 hours after
HS- addition.

Figure 4-10: TEM of AgNPs with 500 M of silicate, 500 M Al3+, 500 M Zn2+, 500 M HSat 70 kX, 200 kX, 200 kX.
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It was concluded that a protective layer around AgNPs can be achieved by
condensing a sodium metasilicate layer followed by the ion exchange with aluminum or
magnesium. The condensation of the subsequent sodium metasilicate layer can be used to
synthesize a functional shell as was exemplified by zinc sulfide.

4.4.2 Mercaptoundecanol as Means to Passivate the Silver Nanoparticle Surface
A different method for protecting Ag-cores form subsequent reaction that was
explored related to the self-assembly of long chained thiols directly on the metal surface.
It is well known that thiol groups have a strong affinity to metals, specifically silver, and
when attached to long chain aliphatic hydrocarbons can assemble in tightly packed layers
that provide a hydrophobic barrier for ions27. The addition of mercaptoundecanol (MUD)
to the suspension of AgNPs in ethanol or propanol resulted in the spectroscopic changes
associated with the layered self-assembly. A small redshift of the plasmon resonance
maximum was due to the increase of the local refractive index associated with tightly
packed MUD layer (Fig. 4-11). The resonance was also significantly dampened as it had
decreased in intensity immediately after the addition of MUD (Fig. 4-10, blue curves), and
then partially recovered after 48 hours (Fig. 4-11, red curve). The dampening and partial
recovering of the plasmon resonance is associated with the interaction between the sulfur
atom in MUD with the surface of AgNPs and further ordering of the self-assembled layer,
respectively.
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Figure 4- 11: UV-Vis extinction spectra of AgNPs in ethanol and propanol (black curves) and the
addition of 50 µM of mercaptoundecanol (blue curves) after 48 hours (red curves).
The self-assembled MUD layer was further stabilized by condensing a silicate layer
around the NPs. The rationale behind this step was the expectation that the further addition
of the sulfide can destabilize the MUD layer by initiating the ligand exchange. The
formation of MUD self-assembled monolayers was carried out in alcohols so that the
solvent exchange was performed prior to the testing with sulfide solution. Changes of the
plasmon resonance spectra were observed with the addition of sulfide, namely redshift and
dampening of the resonance possibly indicating the attack of sulfide ions on the Ag-core.
Ethanol-and propanol-processed NPs (Fig.4-12a and Fig 4-12b) exhibited different
spectroscopic changes and both imparted partial protection from sulfide.
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Figure 4-12: UV-Vis extinction spectra of AgNPs with 50 µM of MUD (black), solvent transfer to
80:20 ethanol:water (blue), addition of 50 µM of silicate (red), addition of 100 µM sulfide (green) a)
addition of MUD in ethanol b) addition of MUD in propanol.
It is hypothesized that the method based on the self-assembled long chained thiols
can be further developed to substantially protect Ag-cores from subsequent reactions as an
alternative method to the previously described protection based on Al (Mg)-SiO3 layers.
4.5 Conclusions
The work described in this chapter demonstrates that the synthesis of multi-layered
core-shell nanostructures that incorporate plasmonic Ag-core requires the protection of the
core from subsequent chemical reactions. Coating the Ag-cores with Al(Mg)-SiO3 appears
to be an effective way to achieve the required protection. This method of protection is the
first step on the way to synthesizing multi-layered NPs.
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CHAPTER V
GENERAL CONCLUSIONS
This dissertation focused on the silicate matrix as a general approach for the
synthesis of various NPs. The performed studies reveal that silicate is a robust and
versatile matrix for the efficient synthesis of silver, copper, hybrid silver/silver sulfide,
other metal sulfide, and binary metal sulfide NPs. The hybrid Ag/Ag2S NPs that were
proposed and developed for the first time here exhibited a new emergent property,
specifically the interaction of semiconducting Ag2S and the plasmonic Ag-core resulting
in a new type of light absorber with unprecedented absorption efficiency. The importance
of this development is in the potential application of these hybrid NPs for efficient
photovoltaic devices and other light-harvesting devices. An important aspect of this
development is the ability to tune the light absorption across the visible spectral range at
will. The development of photovoltaic devices based on this structure should be further
investigated.
In general, the silicate matrix not only enabled the aqueous synthesis of various
metal chalcogenide NPs but also imparted long term stability to their suspensions. Metal
silicates can be viewed as nanoreactors as they concentrate metal ions of interest that can
be subjected to further chemical transformations. The silicate layer impregnated with
aluminum or magnesium ions can also function as a barrier for reactive species as was
demonstrated in the case of sulfide ions attacking AgNPs. This fact lays groundwork for
the synthesis of multi-layered core-shell NPs via sequential condensation of the silicate
shells, impregnating them with different metal ions, and further subjecting them to
chemical reactions that result in shells with different properties. The synthesis of multi-
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layered core-shell NPs to acquire different functionalities and emerging properties
comprises a logical continuation of this work.
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Appendix A
Supplemental Information for Chapter II
Zoomed out TEM and AFM raw images for AgNPs, mid point reaction, and end point.

Appendix A 1: TEM Image of λ497 AgNPs 15kx.

Appendix A 2: AFM image of λ497 Ag NPs
5µm scanning area.
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Appendix A 3: TEM image of λ497 Ag/Ag2S
hybrid NPs obtained at the midpoint of the
reaction.

Appendix A 4: AFM λ497 Ag/Ag2S hybrid NPs
obtained at the midpoint of the reaction 3µm
scanning area.
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Appendix A 5: AFM λ497 Ag2S NCs 0.8µm
scanning area.

Appendix A 6:

TEM λ497 Ag2S NCs 15kx.
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Appendix A 7: UV-Visible spectrum sulfidized AgNPs of resonance λ455 nm. Study
performed over a 40-hour period.
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Appendix A 8: UV-Visible spectrum sulfidized AgNPs of resonance λ540 nm.
Study performed over a 50-hour period.
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Appendix A 9: Extinction, absorption, and scattering spectrum of sulfidized AgNPs of resonance λ455 nm.
Study performed over a 40-hour period.
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Appendix A 10: Extinction, absorption, and scattering spectrum of sulfidized AgNPs of resonance λ540
nm. Study performed over a 50-hour period.
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EDS data of λ497, λ455, λ540 NPs at different points of sulfidation reaction

Appendix A 11: EDS images and data of end point of sulfidation reaction of λ497 particles.
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Appendix A 12: EDS images and data of mid-point of sulfidation reaction of λ455 particles.
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Appendix A 13: EDS images and data of mid-point of sulfidation reaction of λ540 particles.

https://drive.google.com/file/d/1NqI0NrklBl4bhV6SuEABAACH6Qe3sA65/view?usp=sharing
Appendix A 14: Video of photoreaction under TEM of sulfidized AgNPs.
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Appendix B
Supplemental Information for Chapter III

Reaction
1mM Cu2+: 2mM HS-

Particle height (nm)

0 mM SiO320.01 mM SiO320.1 mM SiO321 mM SiO32-particle within
particle

23.4(± 7.6)
11.1 (± 2.1)
16.0 (± 2.2)
9.6 (± 1.1)

Appendix B 1: Table CuS NPs particle size distribution.
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Appendix B 2: UV-Vis-NIR extinction spectra of CuS NPs synthesized at
different concentrations of silicate and 1mM Cu2+ : 2 mM HS-, 17-, and 48-hours
spectral comparison.
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Appendix B 3: UV-Vis-NIR extinction spectra of CuS NPs synthesized with 1mM Cu2+, 0.1 mM SiO32-, and 5
mM HS- 72 hours time study. AFM image, particle size 9.4 (± 1.8) nm.
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Appendix B 4: UV-Vis-NIR extinction spectra of CuS NPs synthesized with 1mM Cu2+, 0.1
mM SiO32-, and 1 mM HS- 72 hours time study. AFM image, particle size 5.1 (± 0.9) nm.
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Appendix B 5: Powder X-ray diffraction pattern of CuS,
SnS, and Cu2SnS4 NPs.
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Appendix B 6: AFM images of CuS NPs reacted with Sn2+ with molar
ratio of 1:0.1 particle size 11.6 (± 1.5) nm.
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Appendix B 7: Tauc plots of CuS, Cu3SnS4, CuS +Sn4+.
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Appendix B 8: Powder X-ray diffraction pattern: black curve- SnS NPs synthesized with 1 mM Sn2+, 0.1 mM
SiO32-, 2 mM HS-; blue curve- Bi2S3 NPs synthesized with 2 mM Bi3+, 0.1 mM SiO32-, 3 mM HS-.
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Appendix B 9: Powder X-ray diffraction of ZnS NPs
and ZnS NPs in the presence of Mn2+.
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Appendix C

Appendix C 1: Right links copy for use of manuscript for chapter II as published.
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From:
Subject:
Date:
To:

Rights DE RIGHTS-and-LICENCES@wiley-vch.de
WG: Use of paper contents in dissertation
March 2, 2022 at 11:07 AM
testrad@g.clemson.edu

Dear Tatiana Estrada,
Thank you for your request.

We hereby grant permission for the requested use expected that
due credit is given to the original source.
Any third party material is expressly excluded from this permission. If any of the material you wish to
use appears within our work with credit to another source, authorization from that source must be
obtained.
This permission does not include the right to grant others permission to photocopy or otherwise
reproduce this material except for accessible versions made by non-profit organizations serving the
blind, visually impaired and other persons with print disabilities (VIPs).
Kind regards
Bettina Loycke
Senior Rights Manager
Rights & Licenses
Wiley-VCH GmbH
Boschstraße 12
69469 Weinheim
Germany
www.wiley-vch.de
T
+(49) 6201 606-280
F
+(49) 6201 606-332
rightsDE@wiley.com

100 Years of Growing Knowledge

Von:
Gesendet:
An:
Cc:
Betreff:

Appendix C 2: Permission of use of manuscript for chapter III as published.
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