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SUMMARY 

Silver nanocubes have been extensively studied owing to their remarkable 

plasmonic and catalytic properties. Despite the success in synthesis, a detailed 

understanding of the surface chemistry during and after the synthesis remains elusive. This 

dissertation leverages the high sensitivity of surface-enhanced Raman scattering (SERS) 

to probe the native surface of Ag nanocubes. In the first part of my thesis, I investigated 

Ag nanocubes synthesized using an HCl-mediated polyol method. I provided direct 

evidence to support the presence of Cl- on the surface of Ag nanocubes while they were 

suspended in the original reaction solution by resolving the Ag–Cl vibrational peak. I also 

investigated the synthesis in the absence of Cl-, proving the crucial role of Cl- in directing 

shape evolution. Moreover, I demonstrated that solvents used during sample preparation 

critically influenced surface chemistry and morphology retention. Acetone facilitated 

reversible aggregation and co-adsorption of carbonyl groups and Cl-, which suppressed 

oxidative etching and improved recovery during collection. Subsequent washing with 

water or ethanol enables effective redispersion while facilitating the desorption of Cl- ions 

and the adsorption of poly(vinyl pyrrolidone) (PVP). The second part of my thesis 

investigated surface changes during seed-mediated growth of Ag nanocubes in an aqueous 

system. SERS revealed ligand exchange between PVP and the Cl- from CTAC, and the 

deposition of AgCl on Ag seeds. Upon addition of ascorbic acid, electron transfer increased 

surface electron density, enhancing SERS signals and enabling direct reduction of AgCl 

into Ag. Collectively, my thesis contributes to a deeper understanding of the mechanisms 

governing the synthesis and preservation of Ag nanocubes, offering guidance for the 

rational synthesis of Ag nanocrystals.  
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CHAPTER 1. INTRODUCTION 

1.1 Properties of Silver Nanocrystals 

Silver (Ag) is best known for its use in coins, ornaments, and decorative objects 

owing to its bright appearance and historical value. Beyond its aesthetics, Ag possesses 

exceptional electrical and thermal conductivity, which has made it valuable in electronics, 

energy, and other industrial applications for decades. In the medical field, Ag has broad-

spectrum antimicrobial activity and is extensively utilized in wound dressings, medical 

device coatings, and topical treatments due to its ability to disrupt bacterial membranes and 

inhibit cellular replication processes.1, 2 Silver can also act as effective catalysts. For 

instance, it promotes the selective oxidation of ethylene to ethylene oxide, as well as 

methanol to formaldehyde, reactions that are critical in the chemical industry.3 All these 

properties can be modulated or augmented at the nanoscale, where morphology control 

allows for tuning of reactivity, stability, and surface interactions.4 In addition, Ag 

nanocrystals exhibit strong plasmonic responses, making them powerful optical probes for 

investigating surface chemistry. Furthermore, Ag-based nanomaterials have been widely 

applied in advanced technologies, including flexible electronics, display panels, solar cells, 

wearable biosensors, and energy storage systems.5-10 

1.1.1 Plasmonic Properties of Silver Nanocrystals 

A plasmon refers to the collective oscillation of free electrons, most commonly 

occurring in metals, but also observable in heavily-doped semiconductors.11 Surface 

plasmons and bulk plasmons are two primary types of oscillation modes.12 Compared to 
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bulk plasmons, surface plasmons have been more extensively studied due to their strong 

coupling with nanomaterials. This interaction has been used to enable precise control over 

the propagation of light, establishing plasmonics as a rapidly growing and dynamic field 

of research.13, 14 Surface plasmons can be classified into two categories: propagating 

surface plasmons (PSPs) and localized surface plasmons (LSPs). As shown in Figure 1.1A, 

PSPs can be found in nanostructures that have at least one dimension larger than the 

wavelength of the incident light. Since the time-varying electric field (Eo) associated with 

the light is not uniform across the structures, the electrons in the conduction band are 

excited to oscillate along the surface of the metal nanostructures. In comparison, surface 

plasmons that are confined to nanostructures much smaller than the wavelength of light are 

referred to as LSPs, as shown in Figure 1.1B. The Eo applied a force to the conduction band 

electrons in the metal, causing them to undergo collective oscillation over time. When the 

excitation frequency matches that of the LSP, the incident light will be in resonance with 

it, leading to an enhanced collective oscillation of surface electrons, a phenomenon known 

as localized surface plasmon resonance (LSPR). 
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Figure 1.1. Schematic illustration of two surface plasmonic modes supported by two 

types of nanostructures, which are excited by the electric field (Eo) of incident light 

with wavevector (k): (A) propagating surface plasmon and (B) localized surface 

plasmon. Copyright 2011 American Chemical Society.13 

Mie scattering theory can be used to understand how LSPR arises. In a simple 

model, LSPR can be described by the Gustav Mie’s solution to Maxwell’s equations, which 

models the extinction of light by metallic nanospheres.15 The scattering cross-section is 

shown in Equation 1.1: 

 
𝐶𝑒𝑥𝑡=

24𝜋2𝑅3𝜀𝑚
3/2

𝜆
[

𝜀𝑖

(𝜀𝑟+2𝜀𝑚)2+𝜀𝑖
2] 

(1.1) 



 4 

where Cext is the extinction cross section, R is the radius, λ is the excitation wavelength, 

εm is the relative dielectric constant of the medium surrounding the nanosphere, εr and εi 

are the real and imaginary components of the dielectric function of the metal. As shown in 

Equation 1.1, to achieve the maximum extinction cross section, the denominator should 

approach zero. It means εr should be equal to -2εm, and εi should be close to zero. Since 

both real and imaginary components of the metal’s dielectric function vary with excitation 

wavelength, selecting a metal that can support strong SP under specific values of εm and 

illumination conditions is crucial. It has been reported that most nonmetals have εr values 

between 1 and 50,16 while a negative value is expected to give the maximum extinction 

cross section (for example, relative dielectric constant of water εm ≈ 1.7). Figure 1.2A 

indicates that within the ultraviolet–visible wavelength, εr= -2εm can be established for 

many metals.17 On the other hand, the imaginary part of the dielectric function (εi) reflects 

photon absorption by the metal and varies depending on the type of electronic excitation. 

As shown in Figure 1.2B, noble metals like Ag, Au, and Cu exhibit low εi in the visible 

range, making them ideal for supporting LSPR. It is because their d bands lie below the 

Fermi level, limiting interband excitations by visible light. In contrast, metals like Pt and 

Pd have partially filled d bands crossing the Fermi level, resulting in strong interband 

absorption across the visible range.18 Compared to Au and Cu, Ag easily stands out as the 

most effective plasmonic material under visible light excitation owing to its ability to 

support strong surface plasmon resonances across a broad spectral range from 300 to 1200 

nm. In Ag, the d band is far below the Fermi level, effectively suppressing such transitions, 

whereas in Au and Cu, the d bands are higher, allowing limited interband absorption at 

higher photon energies.    
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Figure 1.2. Plot of the (A) real and (B) imaginary parts of the dielectric function of 

plasmonic metals (Ag, Cu, Au) and other transition metals. The black line represents 

the case where Ůi = −2εm,air. Copyright 2018 Nature Catalysis17 

In addition to the dielectric properties of the materials, the geometry of the 

nanocrystals, including size and shape, also plays a crucial role in determining the 

characteristics of LSPR.16, 19 As shown in Figure 1.3, the position of the LSPR peak of 

colloidal Ag nanospheres in deionized water red-shifted from approximately 390 nm to 

460 nm as the particle size was increased from approximately 40 nm to 100 nm.20 As 

another example shown in Figure 1.4, the LSPR peak of Ag nanocubes also shifted with 

size, indicating strong size dependence. However, as shown in Figure 1.3, Ag nanospheres 

exhibited primarily one single dipolar LSPR peak. In contrast, Figure 1.4E shows that Ag 

nanocubes displayed multiple LSPR peaks. This can be attributed to the reduced symmetry 

of a cube relative to a sphere, allowing more distinct directions for electron polarization, 

including multipolar resonance modes. Meanwhile, at comparable sizes, the main LSPR 

peak of Ag nanocubes was significantly red-shifted compared to that of Ag nanospheres. 

This behavior is commonly observed in nanocrystals with sharp corners, as surface charges 
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tend to accumulate at these regions.21 The resulting localized charge separation reduces the 

restoring force for electron oscillation, leading to a red-shift in the LSPR peak. These 

phenomena are well illustrated by discrete dipole approximation (DDA) simulations, 

which reveal that: (i) the number of resonance modes increases as structural symmetry 

decreases; (ii) resonance frequencies redshift with increasing corner sharpness, anisotropy, 

or decreasing wall thickness in hollow structures; and (iii) resonance intensity grows with 

the effective dipole moment, especially when charge separation occurs with mirror 

symmetry.22   

 

Figure 1.3. UV-Vis spectra of Ag nanoparticles with different sizes. The wavelength 

values in the legend correspond to the LSPR positions. Copyright 2020 Plasmonics20 
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Figure 1.4. (A–D) TEM images of Ag nanocubes with edge lengths of 36, 58, 99, and 

172 nm, respectively. (E) Corresponding UV–vis spectra of aqueous suspensions, 

showing a progressive redshift in the primary LSPR peak with increasing cube size, 

and a strong size-dependent plasmonic response. Copyright 2023 Chemistry of 

Materials23 

In 1977, Jeanmaire and Van Duyne first reported a dramatic increase in Raman 

signal intensity when molecules were placed on or near a roughened noble-metal surface.24 

This enhancement relies on the strong local electromagnetic fields generated by the 

excitation of LSPR on metal nanostructures under optical irradiation. When a Raman-

active molecule is located within these intensified fields, the induced dipole moment is 

greatly increased, leading to a substantial increase in the intensity of inelastic scattering. 

This phenomenon is now referred to as surface-enhanced Raman scattering (SERS).25 

SERS offers comprehensive information on the vibrational “fingerprint” of molecules 

located near the surface of plasmonic nanocrystals, enabling highly sensitive and selective 

molecular identification.26-28 

The enhancement factor (EF) can be used to quantitatively measure the increase in 

Raman signal intensity compared to conventional Raman scattering. We can describe the 

EF as shown in Equation 1.2:29, 30 
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𝐸𝐹𝑆𝐸𝑅𝑆(𝜔𝑣)=

|𝐸𝑜𝑢𝑡(ω)2||𝐸𝑜𝑢𝑡(ω−ω𝑣)2|

𝐸0
4 =

[𝐼𝑆𝐸𝑅𝑆(𝜔𝑣)/𝑁𝑠𝑢𝑟𝑓]

[𝐼𝑁𝑅𝑆(𝜔𝑣)/𝑁𝑣𝑜𝑙]
 

(1.2) 

where Eout(ω) and Eout(ω-ωv) are the incident excitation field and the scattered Raman field, 

respectively. Experimentally, the EF can be calculated by comparing the Raman signal 

intensity under SERS conditions, ISERS(ωv), divided by the number of analyte molecules 

adsorbed on the surface (Nsurf), with the normal Raman signal intensity, INRS(ωv), divided 

by the number of molecules in the laser excitation volume (Nvol). This expression is widely 

used to evaluate the enhancement capability of plasmonic substrates with different 

geometries, material compositions, and LSPR characteristics. 

It is widely accepted that the overall EF in SERS arises from the combination of 

two primary mechanisms: electromagnetic enhancement (EM) due to plasmon excitation 

of metal nanoparticles, and chemical enhancement (CHEM) resulting from electron 

transfer between the probe molecule and the metal surface, often associated with the 

formation of metal–molecule bonds.31 The EM mechanism is generally considered to 

account for the majority of the enhancement, typically ranging from 105 to 108, whereas 

the CHEM contribution is comparatively modest, often in the range of 101 to 103.13  The 

enhancement is especially pronounced in the so-called “hot spots”, which are often formed 

between closely spaced metal nanoparticles or at sharp features on structured surfaces. 

Placing analyte molecules within these confined regions leads to extraordinary 

enhancement of SERS signals, by up to 15 orders in magnitude.31-33 These advancements 

highlight the critical role of nanostructure design in achieving high-performance SERS 

substrates. By tuning parameters such as particle geometry, interparticle spacing, and 
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surface chemistry, researchers have been able to better control hot-spot formation and 

signal reproducibility. 34-40 Figure 1.5 shows the simulation results of the local electric field 

distribution of a slightly truncated Ag nanocubes based on the finite element method 

(FEM).33 Based on the result, the edges of the nanocubes serve as the primary regions for 

electromagnetic field enhancement, which can serve as SERS hot spots to enable 

ultrasensitive SERS detection. Another common type of SERS hot spot arises in the gap 

between two closely-spaced nanocrystals. Figure 1.6 shows the distribution of the 

enhancement factor between two Au nanospheres, where the enhancement can vary by 

orders of magnitude over distances approximately from 2 to 4 nm.41 

 

Figure 1.5. Simulated electric field intensity on the surface of a 39 nm truncated Ag 

nanocube under 532 nm illumination. Copyright 2017 ACS Nano33 
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Figure 1.6. Simulated enhancement factor distribution in a 2 nm gap between two 30 

nm gold nanospheres under 559 nm excitation, calculated using the electrostatic 

approximation with FEM. Copyright 2008 Physical Chemistry Chemical Physics41 

 

1.1.2 Catalytic Properties of Silver Nanocrystals 

Silver nanocrystals have demonstrated remarkable catalytic activity across a variety 

of reactions. One of the most well-established examples is the selective oxidation of 

ethylene to ethylene oxide (EO), a key intermediate for producing a broad range of 

industrial materials. 3 Similarly, Ag catalysts are also effective in the oxidation of methanol 

to formaldehyde. In the case of ethylene oxidation, Ag facilitates the formation of an 

oxametallacycle (OMC) intermediate, which then undergoes isomerization to yield EO.42 

Traditional catalytic systems often suffer from selectivity issues, leading to overoxidation 

of ethylene to undesirable byproducts. It has been shown that controlling the size and shape 

of Ag nanocrystals, one can significantly enhance EO selectivity. In particular, larger Ag 

nanocubes with well-defined {100} surfaces have been reported to outperform other 

morphologies in both activity and selectivity for this reaction.43 
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Beyond thermal catalysis, Ag also plays a critical role in photochemical processes. 

Silver halides are among the most photosensitive materials and have been widely used in 

photographic films. The image development process is intrinsically linked to the catalytic 

behavior of Ag on silver halide nanocrystals.44 Photographic films consist of dispersed 

silver halide crystals embedded in a gelatin matrix. Upon light exposure, a small fraction 

of Ag⁺ ions in the halide crystals are reduced to metallic Ag clusters, forming latent image 

centers. During chemical development, these clusters act as catalytic sites that accelerate 

the reduction of the surrounding silver halide. Specifically, electrons from the developing 

agent are transferred to the latent image center, which then attracts and reduces nearby 

interstitial Ag⁺ ions in the silver halide nanocrystal, thus amplifying the initial light signal 

into a visible image. 45   

1.2 Synthesis of Silver Nanocrystals 

1.2.1 Wet-Chemical Synthesis of Metal Nanocrystals 

Metal nanocrystals are generally produced using two main approaches: “top-down” 

and “bottom-up”. The “top-down” approach involves breaking down bulk metal into 

nanoscale structures, typically through mechanical grinding or lithography. In contrast, the 

“bottom-up” approaches, including gas-phase synthesis and liquid-phase synthesis, build 

nanostructures by assembling individual atoms or molecules. Specifically, wet chemical 

synthesis methods are the most commonly used due to their simplicity and high production 

efficiency, whereas physical methods often suffer from the requirement of clean-room 

facilities and costly, specialized equipment.46, 47 A wet-chemical synthesis can be divided 
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into three distinct stages: nucleation, transformation of nuclei into seeds, and growth of 

seeds into nanocrystals.4 

In a typical synthesis of metal nanocrystals, a precursor compound undergoes either 

decomposition or reduction, generating zero-valent atoms that serve as the building blocks 

of a metal nanocrystal. The LaMer model is often used to describe the nucleation and 

growth processes.48 As illustrated in Figure 1.7, when the precursor breaks down, the 

concentration of free metal atoms in solution increases until it exceeds the minimum 

supersaturation concentration, initiating a burst of homogeneous nucleation. This is 

followed by a rapid growth of these nuclei, consuming the atoms, and further nucleation is 

suppressed once the concentration of atoms drops below the critical level. As precursor 

decomposition continues to supply atoms, the nuclei gradually grow into larger 

nanocrystals while the atomic concentration gradually equilibrates to a constant value. 

 

Figure 1.7. Schematic illustration of atomic concentration as a function of time, 

showing the generation of atoms, nucleation, and subsequent stages as described by 

the LaMer model. Modified from ref. 48 Copyright 1950 American Chemical Society 
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For reduction-based methods, the pathway is more complex. Studies suggest that 

instead of forming atoms first, precursors may undergo stepwise reduction, forming dimers 

or trimers that serve as nuclei. These intermediates can have higher electron affinities than 

the precursors and are preferentially reduced. Growth of the nanocrystals in this mechanism 

can be accelerated, which is commonly referred to as autocatalytic growth.4, 49 This 

reduction pathway is typically favored only under specific experimental conditions, for 

instance, when a relatively mild reducing agent is used and/or the precursor concentration 

is high. In these cases, the precursor does not need to be fully reduced to metal atoms before 

participating in crystal growth. Instead, partially-reduced species can adsorb directly onto 

the surface of growing clusters and contribute to the formation of nanocrystals. 

As metal clusters grow beyond a critical size, the energy cost associated with 

structural changes increases significantly, leading to the formation of a well-defined 

structure, which marks the formation of a seed. These seeds can be single-crystal, singly 

twinned, or multiply twinned structures. To obtain nanocrystals with uniform morphology, 

it is essential to control the distribution of different structures of seeds. The formation of 

seeds is governed by both thermodynamic and kinetic factors. Under thermodynamic 

control, the most stable structure dominates. According to the Wulff construction, the 

system tends to minimize the total interfacial free energy. For face-centered cubic (fcc) 

metals, the surface energy typically follows the order γ{111} < γ{100} < γ{110}, 

indicating that single-crystal seeds preferentially expose {111} facets, often forming Wulff 

polyhedra to reduce total surface energy.4, 50 In the case of twinned structures, singly 

twinned seeds also predominantly expose low-energy {111} and {100} facets. However, 

multiply twinned seeds—such as decahedra composed of fivefold twins—contain 
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significant internal lattice strain and a disordered region at the boundary.51, 52 As their size 

increases, the area of the defected regions expands, raising the total free energy. As a result, 

multiply-twinned structures are thermodynamically stable only at small sizes. If the growth 

rate of such seeds is too fast, the strain energy increases rapidly, surpassing the energetic 

benefit of low surface energy of {111} facets, which can drive a structural transition toward 

single-crystal growth. In this case, it is possible to selectively favor different seed types by 

controlling the reaction kinetics. To preserve twinned structures, it is important to maintain 

a relatively slow generation and deposition rate of metal atoms, keeping the seeds small. 

Notably, under extremely slow reduction or decomposition rates, metal atoms may 

assemble into randomly-stacked hexagonal close-packed (RHCP) structures, accompanied 

by stacking faults and twin planes, leading to the formation of plate-like seeds.53 Oxidative 

etching offers a simple strategy to control the distribution of single-crystal and twinned 

seeds. Through the participation of oxygen and coordinating ligands, zero-valent metal 

atoms at high-energy twin boundaries can be oxidized and removed, leaving behind the 

lower-energy single-crystal seeds. For example, in the polyol synthesis of Ag nanocrystals, 

the introduction of a trace amount of Cl⁻ ions can selectively etch out twinned seeds from 

solution, thereby enriching the population of single-crystal seeds.54  

Once a seed is formed, it grows through the addition of metal atoms, controlled by 

the balance between bulk energy and surface energy. When atoms are deposited onto the 

surface, the adatoms tend to diffuse to energetically favorable sites, typically step edges. 

Depending on the seed type, the final shapes taken by nanocrystals vary accordingly. In 

this section, I focus on the growth of single-crystal seeds of an fcc metal. As illustrated in 

Figure 1.8, octahedra, cuboctahedra, or cubes will be produced from single-crystal seeds 
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depending on the relative growth rates along the ⟨111⟩ and ⟨100⟩ directions.55 

Cuboctahedral and cubic seeds may also undergo uniaxial growth, leading to the formation 

of octagonal rods and rectangular bars, respectively. Surface capping agents play a key role 

in directing nanocrystal morphology by selectively adsorbing onto specific facets. These 

agents alter the relative growth rates of crystal planes by modifying their surface energies. 

For example, PVP binds preferentially to {100} facets of Ag and Pd,56 promoting the 

addition of atoms onto the {111} facets, followed by the migration to the edges, resulting 

in an elongation of the {100} facets and the formation of nanocubes.57 Similarly, halides 

like Br- can also stabilize the {100}; however, due to their much smaller size, they are able 

to induce the formation of smaller nanocubes, rectangular nanobars, and octagonal 

nanorods. In contrast, citrate strongly interacts with {111} facets and thus favors the growth 

of octahedra.55 Such facet-selective interactions represent a thermodynamic mechanism of 

shape control. 
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Figure 1.8. Schematic illustration of the growth pathways of single-crystal seeds in an 

fcc metal. The {100}, {111}, and {110} facets are indicated in green, orange, and 

purple, respectively. Twin planes are marked by red lines. The growth behavior is 

characterized by the parameter R, defined as the ratio of growth rates along the ⟨100⟩ 
and ⟨111⟩ crystallographic directions. Adapted with permission from ref. 55 Copyright 

2007 Wiley-VCH. 

1.2.2 Synthesis of Silver Nanocubes 

Silver nanocubes have been extensively studied owing to their fascinating 

properties related to plasmonics and catalysis.40, 43, 58, 59 After being extensively studied, 

the shape-controlled synthesis of Ag nanocubes has evolved significantly from empirical 

trials to mechanistically informed strategies. The first successful synthesis of Ag 

nanocubes in 2002 relied on the polyol method, in which ethylene glycol (EG) serves both 

as the solvent and as the precursor to the reducing agent. It was reported that at 160 °C, in 

the presence of PVP and a sufficiently concentrated AgNO3 solution, uniform Ag 

nanocubes could be obtained.57 PVP plays a critical role as a facet-selective capping agent 
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by stabilizing the Ag{100} surfaces and thereby promoting cubic morphology. However, 

it soon became apparent that reproducibility was a major issue. Minor differences in 

reagent quality, especially in the presence of trace ionic contaminants like Cl- or Fe3+/Fe2+, 

could drastically alter the outcome.60-63 Mechanistic studies revealed that O2 and Cl- could 

effectively lead to oxidative etching for selectively removal of multiply-twinned seeds, 

thereby enriching the population of single-crystal seeds. In this context, Cl- not only acts 

as a weak capping ligand but also helps slow down the growth kinetics, while O2 serves as 

an etchant for high-energy defect sites. Further refinement introduced Fe3+/Fe2+ as a more 

controllable etchant. At low concentrations, Fe3+ accelerated etching, enhancing seed 

quality and shortening the reaction time. At high concentrations, however, Fe3+ was rapidly 

reduced by EG to Fe2+, quenching oxidative etching and allowing twinned seeds to survive 

and grow into nanowires instead.  

Beyond oxidative etching, sulfide-mediated synthesis emerged as a powerful route 

to rapidly generate single-crystal Ag nanocubes.64, 65 The addition of NaHS or Na2S leads 

to in situ formation of Ag2S clusters, which can serve as catalytic centers for Ag⁺ reduction. 

This pathway eliminates the need for oxidative etching altogether and reduces reaction 

times from hours to minutes. Continuous flow reactors and Ar protection have further 

improved scalability and control under these conditions.66 The mechanisms described 

above are illustrated in Figure 1.9, which summarizes key strategies for achieving high-

quality Ag nanocubes. Optimization of reagents has also contributed to more robust 

protocols. Specifically, CF3COOAg has been identified as a more reliable precursor than 

AgNO3 due to the absence of decomposition of NO3
-.67, 68 Meanwhile, altering the type of 

polyol, such as switching from EG to diethylene glycol (DEG) or glycerol, can modify 
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viscosity and reduction kinetics, enabling a more precise control over particle size and 

morphology.67 

 

Figure 1.9. Schematic illustration of various pathways for the polyol synthesis of Ag 

nanocubes. Copyright 2023 Chemistry of Materials23 

Seed-mediated growth offers additional control over particle size and 

monodispersity.69 By using previously formed single-crystal seeds and carefully tuning the 

concentration of the Ag(I) precursor and capping agent for the Ag{100} facets, Ag 

nanocubes with controllable edge length can be precisely synthesized. The final size of the 

nanocubes is primarily determined by the amount of Ag precursor relative to the number 

of seeds, while their final shapes are determined by the capping agents. For instance, the 

initial concentration of PVP must be sufficient to maintain the cubic shape of the final 

nanocrystals; otherwise, the seeds would evolve into cuboctahedra or even octahedra. This 

method has proven especially powerful for producing libraries of size-controlled Ag 

nanocubes for plasmonic, SERS, and catalytic applications. Additionally, the seed-

mediated strategy enables the synthesis of bimetallic core–shell structures with tunable 

optical and catalytic properties, such as Au@Ag or Pd@Ag nanocubes.70-74 
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Solvents, including dichlorobenzene and isoamyl ether, have also been explored, 

often employing oleylamine or Fe-based additives as reducing and etching agents. These 

systems enable synthesis under more hydrophobic or organic conditions, but usually 

require higher temperatures and longer times to achieve comparable uniformity.63, 75 On 

the other hand, in aqueous systems, cetyltrimethylammonium chloride (CTAC) and related 

surfactants introduce halide ions that stabilize {100} facets, supporting the formation of 

nanocubes even in mild conditions, which is better suited for generating and preserving 

sharp corners and edges on Ag nanocubes.62 

1.3 Surface Chemistry of Silver Nanocubes 

The surface of a nanocrystal is a complex, dynamic environment that plays a 

defining role in determining its physical and chemical properties. The phenomenon related 

to a surface is difficult to probe and interpret, especially at the nanoscale. For colloidal Ag 

nanocubes, which are typically dispersed in the liquid phase, the solid–liquid interface 

dominates their interactions with the surrounding. This interface governs processes critical 

to catalysis, electrochemistry, surface-enhanced spectroscopy, and colloidal stability.4, 76 

The behavior of Ag surfaces is influenced by a range of interdependent factors, including 

the atomic structure of Ag,77, 78 its electronic configuration,79 surface ligands,80 and the 

dispersing medium.81, 82 Together, these factors affect how the surface interacts with 

reactants, stabilizers, and probe molecules.  

1.3.1 Crystallographic and Electronic Influences 

A fundamental step toward understanding surface chemical reactivity and catalytic 

behavior lies in describing how chemical bonds form between surface atoms and adsorbed 
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molecules. Among the theoretical models, the d-band theory provides a widely accepted 

approximation for rationalizing adsorption on transition metal surfaces. It emphasizes the 

interaction between the adsorbate valence states and the s and d orbitals of metals, and has 

proven particularly insightful in predicting trends in surface reactivity across different 

metals. 83 For Ag, the position of its d-band center is located deeply below the Fermi level.84 

According to d-band theory, when the d-states lie closer to the Fermi level, the more empty 

the anti-bonding states and stronger bonding between the adsorbate and metal surface.85 In 

contrast, Ag exhibits weaker binding with most small molecules, as its d-electrons reside 

well below the Fermi level. Recent studies have demonstrated that modulating the d-band 

center of Ag through alloying strategies can effectively enhance its surface reactivity. For 

instance, doping Ag nanoparticles with metals such as Au, Pt, or Pd shifts the d-band center 

upward toward the Fermi level, thereby facilitating oxidation and the release of Ag⁺ ions.86 

DFT calculations suggest that Ag–O bond formation is favored on particles with higher d-

band centers, due to reduced filling of antibonding states.  

Beyond electronic structure, crystal facets exert significant influence on surface 

chemistry. The facets exposed on fcc single-crystal nanocrystals are {111} and {100}.  The 

{111} facet forms a close-packed hexagonal arrangement of surface atoms, while the {100} 

facet exhibits a more open square lattice. Such geometric differences can result in distinct 

surface energies and adsorption sites, which in turn govern catalytic performance.4 In the 

case of Pt, the {100} and {210} facets are known to preferentially catalyze hydrogenation 

and CO oxidation reactions, respectively, while Pt(111) exhibits significantly higher 

activity—up to 7 times greater—for certain aromatization reactions. For Ag nanocubes, 

which predominantly expose {100} facets, facet-dependent reactivity is particularly 
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relevant. Linic and co-workers employed density functional theory (DFT) simulations to 

show that the reaction pathway for ethylene epoxidation is more favorable on {100} than 

{111} facets. Experimentally, they confirmed that Ag nanowires and nanocubes enclosed 

mainly by {100} surfaces demonstrate markedly higher selectivity toward ethylene oxide 

compared to conventional polycrystalline Ag catalysts.43, 87 This correlation between facet 

exposure and catalytic pathway underscores the importance of morphological control in 

tuning surface chemistry at the nanoscale. 

1.3.2 Surface Ligand Chemistry of Silver Nanocubes 

Surface ligands play an indispensable role in defining both the colloidal stability 

and surface reactivity of Ag nanocubes. In typical wet-chemical syntheses, ligands such as 

PVP, citrate, and halide ions are either intentionally introduced or formed in situ. These 

species readily adsorb onto the Ag surface and serve multiple functions: they not only guide 

the formation of specific nanocrystal shapes through facet-selective adsorption, but also 

act as colloidal stabilizers to prevent particle aggregation during synthesis and storage.80 

By exploiting the facet-dependent binding affinities of certain ligands, researchers have 

developed strategies for direct growth or facilitating localized reactions such as galvanic 

replacement to enable the generation of complex nanostructures that are otherwise 

inaccessible through direct synthesis. Moreover, the presence of tailored surface ligands 

significantly broadens the applicability of Ag nanocrystals in fields ranging from sensing 

and imaging to nanomedicine and self-assembly.88 

Although surface ligands such as PVP and halide ions are indispensable during 

synthesis for shape control, their physicochemical properties may compromise the 
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applications of Ag nanocrystals in catalysis and biomedicine. In such cases, ligand 

exchange is essential. A common strategy involves replacing PVP or citrate with thiol-

functionalized molecules, such as polyethylene glycol-thiol (PEG-thiol). Thiols form 

strong Ag–S bonds, offering a robust route to surface modification.89 Jain and coworkers 

demonstrated that surface-bound thiol layers on Ag nanoparticles significantly hinder ion-

accessible surface chemistry.90 Specifically, they observed a systematic decrease in 

reactivity as the alkyl chain length of the thiol increased and attributed this to an energy 

barrier imposed by the ligand shell that limited ion diffusion to the surface. This barrier 

helps protect the Ag surface from unwanted electrochemical reactions and degradation. 

Similarly, PEG-thiol-functionalized Au nanocages exhibited strong resistance to protein 

adsorption, thereby enabling prolonged circulation in biological environments. 

Beyond stabilizing or protecting the surface, surface ligands also modulate 

properties such as surface charge. By tuning the ligand composition, the zeta potential of 

Ag nanocubes can be adjusted, which is particularly important in antimicrobial applications. 

A positively-charged surface may enhance interactions with bacterial membranes, 

improving bactericidal efficacy.91 In SERS application, changes in surface potential 

induced by ligand exchange can influence the adsorption of target molecules with different 

polarities, thereby affecting sensitivity and selectivity.92 

Furthermore, surface ligands provide a powerful handle for directing the assembly 

of Ag nanocubes into higher-order structures. By encoding specific interactions onto 

selected facets, it becomes possible to drive the self-assembly. For example, Ag nanocubes 

can be selectively functionalized with hydrophobic monolayers of octadecanethiol (ODT). 

When suspended in water, these nanocubes tend to orient their hydrophobic faces away 
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from the aqueous phase to minimize interfacial energy. By first depositing nanocubes on a 

silicon substrate, researchers selectively protected one face during functionalization with 

16-mercaptohexadecanoic acid. Subsequent treatment with ODT allowed for controlled 

facet-specific modification. Depending on the number and location of ODT-functionalized 

faces, different assembly modes were observed: single-face modification led to dimer 

formation, two- and four-face functionalization produced linear chains and two-

dimensional rafts, respectively, while cubes modified on four or more sides formed three-

dimensional superlattices.93  This study demonstrates the power of surface ligand chemistry 

in encoding assembly pathways for Ag nanocrystals. 

1.3.3 Characterization Techniques for Surface Chemistry 

To fully elucidate the surface chemistry of Ag nanocubes, precise analytical 

methods are essential for probing the surface at the molecular level. To this end, SERS 

stands out due to its rapid, sensitive, easy sample preparation and excellent compatibility 

with the superior plasmonic properties of Ag nanocrystals. As mentioned in Section 1.1.1, 

the enhancement in SERS arises primarily from two mechanisms: electromagnetic 

mechanisms and chemical mechanisms.94, 95 The electromagnetic mechanisms occur when 

the excitation energy is in resonance with the LSPR, generating intense electromagnetic 

fields. The chemical mechanisms include: i) ground state chemical enhancements arising 

from chemical interactions between molecules and nanoparticles, ii) resonance Raman 

enhancement involving resonance between excitation energy and molecular HOMO to 

LUMO transitions, selectively enhancing certain vibrational modes, and iii) charge transfer 

enhancement arises when the excitation energy resonates with charge transfer transitions 

between the molecule and nanoparticle, particularly in molecules containing π-conjugated 



 24 

systems. Both enhancement mechanisms influence spectral signals and depend on the local 

environment and surface chemistry.  

Effective SERS requires the probe molecule to interact closely with the metal 

interface, making adsorption critical. The affinity of a molecule to the metal surface 

significantly influences the SERS detection, ranging from weak physisorption to strong 

covalent or coordination interactions (e.g., Ag–S, Ag–C≡N, Ag–aniline/aminobiphenyl; 

ionic interactions such as positively charged Ag nanoparticles with negatively charged 

DNA).96-100 Additionally, surface selection rules point out that molecular polarizability 

changes perpendicular to the metal surface yield the strongest enhancements, whereas 

parallel orientations often remain weakly enhanced or undetected.101 This has been 

demonstrated for 1,4-phenylenediisocyanide (1,4-PDI) adsorbed on Ag nanoparticles, 

where varied adsorption geometries result in substantial vibrational frequency shifts 

compared to normal Raman spectra.102 Interestingly, for the same functional group, 

different adsorption configurations can lead to significant shifts in the associated 

vibrational frequencies compared to those observed in a normal Raman spectrum. For 

instance, organic nitriles interacting via σ (end-on binding through nitrogen lone pair) 

interactions exhibit almost no shifts in the C≡N stretch modes compared to the normal 

Raman analysis, whereas π (side-on binding through π donation) interactions led to 

significantly red shifts in this frequency due to bond weakening. As shown in Figure 1.10,97 

normal Raman spectra show a peak at 2217 cm⁻¹, shifting to 2188 cm⁻¹ under basic 

conditions, favoring parallel π adsorption, while acidic conditions yield a peak at about 

2216 cm⁻¹ consistent with perpendicular σ adsorption.  
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Furthermore, since both chemisorption and physisorption facilitate SERS detection, 

SERS becomes a useful tool for understanding adsorption processes from both 

thermodynamic and kinetic perspectives. For example, equilibrium constants and Gibbs 

adsorption free energies of adsorption of nitrogen-containing aromatic molecules (such as 

1,2-bis(4-pyridyl)ethylene, isoquinoline, pyridine, and aniline) on Au SERS substrates can 

be determined using Langmuir isotherms.103 Time-dependent Langmuir model can link the 

ratio of a SERS intensity at any time (t) and a maximum SERS intensity to surface coverage 

and an adsorption rate constants, and has been used to in situ investigate the self-assembly 

of monolayers of 11-mercaptoundecanoic acid on Ag surfaces.104 

 

Figure 1.10. α-Cyano-4-hydroxycinnamic acid with nitrile and carboxyl groups 

shows various surface adsorption on the Ag surfaces. The surface adsorption 

through σ-coordination of nitrile caused a minor peak shift relative to the basic 

solution, whereas π-coordination led to pronounced red-shifts of approximately 

30 cm-¹ compared to the free molecules. Copyright 2017 Applied Surface Science97  

X-ray photoelectron spectroscopy (XPS) is another essential technique, providing 

quantitative information about the elemental composition and chemical state of the surface 

species. XPS spectra are obtained by irradiating the sample with soft X-rays (energies 

lower than ∼6 keV), and the kinetic energy and number of electrons emitted from the 
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sample surface are analyzed. The emitted photoelectron results from the absorption of X-

ray by a core-level electron, which gains enough energy to overcome its binding energy 

and escape from the atom.105, 106 XPS can differentiate chemical states of surface atoms, 

thus revealing the nature and strength of interactions between the metal surface and 

adsorbed ligands. For instance, Vasil'kov et al. elucidate the surface chemical state of Ag 

nanoparticles synthesized via a metal vapor synthesis method using XPS.107 The Ag 3d 

spectra, featuring characteristic binding energies and plasmon loss satellites, along with the 

Auger parameter, confirmed the presence of metallic Ag⁰. No signatures of Ag2O or AgO 

were detected in the O 1s region. Additionally, the C 1s and O 1s spectra revealed multiple 

organic species likely derived from the acetone medium, which were interpreted as 

stabilizing ligands on the Ag surface. 

Fourier-transform infrared spectroscopy (FT-IR) serves as a technique 

complementary to SERS by probing molecular vibrations that may not be Raman-active. 

It operates by directing infrared radiation onto a sample, where specific functional groups 

absorb energy and undergo characteristic molecular vibrations. In the mid-IR region 

(4000–600 cm⁻¹), excitation occurs when the energy of the incident photons matches the 

energy gap between the vibrational ground state and excited state of the molecule. Photon 

absorption corresponding to this energy difference is detected, enabling identification of 

molecular vibrations. These vibrations are IR-active only if they involve a change in the 

molecular dipole moment.108 For instance, FTIR spectroscopy was employed to investigate 

the surface functionality of Ag nanoparticles, confirming the presence of organic or 

proteinaceous species adsorbed on the surface.109 
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Zeta potential is an important parameter for evaluating the surface charge and 

colloidal stability of nanoparticles in suspension. In colloidal systems, the surface charge 

of nanoparticles—whether intrinsic or derived from the adsorption of ions—is shielded by 

a surrounding diffuse layer of solvated counterions. As the particle moves, only part of the 

surrounding ions move with it. The boundary between the moving ions and those that 

remain with the bulk solvent is referred to as the slipping plane. The electrostatic potential 

at this boundary is defined as the zeta potential.  A high absolute zeta potential (positive or 

negative) generally indicates good colloidal stability due to strong interparticle repulsion, 

whereas low zeta potential values may lead to aggregation.110, 111 It has been widely used 

to explain stability and surface charge of Ag nanoparticles.112, 113  

1.4 Scope of the Research 

The aim of this work is to understand the changes occurring on the surface of Ag 

nanocubes during their polyol synthesis, processing, and seeded growth. Although Ag 

nanocubes have been extensively studied owing to their remarkable LSPR, SERS, and 

catalytic properties, a detailed understanding of the dynamic surface chemistry involved 

throughout synthesis and post-synthetic process remains elusive. To bridge this gap, I 

employed SERS to investigate the native surface of Ag nanocubes. Compared to infrared 

(IR) spectroscopy, SERS provides higher sensitivity and better spectral resolution in the 

low-wavenumber region, along with compatibility in aqueous environments. These 

advantages make SERS particularly well-suited for probing the vibrational “fingerprints” 

of chemical species located in close proximity to plasmonic nanocrystal surfaces. This 

dissertation is organized into three parts: i) what is on the surface of silver nanocrystals 

suspended in their original reaction solution of polyol synthesis; ii) how does the surface 
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of silver nanocubes from a polyol synthesis change during sample collection, washing, and 

redispersion; and iii) how does the surface of silver nanocubes change during their growth 

in an aqueous system. 

In Chapter 2, I demonstrate the use of SERS as a powerful tool to elucidate the 

chemical species adsorbed on the surface of Ag nanocrystals while they are still dispersed 

in the original reaction solution. Specifically, I provide direct evidence to confirm the 

presence of Cl- on the surface of Ag nanocubes synthesized using a HCl-mediated polyol 

methods by resolving the Ag-Cl vibrational peak at 240 cm-1. This characteristic peak 

disappears if the synthesis is conducted in the absence of Cl-. Instead, three peaks 

associated with CF3COO- (from the precursor to Ag) are observed. When the sample is 

diluted with EG, all the peaks associated with CF3COO- decrease proportionally in 

intensity, implying the involvement of chemisorption and negligible desorption during 

dilution. The chemisorbed CF3COO- is readily replaced by Cl- due to their major difference 

in binding strength. The co-adsorbed Cl- forces the carbonyl group of PVP binding to the 

Ag surface to take a more perpendicular configuration, enhancing its peak intensity. 

Altogether, these findings shed new light on the roles played by various chemical species 

in a successful synthesis of Ag nanocubes. 

In Chapter 3, I leverage SERS to investigate how the choice of solvent during 

sample collection and washing influences the surface chemistry of Ag nanocubes. My 

results indicate that the use of appropriate solvents for sample collection and washing is 

critical to preserving the cubic morphology. Adding acetone prior to centrifugation induces 

reversible aggregation, which improves collection efficiency, and facilitates competitive 

adsorption between carbonyl groups from acetone and Cl⁻ on the Ag surface, thus 
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suppressing oxidative etching. Subsequent washing with water or ethanol enables 

redispersion and further promotes the adsorption of carbonyl groups from PVP onto the 

Ag surface, while facilitating the desorption of Cl⁻. Additionally, control experiments also 

indicate that the addition of acetone during the collection step leads to stronger competitive 

adsorption of carbonyl groups compared to the addition of water or ethanol, thereby more 

effectively suppressing oxidative etching. These results underscore the importance of 

processing conditions after synthesis in preserving the structure of as-prepared Ag 

nanocubes. 

In Chapter 4, I report the use of SERS to analyze the seed-mediated growth of Ag 

cubic seeds in an aqueous system sequentially supplied with CTAC, CF3COOAg, and 

ascorbic acid (H2Asc). Both ex situ and in situ SERS data reveal the replacement of PVP 

on the surface of the cubic seeds by Cl- ions when CTAC was added, followed by the 

deposition of AgCl on most of the Ag seeds upon the introduction of CF3COOAg.  

Introducing a reducing agent in the presence of Ag seeds results in a rapid and pronounced 

enhancement of the SERS signals for AgCl and CTA+, occurring within less than 2 min. 

In contrast, the absence of Ag seeds leads to significantly diminished SERS signal 

enhancement, underscoring the pivotal role of surface reduction on the Ag seeds in the 

growth process. The surface reduction serves as a key contributor in enhancing the SERS 

effect by increasing the electron density on the surface of the nanocubes. Collectively, my 

data points toward the dominance of autocatalytic reduction as the mechanism responsible 

for the seed-mediated growth of Ag nanocubes in an aqueous system.  
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1.5 Notes to Chapter 1 

Parts of this chapter are adapted from the article “Seeing is believing: What is on 

the surface of silver nanocrystals suspended in their original reaction solution” published 

in Chemical Science,114 “Seeing Is Believing: How Does the Surface of Silver Nanocubes 

Change during Their Growth in an Aqueous System” published in Nano Letters,115 and the 

manuscript “Seeing Is Believing: How Does the Surface of Silver Nanocubes from a Polyol 

Synthesis Change during Sample Collection, Washing, and Redispersion” under revision 

for publication in Langmuir.116 
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CHAPTER 2. SEEING IS BELIEVING: WHAT IS ON THE 

SURFACE OF SILVER NANOCRYSTALS SUSPENDED IN THEIR 

ORIGINAL REACTION SOLUTION 

2.1 Introduction 

As discussed in Chapter 1, inorganic nanocrystals synthesized using colloidal 

methods have found widespread use in a broad range of applications. As a notable example, 

Ag nanocubes have been extensively studied owing to their fascinating properties related 

to LSPR and SERS,1-8 as well as their applications as an antimicrobial agent9, 10 and a 

catalyst toward the epoxidation reaction.11, 12 Many colloidal methods have been developed 

for the synthesis of Ag nanocubes with uniform and controllable sizes, with the most 

successful ones built around polyol reduction.13-22 In a typical polyol synthesis, a Ag(I) 

precursor such as CF3COOAg or AgNO3 is reduced by EG or DEG at an elevated 

temperature in the presence of PVP.14, 18, 19 A variety of ionic species such as Cl- and SH- 

are also added to help improve the robustness and reproducibility of the synthesis by 

controlling both the nucleation and growth mechanisms.23, 24 In addition to its role as a 

coordination ligand for oxidative etching and thus selective removal of the twinned seeds 

in the nucleation step, recent studies involving both theoretical and experimental efforts 

proposed the possible co-adsorption of Cl- with PVP on Ag{100} facets to induce and 

direct the evolution of a cubic shape.25 However, there is still no direct evidence to support 

the presence of Cl- on the surface of Ag nanocubes while they are suspended in the original 

reaction solution. 
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The current evidence that supports the adsorption of Cl- on the surface of Ag 

nanocubes mainly comes from characterization techniques such as XPS and energy-

dispersive X-ray (EDX) mapping.26-28 Both analyses can only be conducted with dried 

samples placed in a high vacuum. The extra step of sample preparation may introduce 

uncertainties or artifacts, and even alter the surface composition. For example, the Cl- ions 

may stay free in the reaction solution and be forced to adsorb onto the surface during the 

drying process. Exposure of a dried sample of Ag nanocubes to air may also cause the 

formation of oxides and/or sulfides,29, 30 making it difficult to elucidate the native 

composition of the surface. Ideally, one should keep Ag nanocubes in their original reaction 

solution while collecting information from their surface only. A recent study involving 

electrochemical measurements attempted to address this issue but such measurements only 

apply to single-crystal substrates rather than nanocrystals prepared using a colloidal 

method.25 In contrast, SERS easily stands out as a viable technique for its unique capability 

to elucidate the molecular species adsorbed on the surface of nanocrystals made of 

plasmonic metals such as Ag, Au, and Cu with high sensitivity.31-34 With a higher 

resolution than infrared spectroscopy (IR) in the low-wavenumber region, SERS provides 

comprehensive information on the vibrational “fingerprint” of a chemical species in 

proximity to the surface of plasmonic nanocrystals.35, 36 As another advantage, SERS can 

also be conducted with liquid samples to enable in situ characterizations without involving 

complications from any extra step of sample preparation. 

Herein, I report the use of SERS to analyze the native surface of Ag nanocubes 

suspended in the original reaction solution of a polyol synthesis. By comparing the SERS 

spectra recorded from samples prepared in the presence and absence of Cl-, I confirm the 
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presence of Cl- on the surface of Ag nanocubes suspended in the original reaction solution 

by unambiguously resolving the Ag-Cl vibrational peak at 240 cm-1. I also elucidate the 

presence of other surface-adsorbed species, including CF3COO- (from the precursor) and 

PVP (the colloidal stabilizer and surface capping agent). It is found that CF3COO- can only 

adsorb on Ag surface in the absence of Cl- and the pre-adsorbed CF3COO- can be readily 

replaced by Cl- due to their major difference in binding strength. Indeed, Cl- and PVP can 

co-adsorb on Ag surface and the presence of Cl- can force the carbonyl group of PVP to 

take a more perpendicular configuration and thereby enhance the SERS intensity of the 

carbonyl group. 

2.2 Experimental Section 

Chemicals and Materials. PVP with an average molecular weight of 55000 (PVP-

55k), silver trifluoroacetate (CF3COOAg, ≥99.99%, trace metal basis), sodium 

hydrosulfide hydrate (NaHS·xH2O), and aqueous hydrochloric acid (HCl, 37%) were all 

purchased from Sigma-Aldrich. Ethylene glycol (HOCH2CH2OH, EG) was ordered from 

J. T. Baker. Acetone (HPLC grade, 99.5+%) was obtained from Alfa Aesar. All the 

chemicals were used as received. Deionized (DI) water with a resistivity of 18.2 MΩ·cm 

at room temperature was used throughout experiments. 

Synthesis of Ag Nanocubes. The Ag nanocubes were synthesized by stepwise 

introducing 0.24 mL of NaSH (3 mM in EG), 2.0 mL of HCl (3 mM in EG), 5.0 mL of 

PVP-55k (20 mg/mL in EG), and 1.6 mL of CF3COOAg (282 mM in EG) into 20 mL of 

preheated EG (hosted in a 100-mL flask) after its temperature had reached 150 oC. After 

the introduction of CF3COOAg, I monitored the main LSPR peak position of the reaction 
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mixture using a UV-vis spectrometer. Specifically, a few drops of the reaction solution 

were withdrawn from the flask using a glass pipet and diluted with water in a cuvette, 

followed by the collection of its extinction spectrum. When the main LSPR peak reached 

430 nm, the reaction was immediately quenched by immersing the flask in an ice bath. A 

small amount of the solid product was crushed out using acetone, washed with water twice, 

and then dispersed in water for TEM sample preparation. A more detailed description of 

the protocol can be found in a prior publication. 

Synthesis of Ag Irregular Particles with CF3COOAg as a Precursor in the 

Absence of Cl-. The Ag irregular particles were synthesized in the absence of Cl- by 

following the exact protocol used for the synthesis of Ag nanocubes except that no HCl 

was introduced. 

Synthesis of Ag Irregular Particles with AgNO3 as a Precursor in the Absence 

of Cl-. The Ag irregular particles were synthesized by following the exact protocol used 

for the synthesis of Ag nanocubes except that CF3COOAg was replaced with the same 

molar amount of AgNO3 while no HCl was added. 

Raman and SERS Measurements. An aliquot of 25 μL was withdrawn from the 

reaction solution for the synthesis of Ag nanoparticles after it had been cooled down to 

room temperature and applied to SERS measurement. In a typical process, I transferred the 

aliquot into a cell made of poly(dimethyl siloxane) (PDMS), covered with a glass coverslip, 

and placed on the sample stage of the microscope. I then collected SERS spectra in the 

extended mode at an excitation wavelength of 532 nm, together with a 100× objective lens, 

a laser power at 25 mW, and a collection time of 10 s. The reaction solution was also diluted 
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with EG at different ratios. The EG was preheated at 150 oC for 1 h and then cooled down 

to room temperature prior to the dilution. An aliquot of 25 μL was withdrawn from the 

preheated EG or each of the diluted samples for Raman and SERS measurements, 

respectively. The reaction solution used for the preparation of Ag nanoparticles in the 

absence of Cl- was also diluted at different ratios with preheated EG containing PVP-55k 

and Cl-. The final concentrations of PVP and Cl- in the diluted samples were 3.47 mg/mL 

and 0.21 mM, respectively, consistent with those of the reaction solution used for the 

synthesis of Ag nanocubes. An aliquot of 25 μL was withdrawn from the diluted sample 

for SERS measurement. 

I also recorded SERS spectra from the reaction solution held at a temperature close 

to what was used for the synthesis. In this case, an aliquot of 25 μL was withdrawn from 

the hot reaction system as soon as the main LSPR peak reached 430 nm. The aliquot was 

transferred into the PDMS cell placed on a heating pad with its temperature preset to 150 

oC. Thermal images were captured from the sample holder using an infrared camera to 

ensure that the temperature inside the PDMS cell was close to 150 oC. I then collected 

SERS spectra in the extended mode at an excitation wavelength of 532 nm, together with 

a 100× objective lens, a laser power at 25 mW, and a collection time of 10 s. 

Instrumentation and Characterizations. I used a centrifuge (Eppendorf 5430) to 

collect and wash all solid products. A Cary 50 spectrometer (Agilent Technologies, Santa 

Clara, CA) was used to record the UV–vis spectra. Transmission electron microscopy 

(TEM) images were taken using a Hitachi HT7700 microscope (Japan) operated at 120 kV. 

The Raman and SERS spectra were recorded using a Renishaw inVia Raman Spectrometer 

(Wotton-under-Edge, U.K.) integrated with a Leica microscope (Wetzlar, Germany). 
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Hydrodynamic diameters and zeta potentials were determined using a Zetasizer Nano ZS 

(Malvern Instruments, Worcestershire, UK). 

2.3 Results and Discussion 

I started our SERS measurements with Ag nanocubes. By following a published 

protocol,18 I synthesized Ag nanocubes with an average edge length of 35.8±3.2nm. The 

reaction was quenched by immersing the flask in an ice bath. A small portion of the reaction 

solution was mixed with acetone to crush out the nanocubes for characterization by 

transmission electron microscopy (TEM). A typical TEM image is shown in Figure 2.1A. 

The remaining solution was directly used for SERS measurements in an effort to preserve 

the pristine surface of the nanocubes in the original reaction solution. The same reaction 

solution was also diluted with EG at various ratios. The EG used for all dilution 

experiments was preheated at 150 oC for 1 h to remove water and thus ensure consistency 

with the EG used for the synthesis of nanocubes. Figure 2.1B shows a Raman spectrum of 

the preheated EG and the SERS spectra recorded from the original reaction solution before 

and after dilution with EG. Before dilution, the SERS spectrum shows a strong peak at 240 

cm-1, which can be assigned to the stretching mode of Ag-Cl solid (νAg-Cl).
37 This peak was 

the only spectral feature that differentiated the SERS spectra of the reaction solutions from 

the Raman spectrum of pure EG. All the other peaks could be assigned to EG.38  
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Figure 2.1 (A) A typical TEM image of the Ag nanocubes. (B) Raman spectrum of EG 

(preheated at 150 oC for 1 h) and SERS spectra recorded from the original reaction 

solution of Ag nanocubes and after it had been diluted with preheated EG at various 

ratios. (C) A model detailing the native surface of a Ag nanocube suspended in the 

original reaction solution. 

To gain a more accurate understanding of the surface of Ag nanocubes during their 

polyol synthesis, I conducted a SERS measurement with the original reaction solution held 

at a temperature close to what (about 150 oC) was used for the synthesis. In this case, the 

hot solution was directly transferred from the reaction container to a sample holder 

supported on a heating pad for the SERS measurement. As shown in Figure 2.2, a peak 

corresponding to the νAg-Cl mode was still resolved at 238 cm-1. Compared to the spectrum 

recorded at room temperature, the νAg-Cl peak observed at an elevated temperature of about 

150 oC slightly shifted to a lower frequency while showing a weakened intensity relative 

to the SERS peaks of EG. The slight redshift at the increased temperature reflects a minor 
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increase in the Ag-Cl bond length and thus weakened bond strength because of thermal 

expansion. The decrease in intensity suggested the desorption of Cl- from the surface of 

Ag nanocubes due to the weakened interaction between them. This SERS data clearly 

confirms the presence of Cl- on the surface of Ag nanocubes during a polyol synthesis 

despite its reduced coverage density at an elevated temperature.  

 

Figure 2.2. (a) SERS spectra recorded from the original reaction solution held at room 

temperature and about 150 oC, respectively. (b, c) Infrared thermal images recorded 

from the sample holder used to conduct SERS measurement, confirming that the 

sample indeed had at a temperature close to 150 oC. 
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It is worth noting that the νC=O peak of PVP was essentially invisible in the SERS 

spectra recorded from all the samples without/with EG dilution, indicating that the SERS 

cross-section of νC=O(Ag) was much smaller than that of νAg-Cl and/or the number of C=O 

bonds in the probed volume was much lower than that of Ag-Cl bonds. The absence of 

νC=O peak can also be attributed to other factors: i) the presence of Cl- on the surface limited 

the number of C=O groups directly bonding to the surface and thus reducing the intensity 

of νC=O; ii) the strong solvation by EG caused the free C=O groups of the adsorbed PVP to 

stay away from the surface of Ag nanocubes, further reducing the intensity of νC=O; and iii) 

the original reaction solution contained Ag nanocubes at a lower concentration (3.4×1011 

vs. 7.2×1011 particles per mL) relative to what was used in a prior study.39 Based on the 

SERS data, a model can be proposed to account for the chemical species present on the 

surface of Ag nanocubes when suspended in the original reaction solution (see Figure 

2.1C). This model differs from what has been reported in literature in two aspects: i) the 

inclusion of a dense layer of Cl- chemisorbed on the surface and ii) the reduced density of 

C=O groups directly binding to the Ag surface and thus larger loops taken by the PVP 

chains.39, 40 The as-prepared Ag nanocubes in an aqueous suspension had a zeta potential 

of -34.4 mV, confirming the presence of a dense layer of chemisorbed Cl- on the surface. 

In reality, the highly-solvated and extended PVP chains tended to intertwine with each 

other to form a three-dimensional network, making it very difficult to precipitate out the 

particles by centrifugation only. 

If the oxygen atom of the C=O group in PVP coordinates with the Ag surface, it 

can result in Ag-O stretching mode with a characteristic Raman shift in the range of 220-

240 cm-1.41, 42 To validate that the SERS peak observed at 240 cm-1 arises from Ag-Cl rather 
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than Ag-O stretching mode, I conducted a control experiment by voiding HCl from the 

protocol used for the synthesis of Ag nanocubes while keeping all other parameters the 

same. Figure 2.3, A and B, shows TEM images of the sample prepared in the absence of 

Cl-. Most of the particles showed irregular shapes due to the dominance of random twinning 

(77.4%), with a small portion of them taking the forms of rods (9.7%), triangular plates 

(3.1%), truncated bipyramids (8.8%), and single-crystal nanospheres (1.0%). As such, the 

surface of these nanocrystals was enclosed by a mix of {111} and {100} facets, in contrast 

to the dominance of {100} facets on the nanocubes. This outcome is consistent with what 

has been reported in literature.18 Models of the typical shapes are shown in Figure 2.3C, 

with the twin boundaries marked by red lines. Figure 2.3D shows a UV-vis spectrum taken 

from the reaction solution after dilution with the preheated EG. No shoulder peak was 

found at wavelengths beyond the major LSPR peak, indicating that the as-prepared 

particles were well dispersed in EG without forming aggregates even during the dilution 

with EG. In this case, the PVP could still serve as an effective colloidal stabilizer by 

adsorbing onto the surface of the particles in the absence of Cl-. The as-prepared Ag 

particles in an aqueous suspension had a zeta potential of -12.1 mV. This value was less 

negative than that of the nanocubes, suggesting that the surface charges on the nanocubes 

were mainly contributed by Cl-. In addition, I measured the hydrodynamic diameters of the 

nanocubes and the nanocrystals in EG using dynamic light scattering. As shown in Figure 

2.4, the average size of the nanocubes revealed by TEM was smaller than that of the 

irregular particles. However, the hydrodynamic diameter of the nanocubes was found to be 

81.9±1.4 nm, much greater than that (48.6±0.6 nm) of the irregular particles. This trend 

indicates that a dense layer of Cl- on the surface of the nanocubes resulted in the formation 
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of bigger loops for the adsorbed PVP when compared with the irregular particles prepared 

in the absence of Cl-. 

 

Figure 2.3. (A, B) TEM images of the Ag irregular particles prepared in the absence 

of Cl-, which were collected by precipitation with acetone, followed by centrifugation 

and washing with water. (C) Models showing the typical shapes (with the facets color 

coded) taken by the nanocrystals. The twin boundaries are marked by red lines. (D) 

UV-vis spectrum recorded from a suspension of the Ag nanocrystals in the original 

reaction solution. 
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Figure 2.4. TEM images of the Ag (A) nanocubes and (B) irregular particles 

(prepared with CF3COOAg in the absence of Cl-), respectively, used for the 

measurement of hydrodynamic diameter. 

For SERS measurements, I also quenched the reaction by immersing the flask in an 

ice bath and then diluted by a factor of 10 with EG, EG containing PVP, EG containing Cl-

, and EG containing both PVP and Cl-, respectively. The EG used for dilution was also 

preheated at 150 oC for 1 h whereas the final concentrations of PVP and Cl- were kept the 

same as those used in the synthesis of Ag nanocubes. Figure 2.5 shows the Raman and 

SERS spectra recorded, respectively, from pure EG and the original solution for the 

synthesis of Ag irregular particles in the absence of Cl-. As expected, I did not observe any 

peak around 240 cm-1, confirming that this peak originated from Ag-Cl rather than Ag-O 

stretching mode. A new peak was observed at 188 cm-1, which could be assigned to the 

bending mode of C-O-Ag (δC-O-Ag) due to the adsorption of CF3COO- on the surface of the 

nanoparticles. Because CF3COO- did not compete favorably with Cl- for surface 

adsorption, this peak was missing in the SERS spectrum of the nanocubes (Figure 2.1). 

Interestingly, compared with the Raman spectrum of EG, two additional new peaks 

appeared at 847 and 1435 cm-1 and they could be assigned to the C−C stretching (νC-C) and 

C-O deformation modes (δC-O) of CF3COO-, respectively.43 Again, these two peaks were 
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missing in the SERS spectrum of the nanocubes, suggesting that CF3COO- could not adsorb 

onto the Ag surface in the presence of a stronger adsorbate such as Cl-. When the original 

sample of Ag nanocrystals was diluted by 10 times with EG, the SERS peaks at 188, 847 

and 1435 cm-1 all disappeared. I also noticed that the spectrum of the original sample 

diluted with EG containing PVP was essentially identical to that involving EG only. The 

disappearance of these three peaks could be attributed to the decrease in particle 

concentration caused by dilution, leading to a proportional decrease in SERS peak 

intensity, in addition to the desorption expected for a weakly-bound adsorbate. With the 

addition of Cl- into the EG used for dilution, I was able to resolve the peak at 240 cm-1, 

further supporting the assignment of this peak to the Ag-Cl stretching mode. It is worth 

noting that a small peak positioned at 1766 cm-1, with its assignment to the νC=O of PVP 

adsorbed on the surface of Ag nanocubes suspended in EG, was observed in both cases 

involving Cl- for dilution. The peak position is consistent with what was reported in our 

previous study.39 This observation suggests that Cl- could compete favorably with PVP for 

surface adsorption and enhance the SERS intensity of νC=O corresponding to the PVP co-

adsorbed on the surface. Interestingly, this peak was missing in the SERS spectrum 

recorded from the Ag nanocubes (Figure 2.1). The difference can be explained by assuming 

that the adsorption of Cl- had a preference toward the {100} facets on the Ag nanocubes 

relative to the {111} facets on the Ag nanoparticles.25 As such, the amount of PVP  capable 

of anchoring to the surface of the nanocubes would be significantly reduced relative to that 

on the irregular particles, leading to a weaker SERS peak intensity.  
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Figure 2.5. Raman spectrum of the preheated EG, SERS spectra of the as-obtained 

Ag irregular particles in the original reaction solution containing no Cl- and after it 

had been diluted by 10 times with EG, EG containing PVP, EG containing Cl-, and 

EG containing both PVP and Cl-.  

The peak assignment for CF3COO- was also validated by replacing CF3COOAg 

with AgNO3 as a precursor to synthesize Ag nanocrystals in the absence of Cl-. As shown 

by the TEM images in Figure 2.6, the as-obtained particles had a similar size distribution 

and UV spectrum as those shown in Figure 2.3, suggesting comparable SERS activity for 

these two different samples. Figure 2.7 shows the SERS spectra recorded from the original 
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and EG-diluted samples of the Ag irregular particles prepared with AgNO3 in the absence 

of Cl-. As expected, the SERS peaks at 847 and 1435 cm-1 disappeared from the spectra, 

confirming the assignment of these two peaks to the vibrations of CF3COO-. Additionally, 

compared with the SERS spectrum of Ag nanoparticles prepared with CF3COOAg in 

Figure 2.5, the peak at 188 cm-1 also disappeared, further confirming the assignment of this 

peak to the bending mode of C-O-Ag. According to literature, the Raman peak associated 

with the bending mode of C-O-Ag in CH3COOAg was located at 224 cm-1.44 The electron-

withdrawing nature of the -CF3 group in CF3COO- can weaken the O-Ag bond, causing the 

δC-O-Ag band to red-shift to 188 cm-1. 

 

Figure 2.6. (A, B) TEM images of the Ag irregular particles prepared with AgNO3 in 

the absence of Cl-. The particles were collected by crushing with acetone, followed by 

centrifugation and washing with water. (C) UV-vis spectrum recorded from a 

suspension of the particles in EG. 
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Figure 2.7. Raman spectrum of preheated EG and SERS spectra recorded from the 

original reaction solution of Ag irregular particles prepared with AgNO3 in the 

absence of Cl- and after it had been diluted with the EG at various ratios. 

I also diluted the original reaction solution containing Ag irregular particles 

(prepared using CF3COOAg) with pure EG at various ratios. Figure 2.8 shows the Raman 

spectrum of pure EG and the SERS spectra collected from the original and diluted samples. 

As the dilution factor was increased, the areas of both the peaks at 864 and 1462 cm-1 

increased accordingly. These two peaks belong to the Raman shifts of the C-C stretching 

and CH2 scissoring bands of EG. It is worth mentioning that when I collected SERS spectra 

from a liquid sample, I initially focused on the surface of the coverslip and then tuned the 

knob by a certain degree to move the focal point into the liquid. As such, the probed volume 

should be well within the sample. In this case, the higher concentration of Ag nanoparticles 

would cause more attenuation of light between the coverslip and the probed volume,  
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Figure 2.8. Raman spectrum of preheated EG and SERS spectra recorded from the 

original reaction solution of Ag irregular particles synthesized using CF3COOAg and 

after it had been diluted with the EG at various ratios.  

reducing the intensities of the Raman (from EG) and SERS signals. As the concentration 

of Ag nanoparticles was reduced, the extent of light attenuation would decrease to give a 

stronger Raman signal for the EG within the probed volume. When the dilution factor was 

increased, I noticed that the ratio between the areas of the peaks at 847 and 864 cm-1 

decreased significantly, as well as the ratio between the areas of the peaks at 1435 and 1462 

cm-1, as shown in Figure 2.9. If I take the intensity of the EG peak at 1462 cm-1 as a 

reference, the ratio between the areas of the peaks at 1435 cm-1 (deformation mode of C-O 
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in CF3COO-) and 1462 cm-1 (scissoring mode of CH2 in EG) decreased proportionally as 

the dilution factor was increased, indicating that the CF3COO- detected by SERS 

chemisorbed on the surface of the Ag nanoparticles during synthesis. Interestingly, I found 

that the ratio between the areas of the peaks at 847 cm-1 (νC-C of CF3COO-) and 865 cm-1 

(νC-C of EG) decreased at a faster rate than the increase in dilution factor.  

 

Figure 2.9. (A) Plots of the ratio between the areas of the peaks at 1435 cm-1 

(deformation mode of C-O in CF3COO-) and 1462 cm-1 (scissoring mode of CH2 in 

EG) as a function of the reciprocal of the dilution factor. (B) Plots of the ratio between 

the areas of the peaks at 847 cm-1 (νC-C of CF3COO-) and 865 cm-1 (νC-C of EG) as a 

function of the reciprocal of the dilution factor. The area of the peak was obtained by 

fitting the peak using a Gaussian–Lorentzian function. 

To better understand the roles of PVP and Cl-, I also collected SERS spectra from 

the original reaction solution of the Ag irregular particles prepared with CF3COOAg after 

dilution with EG containing PVP and HCl, respectively. The final concentrations of PVP 

and HCl in the diluted samples were kept the same as those in the reaction solution used 

for the synthesis of Ag nanocubes. The SERS spectra shown in Figure 2.10 are nearly 

identical to those in Figure 2.8. Based on this observation, I argue that the number of PVP 

chains per unit area anchored to the surface of Ag irregular particles remained the same  
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Figure 2.10. Raman spectrum of preheated EG and SERS spectra recorded from the 

original reaction solution and after it had been diluted with preheated EG containing 

PVP at various ratios, with the final concentration of PVP being 3.47 mg/mL. 

when varying the concentration of PVP. When the original reaction solution was diluted 

with HCl/EG, I observed a strong peak at 240 cm-1, further confirming the assignment of 

this peak to νAg-Cl (the peak intensity became saturated when the dilution factor was 1:1). 

Compared with the spectra in Figure 2.8 and 2.10, it was difficult to resolve the peak at 

either 188, 847, or 1436 cm-1 in Figure 2.11A after introducing Cl-, even at low dilution 

factors. These three peaks corresponded to δC-O-Ag, νC−C, and δC-O of CF3COO-, respectively, 

indicating the absence of CF3COO- from the surface of Ag irregular particles due to the 

much stronger binding of Cl- than CF3COO- and thus ligand replacement. Interestingly, I 

also observed a peak at 1766 cm-1, which could be assigned to the C=O stretching mode of 

PVP, νC=O.39 I argue that the presence of Cl- can probably vary the contact angle between 
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the Ag surface and the C=O group of PVP, resulting in a more perpendicular orientation 

and thus stronger SERS signal, as illustrated in Figure 2.11B. In the absence of Cl-, the 

C=O group of PVP might adopt a smaller tilting angle with the Ag surface,42 weakening 

the SERS peak intensity for the C=O stretching mode.45, 46 After the introduction of HCl, 

the Cl- could chemisorbed on the surface of the irregular particles to promote perpendicular 

orientation as a result of steric hindrance and/or electrostatic repulsion.  

 

Figure 2.11. (A) Raman spectrum of preheated EG and SERS spectra recorded from 

the original reaction solution of Ag irregular particles synthesized using CF3COOAg 

and after it had been diluted with HCl/EG at various ratios, with the final 

concentration of Cl- being 0.21 mM; and (B) schematic showing the effect of 

chemisorbed Cl- on the orientation of C=O group of PVP relative to the Ag surface. 
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2.4 Conclusions 

In summary, I have demonstrated the use of SERS as a powerful tool to elucidate 

the chemical species adsorbed on the surface of Ag nanocrystals while they are still 

dispersed in the original reaction solution. Specifically, I provide direct evidence to 

confirm the presence of Cl- on the surface of Ag nanocubes synthesized using a HCl-

mediated polyol method. When the synthesis is conducted in the absence of Cl-, I observe 

the chemisorption of CF3COO- from the precursor, but this species can be readily replaced 

by the newly added Cl-, indicating a stronger interaction between Cl- and Ag surface. The 

results suggest that Cl-, in addition to its role as a coordination ligand for the selective 

removal of twinned seeds by oxidative etching, also plays a pivotal role in directing the 

evolution of a cubic shape via co-adsorption with PVP. The co-adsorbed Cl- pushes the 

surface-bound carbonyl group of PVP into a more perpendicular configuration, enhancing 

the peak intensity of νC=O-Ag. Collectively, this work not only sheds new light on the 

intricate molecular interactions occurring on the surface of Ag nanoparticles during their 

polyol synthesis, but also offers a viable strategy to enhance the SERS intensity by 

manipulating the binding configuration of the probe molecule relative to the Ag surface. 

2.5 Notes to Chapter 2 

This chapter was adapted from the article “Seeing Is Believing: What Is on the 

Surface of Silver Nanocrystals Suspended in Their Original Reaction Solution” published 

in Chemical Science.47 
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CHAPTER 3. SEEING IS BELIEVING: HOW DOES THE 

SURFACE OF SILVER NANOCUBES FROM A POLYOL 

SYNTHESIS CHANGE DURING SAMPLE COLLECTION, 

WASHING, AND REDISPERSION 

3.1 Introduction 

Since the report of a successful synthesis based upon the polyol method in 2002,1 

Ag nanocubes have received considerable interest for a range of applications. For example, 

owing to their sharp corners and edges, Ag nanocubes exhibit unique optical properties 

related to LSPR2,3 for applications in optical sensing and SERS.4-7 Additionally, Ag 

nanocubes are enclosed by {100} facets, giving them high catalytic selectivity toward 

ethylene epoxidation,8 as well as attractive features for fundamental studies such as crystal 

growth,9,10 surface adsorption/desorption,11 and colloidal assembly.12,13 Over the past two 

decades, polyol synthesis has evolved as the method of choice for Ag nanocube synthesis 

owing to its excellent reproducibility and tunability.1,14-19 In a typical synthesis, a Ag(I) 

precursor is reduced in EG, which serves as both a solvent and a precursor to 

glycolaldehyde, the actual reducing agent. A number of chemical species have been 

introduced into the original protocol to help enhance the robustness and tunability of the 

synthesis. In the most recent version of the protocol,18 CF3COOAg serves as a more reliable 

Ag(I) precursor than AgNO3
15 due to its ability to prevent the introduction of uncertainties 

arising from the formation of HNO3 and possible decomposition of NO3
- at an elevated 

temperature; NaSH is introduced to shorten the reaction time by accelerating nucleation;20 

and HCl is used to promote oxidative etching of unwanted twinned seeds while acting as a 
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capping agent co-adsorbed with poly(vinyl pyrrolidone) (PVP) on the {100} facets.21,22 

Owning to the efforts from various groups, the roles played by most of these chemical 

species in controlling the formation of Ag nanocubes have been mostly elucidated and 

understood.  

Relative to the extensive efforts on synthesis, there is essentially no study on how 

the sample preparation after a synthesis would affect the surface properties of the Ag 

nanocubes. In general, sample collection, washing, and redispersion are treated as routine 

procedures without considering their potential impact on the surface of Ag nanocubes or 

other types of colloidal nanocrystals. Given the high sensitivity of Ag surface to ligand 

exchange and oxidative etching under ambient atmosphere,23 sample preparation may 

result in surface ligand exchange, particle aggregation, and/or truncation to their sharp 

corners and edges.24 Such a change inevitably compromises the optical and catalytic 

properties of Ag nanocubes. There is an urgent need to address this issue by developing 

analytical methods capable of revealing the surface changes while the nanocrystals are 

washed with and then dispersed in different solvents. 

Extensive studies have established that SERS is a powerful technique for probing 

changes to the surface of plasmonic metal nanocrystals (such as those made of Au, Ag or 

Cu) while they are suspended in a liquid phase.25-27 In this study, I seek to elucidate the 

changes to the surface of Ag nanocubes during sample preparation using SERS, and 

understand how different solvents used for collection, washing, and dispersion affect their 

surface chemistry and shape stability. I found that the Ag nanocubes synthesized using the 

HCl-mediated polyol method underwent corner and edge truncations within several hours 

if they were not collected, washed, and redispersed after the synthesis. Simply diluting the 
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original reaction mixture with EG was unable to prevent the shape change. In contrast, if 

the solution was diluted with acetone, water, or ethanol, the Ag nanocubes could retain the 

cubic shape even after storage under the ambient atmosphere for 10 h. I further analyzed 

the surface changes during sample collection and washing by SERS. Upon the addition of 

acetone, I observed aggregation of nanocubes and a redshift in the stretching mode initially 

attributed to Ag-Cl, which could be ascribed to the coupling of vibrational modes of Ag-

Cl and Ag-O (involving the carbonyl group from acetone). Continued washing with water 

led to a further redshift of this peak due to the additional contribution from the carbonyl 

group of PVP. I also performed SERS measurements on the samples diluted to the same 

extent with EG, water, acetone, and ethanol and our results suggested that acetone 

promoted co-adsorption of the carbonyl group from acetone and Cl⁻ ions, whereas water 

and ethanol mainly facilitated the adsorption of the carbonyl group from PVP at the 

unoccupied surface sites. Both mechanisms effectively inhibited oxidative etching, helping 

preserve the sharp corners and edges on the nanocubes. 

3.2 Experimental Section 

Chemicals and Materials. PVP with an average molecular weight of 55,000 (PVP-

55k, Lot No. MKCD1968), silver trifluoroacetate (CF3COOAg, ≥99.99%, trace metal 

basis, Lot No, MKBZ0931V), sodium hydrosulfide hydrate (NaHS·xH2O, Lot No.  

SHBP0761), and aqueous hydrochloric acid (HCl, 37%, Lot No.  24006167) were all 

ordered from Sigma-Aldrich. Ethylene glycol (HOCH2CH2OH, EG, Lot No. 0000160068) 

was purchased from J. T. Baker. Acetone (HPLC grade, 99.5+%) was obtained from Alfa 

Aesar. All the chemicals were used as received. DI water with a resistivity of 18.2 MΩ·cm 

at room temperature was used in all experiments. 
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Synthesis of Ag Nanocubes. I followed a published protocol to synthesize the Ag 

nanocubes.18 In a standard synthesis, 0.24 mL of NaSH (3 mM in EG), 2.0 mL of HCl (3 

mM in EG), 5.0 mL of PVP-55k (20 mg/mL in EG), and 1.6 mL of CF3COOAg (282 mM 

in EG) were sequentially introduced into 20 mL of preheated EG (150 oC) contained in a 

100 mL round-bottom flask. After the introduction of CF3COOAg, the reaction progress 

was monitored in real time by tracking the position of the main LSPR peak using a UV-vis 

spectrometer. Specifically, a few drops of the reaction solution were withdrawn from the 

flask using a glass pipette and diluted with water in a cuvette, followed by the collection 

of its extinction spectrum. Once the main LSPR peak reached 428 nm, the reaction was 

immediately quenched by immersing the flask in an ice bath. During the synthesis, the 

flask was capped with glass stoppers except for adding reagents or collecting samples for 

UV-vis monitoring. The solid product was crushed out using acetone, washed with water 

twice, and then dispersed in water for TEM sample preparation. A more detailed 

description of the protocol can be found in a prior publication. 

Raman and SERS Measurements. I used Si(100) as a standard sample to calibrate 

the Raman spectrometer before Raman and SERS measurements. In a typical process, I 

transferred the aliquot into a cell made of PDMS, covered with a glass coverslip to prevent 

solvent evaporation. The surface of the coverslip was also used as a reference point to 

position the focal plane 40 μm into the liquid sample during the measurements. Spectra 

were collected in the extended mode at an excitation wavelength of 532 nm, together with 

a 100× objective lens, a laser power at 25 mW, and a collection time of 10 s. An aliquot of 

25 μL was withdrawn from each diluted sample for Raman and SERS measurements. 
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SERS Measurements during the Sample Preparation after Synthesis. In a 

typical polyol synthesis of Ag nanocubes, the reaction solution was quenched in an ice 

bath, followed by the addition of acetone (three times in volume) and then centrifugation 

to crush out and collect the solid products. After that, the sample was washed twice with 

water and finally redispersed in water. After each centrifugation step, ultrasonic treatment 

was used to redisperse the Ag nanocubes in the solvent. An aliquot of 25 μL was withdrawn 

after each step and used for SERS measurement.  

SERS Measurements of Ag Nanocubes Dispersed in EG-Acetone Binary 

Mixtures with Different Ratios. I collect the SERS spectra of Ag nanocubes dispersed in 

the original reaction solution or in EG-acetone binary mixtures with different ratios. The 

ratios of EG to acetone were 2:1, 1:1, 1:2, and 1:3, respectively. All these samples for SERS 

measurements were prepared from the original reaction solution by dilution at a fixed 

dilution factor of 4 with EG or acetone. For example, to prepare a sample with an 

EG/acetone ratio of 2:1 under this dilution scheme, 100 μL of EG and 80 μL of acetone 

were introduced into 60 μL of the original EG-based reaction solution simultaneously.  

SERS Measurements of Original Reaction Solution of Ag Nanocubes Diluted 

with Different Solvents. I collected SERS spectra of the Ag nanocubes after the reaction 

mixture was diluted by a factor of 4 with EG, water, acetone, and ethanol, respectively. 

The samples were kept for 40 min prior to SERS measurement. 

Instrumentation and Characterizations. I used a centrifuge (Eppendorf 5430) to 

collect and wash all solid products. A Cary 50 spectrometer (Agilent Technologies, Santa 

Clara, CA) was used to record the UV–vis spectra. TEM images were taken using a Hitachi 



 70 

HT7700 microscope (Japan) operated at 120 kV. The Raman and SERS spectra were 

recorded using a Renishaw inVia Raman Spectrometer (Wotton-under-Edge, U.K.) 

integrated with a Leica microscope (Wetzlar, Germany). 

3.3 Results and Discussion 

 Figure 3.1 shows a TEM image of the Ag nanocubes synthesized using the HCl-

mediated polyol protocol.18 They had an average edge length of 32.2±5.3 nm and their 

surface was supposed to be passivated by both Cl- ions and PVP. Without the collection, 

washing, and re-dispersion steps, it was difficult to preserve the sharp corners and edges 

on the Ag nanocubes once the reaction had been quenched in an ice bath. Figure 3.2 shows 

UV-vis spectra of the Ag nanocubes after storage at room temperature and under ambient 

conditions in the original reaction solution without/with dilution with different solvents. 

When the Ag nanocubes were stored in the original reaction solution for 0.5 h, their UV-

vis spectrum exhibited a primary extinction peak at 437 nm, together with a shoulder peak 

around 350 nm, indicating the presence of sharp corners and edges.3 After storage for 10 

h, the primary peak blue-shifted to 414 nm while the shoulder peak disappeared. This blue 

shift indicated a reduction in particle size, whereas the disappearance of the shoulder peak 

could be attributed to the truncation of both the corners and edges for the formation of a 

more spherical shape. When the original reaction solution was diluted by a factor of 4 in 

volume with EG, the UV-vis spectrum showed similar changes when stored for 10 h. 

However, if the reaction solution was diluted with acetone, water, and ethanol, 

respectively, the shoulder peak still existed after 10 h of storage, indicating that the sharp 

corners and edges were preserved in all these three solvents. The slight shifts to the primary 

LSPR peak in these three solvents could be attributed to the change in refractive index for 



 71 

the dispersion medium, together with the possible changes in particle size.28 Additionally, 

the peak broadening observed for the sample diluted with acetone could be ascribed to 

particle aggregation as acetone is a known bad solvent for the PVP adsorbed on the surface 

of the nanocubes.29  

 

Figure 3.1. TEM image of the as-prepared Ag nanocubes. After synthesis, the reaction 

mixture was immediately cooled in an ice bath, and then collected by centrifugation 

after adding acetone, washed twice with water, and directly redispersed in water for 

TEM sample preparation. 

I also conducted a control experiment by placing the original reaction solution 

under argon protection. This sample still exhibited a well-resolved shoulder peak at 350 

nm after storage at room temperature for 10 h, suggesting that the corners and the edges 

were likely truncated through an oxidative etching process caused by the O2 dissolved in 

the EG. However, since O2 has the lowest solubility in EG compared to acetone, water, and 

ethanol,30 I hypothesized that these three solvents somehow interacted favorably with the 

surface caping ligand (Cl- and PVP) on Ag nanocubes to prevent oxidative etching from  
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Figure 3.2. UV-vis spectra of Ag nanocubes original reaction solution, which was 

quenched with an ice bath, followed by: (A) storage in air for 0.5 hours, (B) storage 

in air for 10 hours, (C) diluted with EG and storage in air for 10 hours, (D) diluted 

with acetone and storage in air for 10 hours, (E) diluted with water and storage in air 

for 10 hours, (F) diluted with EtOH and storage in air for 10 hours, (G) protected 

with argon for 10 hours. The dilution factor for C–F is four. 

occurring. The TEM image shown in Figure 3.3 confirmed that without the introduction of 

acetone, water, and ethanol, respectively, or protection by argon, respectively, the Ag 

nanocubes tended to be truncated in the EG-based reaction solution. These observations 

suggest that using different solvents to collect and wash the solid products after a polyol 

synthesis plays a vital role in better passivating the surface of the Ag nanocubes to help 

preserve their sharp corners and edges. It is the intention of this work to understand the 

nature of such passivation using SERS. 
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Figure 3.3. TEM images of Ag nanocubes in their original reaction solution, which 

was quenched with an ice bath, followed by: (A) storage in air for 0.5 hours, (B) 

storage in air for 10 hours, (C) diluted with EG and storage in air for 10 hours, (D) 

diluted with acetone and storage in air for 10 hours, (E) diluted with water and 

storage in air for 10 hours, (F) diluted with EtOH and storage in air for 10 hours, (G) 

protected with argon for 10 hours. The dilution factor for C–F is four. 

In a typical polyol synthesis of Ag nanocubes, the reaction solution was quenched 

in an ice bath, followed by the addition of acetone (three times in volume) and then 

centrifugation to crush out and collect the solid products. Afterwards, the sample was 

washed twice with water and finally redispersed in water. To elucidate the possible changes 

to their surface, I leveraged the finger-printing capability of SERS to analyze the Ag 

nanocubes at each step of sample preparation. As shown in Figure 3.4, the SERS spectrum 

of the nanocubes in the original reaction solution displayed a peak at 240 cm-1, which could 

be assigned to the stretching mode of AgCl (νAg-Cl) based upon our previous studies.22 The 

intensity of this peak increased significantly after the introduction of acetone, despite the 

decrease in particle concentration. The augmentation in peak intensity could be attributed 

to two factors: i) the lower dielectric constant of acetone (ca. 20.7) relative to EG (ca. 41.2) 
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at ambient temperature,31,32 which reduced the solubility of AgCl in the acetone-EG 

mixture and thereby increased the amount of AgCl deposited on the surface of the Ag 

nanocubes in the acetone-EG mixture and ii) the aggregation of Ag nanocubes induced by 

acetone, which led to the creation of hot spots in the gaps between neighboring particles to 

amplify the SERS signal.33  

 

Figure 3.4. SERS spectra of the Ag nanocubes suspended in the original reaction 

solution; after dilution by a factor of 4 in volume with acetone; after centrifugation 

and then redispersion in water; after centrifugation and redispersion in water; after 

centrifugation, washing with water once, and then redispersion in water; and after 

centrifugation, washing with water twice, and then redispersion in water. The 

concentrations of Ag nanocubes in all aqueous samples were kept roughly the same 

as that of the original reaction solution. 
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The two factors noted above could also be used to account for the weakening of the 

Ag-Cl signal when the Ag nanocubes were further washed with water and finally 

redispersed in water. Water has a higher dielectric constant (ca. 78.4) than that of EG and 

acetone so that AgCl should be most soluble in water. Additionally, since water is a better 

solvent for PVP than acetone, the Ag nanocubes could be redispersed well in water, 

eliminating the formation of SERS hot spots due to aggregation.29 It is worth mentioning 

that the Ag-Cl peak redshifted by approximately 3 cm-1 when acetone was introduced into 

the reaction solution, suggesting that the polarity of the solvent could affect the electron 

distribution in the Ag-Cl bond. Alternatively, this shift may result from the co-adsorption 

of acetone on the surface of Ag nanocubes by binding through the oxygen atom in the 

carbonyl group. 

It is worth noting that the νC=O peak of PVP was absent in the original reaction 

solution, as well as in the sample diluted with acetone, whereas it was visible at 1762 cm-1 

in the sample redispersed water. Based on our previous studies, the PVP loops would 

collapse since acetone and water are bad solvents. As such, more free carbonyl groups 

would get close to the Ag surface, increasing the intensity of the νC=O peak. However, the 

intensity of the νC=O peak in the SERS spectrum of the sample based on EG-acetone mixture 

was relatively weak although the PVP should collapse more than the case of water. This 

trend could be attributed to the following factors: i) competitive adsorption of the carbonyl 

group of acetone on the surface of Ag nanocubes; ii) the weakening of the SERS signal of 

the carbonyl group due to a thicker and denser AgCl solid on the surface of the nanocubes 

because of the poor solubility of AgCl in acetone, and iii) more bonding sites on the 
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nanocubes for the carbonyl group of PVP in an aqueous solution due to the dissolution of 

AgCl from the Ag surface. 

To gain a better understanding of the surface of Ag nanocubes crushed out with 

acetone, I introduced increasing volumes of acetone into the original reaction solution to 

obtain EG-acetone binary mixtures with the ratio of EG to acetone at 2:1, 1:1, 1:2, and 1:3, 

respectively. Figure 3.5A shows a digital photograph of these samples, from which I could 

observe a color change from yellow to gray when the ratios of EG to acetone were 1:2 and 

1:3, indicating aggregation of the nanocubes. Subsequently, I measured UV-vis and SERS 

spectra of Ag nanocubes dispersed in the original reaction solution or in EG-acetone binary 

mixtures with these ratios, using a fixed dilution factor. As shown in Figure 3.5B, a broad 

shoulder peak appeared at wavelengths beyond the major LSPR peak when the ratio of EG 

to acetone was set to 1:2, confirming that the nanocubes started to aggregate under this 

condition. At a ratio EG to acetone ratio of 1:3, the major LSPR peak was almost invisible, 

indicating severe aggregation and thus precipitation of the particles from the medium.  

Figure 3.5C shows SERS spectra recorded from the same samples. When 

comparing the SERS spectra of the samples without/with diluting the original reaction 

solution with EG by four folds, it is worth noting that the peak area of νAg-Cl decreased to 

one-fourth of its original value, indicating that the SERS signal of Ag-Cl was directly 

proportional to the dilution factor. As the proportion of acetone used for dilution was 

gradually increased, I observed that the intensities of the peaks corresponding to EG 

gradually decreased whereas the intensities of the peaks associated with acetone gradually 

increased. However, when the ratio of EG to acetone in the mixture was set to 2:1 or 1:1, 

the peak area and position of νAg-Cl remained essentially the same. Although AgCl should 
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have lower solubility in the mixture with increasing acetone proportion due to the lower 

dielectric constant of acetone relative to EG, the SERS signal of this peak did not increase, 

making it inconclusive whether more AgCl was deposited onto the surface of the 

nanocubes. However, when the ratio of EG to acetone was reduced to 1:2 or 1:3, the area 

of the peak increased by more than 16 times. Combined with the results from UV-vis 

measurements, I could infer that the enhancement of SERS signal should be mainly 

attributed to particle aggregation. Simultaneously, only in samples with EG to acetone 

ratios at 1:2 and 1:3, a weak peak at 1762 cm-1, corresponding to νC=O, was observed.27 

This peak confirmed the presence of carbonyl groups on the Ag surface. The carbonyl 

groups of both acetone and PVP could contribute to this signal. Interestingly, it was 

observed that νAg-Cl shifted to about 235 cm-1 when the ratio of EG to acetone was set to 

1:3. I argued that this shift was a result of mixing between the vibrational modes of νAg-Cl 

and νAg-O (due to the interaction between Ag and the oxygen of the adsorbed carbonyl). As 

the acetone concentration increased beyond a certain threshold, the competitive adsorption 

of carbonyl groups on the {110} and {111} facets became more pronounced. This 

increased adsorption led to the emergence of a composite vibrational mode involving both 

νAg-Cl and νAg-O, resulting in the shift toward a lower wavenumber. It is worth noting that 

strong SERS background was observed in the samples involving EG to acetone ratios at 

1:1 and 1:2, which can be ascribed to the electromagnetic effect. This background 

enhancement mainly arose from the intense near-fields in hot spots, which could facilitate 

intra-band electronic transition in Ag, leading to broad continuum emission that 

contributed to the observed background signal. 34 
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Figure 3.5. (A) Digital photograph, (B) UV-vis spectra, and (C) SERS spectra of Ag 

nanocubes dispersed in the original reaction solution or in EG-acetone binary 

mixtures with different ratios. The samples for UV-vis and SERS measurements were 

prepared from the original reaction solution by dilution with EG or acetone at a 

factor of four. 

As shown in Figure 3.6A, when I redispersed the Ag nanocubes, which were 

crushed out with acetone and collected by centrifugation, in water while retaining 5% of 

the supernatant, a peak was observed at 237 cm-1. A subsequent washing with water further 

redshifted this peak to 234 cm-1. The peaks corresponding to acetone confirmed the 
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presence of acetone in the sample. In contrast, if more than 99% of the supernatant was 

removed before redispersing the sample in water, followed by washed with water once, the 

peak was redshifted down to 231 cm-1 in both SERS spectra of the samples shown in Figure 

3.6B. The shift could be attributed to two possible factors: i) weakening of the Ag-Cl bond 

and ii) an increased proportion of carbonyl oxygen adsorbed on the surface. In the former 

explanation, transferring Ag nanocubes from a less polar EG-acetone mixture to a highly 

polar aqueous environment enhanced the solvation of the adsorbed Cl- ions. The stronger 

solvation weakened the Ag-Cl bond (i.e., reduction in the force constant), resulting in a 

lower vibrational frequency. If a considerable amount of acetone remained, the oxygen 

atoms of acetone could coordinate to the surface atoms on the Ag nanocubes in a manner 

similar to that of PVP. The presence of a significant amount of acetone on the Ag surface 

could create a local environment with a reduced effective polarity relative to an 

environment dominated by water. Thus, the weakening of the Ag-Cl bond was less 

significant than the case in pure water. The washing with water gradually reduced the 

proportion of acetone in the mixture, thereby decreasing the amount of acetone on the Ag 

surface. This, in turn, weakens the Ag-Cl bond, leading to a reduction in the vibrational 

frequency. For the latter explanation, due to the higher solubility of AgCl in water, the 

introduction of water significantly reduced the amount of AgCl on the Ag surface. As a 

result, the contribution to the SERS signal from the interaction between carbonyl oxygen 

and Ag increased, leading to a redshift for the peak. Additionally, as the acetone 

concentration decreased, the competitive adsorption of PVP carbonyl groups on the Ag 

surface became more pronounced, enhancing the intensity of the carbonyl peak at 1762 

cm-1. This peak could be attributed to a combination of carbonyl groups directly adsorbed 
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on the Ag surface and those associated with PVP molecules dispersed in the solvent while 

in proximity to the Ag surface. 

 

Figure 3.6. SERS spectra recorded from the Ag nanocubes collected by centrifugation 

after being crashed with acetone while removing (A) 95% and (B) >99% of the 

supernatant, respectively, followed by redispersion in water, with the sample washed 

with water once. 

According to the above results, it is clear that the surface of the Ag nanocubes 

prepared using the HCl-mediated polyol method undergoes a range of changes during the 

collection and washing steps. As illustrated in Figure 3.7, the Ag nanocubes are well 

dispersed in the original reaction solution, with PVP extending well into the surrounding 

EG to form large loops. Additionally, a significant amount of Cl- co-adsorbs with PVP on  
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Figure 3.7. A model detailing the surface of two Ag nanocubes suspended in the 

original reaction solution (top panel), after dilution with acetone (middle), and after 

collection by centrifugation and then redispersion in water (bottom). 

the Ag surface. When acetone of three times in volume is added, the poor solubility of PVP 

in acetone would collapse the PVP loops, resulting in major reduction in the steric effect 

and thus particle aggregation. Meanwhile, the abundance of carbonyl group from acetone 

leads to its co-adsorption with Cl⁻ on the Ag surface. However, due to the poor solubility 

of AgCl in acetone, Cl⁻ cannot substantially desorb from the Ag surface. As a result, when 

the particles are collected by centrifugation and then redispersed in water, the PVP loops 
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become less collapsed, allowing the Ag nanocubes to be well dispersed. Simultaneously, 

as a polar solvent, water can exert a strong solvation effect on AgCl, promoting the 

desorption of Cl- from the surface and the adsorption of more carbonyl groups from PVP 

onto the surface as acetone is largely removed during the washing process. 

To better understand how different solvents affect the surface of Ag nanocubes, I 

performed SERS measurements on the reaction solution after it had been diluted by three 

times in volume with EG, water, ethanol, and acetone, respectively. I first focused on the 

changes to νAg-Cl in different solvents. As shown in Figure 3.8, for the samples diluted with 

EG and water, the area of the νAg-Cl peak decreased proportionally with the dilution factor. 

The stronger νAg-Cl peak for the sample diluted with ethanol relative to that diluted with 

water indicates more AgCl was deposited on the surface of the nanocube when suspended 

in the EG-ethanol mixture than in the EG-water mixture, likely due to the difference in 

AgCl solubility. As discussed above, the significant enhancement of SERS signal in 

samples diluted with acetone was caused by particle aggregation. The νAg-Cl peak only 

shifted when diluted with acetone, indicating that the coverage density of Cl- on the Ag 

surface had changed, whereas no shift was observed upon the addition of water or ethanol. 

Meanwhile, a weak peak was observed around 1762 cm-1 for the samples diluted with water 

and ethanol, indicating more carbonyl groups from PVP anchored to or in proximity to the 

surface. Based on these observations, I proposed that acetone promoted competitive 

adsorption between carbonyl groups and Cl- on the Ag surface, increasing the coverage 

density of carbonyl groups relative to the Ag nanocubes suspended in the original reaction 

solution. In contrast, water and ethanol primarily promoted the adsorption of carbonyl 

groups of PVP at pre-existing surface sites unoccupied by Cl-. Both situations significantly 
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retarded the adsorption of O2 on the surface of Ag nanocubes, protecting the sharp corners 

and edges from truncation via oxidative etching. 

 

 

Figure 3.8. SERS spectra of Ag nanocubes suspended in the original reaction solution 

or diluted by a factor of four in volume with EG, water, acetone, and ethanol, 

respectively. The sample was allowed to sit for 40 min prior to SERS measurement. 

3.4 Conclusions 

In summary, I have used SERS to analyze and elucidate changes to the surface of 

Ag nanocubes during sample preparation after their HCl-mediated polyol synthesis. Our 

results revealed the co-adsorption between Cl-
 ions and the carbonyl group from acetone 

added during the collection step, helping suppress oxidation etching. Meanwhile, diluting 
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the original reaction mixture with more than two volumes of acetone also induced 

reversible particle aggregation, greatly improving the sample collection efficiency. 

Washing the collected particles with water allowed the nanocubes to be redispersed by 

promoting the desorption of Cl- ions and the adsorption of the carbonyl group from PVP. 

To further understand solvent effect, I directly diluted the reaction solution by the same 

factor with EG, water, acetone, and ethanol, and collected the corresponding SERS spectra. 

The redshift in the νAg-Cl peak could only be observed in the sample diluted with acetone, 

while the carbonyl signal from PVP could only be observed in the samples diluted with 

water and EtOH. Again, these data suggested that the addition of acetone into the original 

reaction solution resulted in co-adsorption of its carbonyl group with Cl⁻ ions, whereas the 

addition of water and ethanol facilitated the adsorption of the carbonyl group from PVP. 

Collectively, these findings suggest that the seemingly routine steps of sample collection, 

washing, and redispersion can significantly affect the surface chemistry and even 

morphology of Ag nanocubes, with direct consequences on their properties and 

applications. 

3.5 Notes to Chapter 3 

This chapter was adapted from the manuscript “Seeing Is Believing: How Does the 

Surface of Silver Nanocubes from a Polyol Synthesis Change during Sample Collection, 

Washing, and Redispersion,” under revision for publication in Langmuir.35 
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CHAPTER 4. SEEING IS BELIEVING: HOW DOES THE 

SURFACE OF SILVER NANOCUBES CHANGE DURING THEIR 

GROWTH IN AN AQUEOUS SYSTEM 

4.1 Introduction 

Silver nanocubes have been extensively researched for their unique optical 

properties and applications in fields such as plasmonics,1,2 sensing,3-5 and catalysis.6,7 Of 

particular interest is their strong SERS activity, which has been explored for sensitive 

detection of chemical species in close proximity to the surface.8,9 The optical properties of 

Ag nanocubes are strongly correlated with their size and the sharpness of their corners and 

edges. For instance, Ag nanocubes with an edge length of 80 nm were reported to give the 

strongest SERS activity when excited at a wavelength of 532 nm, with the optimal size 

increasing to 130 nm when switching to the excitation of 785 nm.10 Additionally, Ag 

nanocubes with sharper corners and edges are known to give stronger SERS signals relative 

to their truncated counterparts.11 For these reasons, protocols for producing size-controlled 

Ag nanocubes with sharp corners and edges have been actively explored.12-18 Among the 

methods reported in literature, polyol synthesis easily stands out as the most successful 

approach,16,17 but this method typically requires an elevated temperature around 150 °C, 

which tends to result in nanocubes with truncated corners and edges. In contrast, aqueous 

synthesis is better suited for generating and preserving sharp corners and edges on Ag 

nanocubes due to the use of a reaction temperature as low as 60 oC. To this end, seed-

mediated growth in an aqueous medium has gained significant attention as a robust route 
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to the synthesis of Ag nanocubes with sharp corners and edges, together with tunable edge 

lengths up to 110 nm.12,15,19 

Despite the success in synthesis, the mechanistic details involved in the seed-

mediated growth of Ag nanocubes in an aqueous medium remain elusive. For example, it 

is not clear if the precursor is reduced to atoms in the solution and then deposited onto the 

seeds, or if the precursor adsorbs on the surface of a seed, followed by reduction through 

autocatalysis.20 The latter mechanism is supposed to be more favorable due to the 

involvement of a lower energy barrier to the reduction. Additionally, very little is known 

about the changes to the surface of a seed during its evolution into larger nanocubes. 

Researchers have tried to address these issues by analyzing the reaction kinetics while 

characterizing the particles using techniques based upon electrochemistry, electron 

microscopy, and UV-vis spectroscopy.21,22 However, none of these techniques can directly 

detect and monitor the changes to the surface of Ag nanocubes during their growth to help 

elucidate the mechanistic details. 

Vibrational spectroscopy techniques have been utilized to monitor the changes to 

the surface of colloidal metal nanoparticles induced by adsorption, desorption, aggregation, 

and/or chemical reactions. Specifically, Fourier-transform infrared (FTIR) spectroscopy 

has been used to identify and track the chemical species adsorbed on the surface of Ag 

nanoparticles by analyzing their vibrational fingerprints.23,24 However, the applicability of 

FTIR to an aqueous system is limited due to the strong absorption of infrared radiation by 

water.25 Second-harmonic generation (SHG) spectroscopy has also been adapted for real-

time monitoring of seed-mediated growth of Ag and Au nanoparticles.26,27 In this case, the 

requirement for a high-intensity laser excitation in SHG may cause potential damage to the 
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nanoparticles and even decompose the metal precursor, limiting the scope of application. 

In contrast, SERS offers a non-destructive alternative for the in situ characterization of 

chemical species in proximity to the surface of Ag or Au nanoparticles in an aqueous 

environment. In a recent study, I successfully adapted SERS to analyze the adsorbates on 

the surface of Ag nanocubes during a HCl-mediated polyol synthesis.28 Herein, I report the 

use of SERS to analyze the seed-mediated growth of Ag cubic seeds in an aqueous system. 

SERS data reveal the changes on the surface of seeds including ligand exchange, AgCl 

deposition, and electron transfer from reductant which led to a major enhancement in SERS 

signals. Collectively, our data points toward the dominance of autocatalytic reduction as 

the mechanism responsible for the seed-mediated growth of Ag nanocubes in an aqueous 

system. 

4.2 Experimental Section 

Chemicals and Materials. Ethylene glycol (EG, >99 %, Lot No. 0000160068) was 

ordered from J. T. Baker. Cetyltrimethylammonium chloride solution (CTAC, 25 wt% in 

H2O, Lot No. STBH7200), silver trifluoroacetate (CF3COOAg, >99.99%, Lot No. 

MKBZ0931V), ascorbic acid (H2Asc, 99.7 %, Lot No. SLBS0713V), acetone (>99.5%), 

sodium hydrosulfide hydrate (NaSH·xH2O, Lot No. SHBP0761), and poly(vinyl 

pyrrolidone) (PVP, Mw≈55,000, Lot No. MKCD1968) were all purchased from Sigma-

Aldrich. Hydrochloric acid (trace metal grade, Lot No. 24006167) was obtained from 

Fisher Chemical. All the chemicals were used as received. DI water dispersed from a 

Millipore water purification system (with a resistivity of 18.2 MΩ·cm at room temperature) 

was used in all experiments. 
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Synthesis of Ag Nanocubes to Be Used as the Seeds. I followed a recently refined 

polyol method.31 In a typical synthesis, 20 mL of EG was added into a 250-mL three-neck 

round-bottom flask capped with ground glass stoppers and preheated under magnetic 

stirring (260-320 rpm) in an oil bath to a pre-set temperature of 150 ℃. The solution was 

held at this temperature for about 20 min, followed by the quick injection of 0.24 mL of 

NaSH solution in EG (3 mM). After 2 min, 2.0 mL of HCl solution in EG (3 mM) was 

introduced, followed by the addition of 5.0 mL of PVP solution in EG (20 mg/mL). After 

another 5 min, 1.6 mL of CF3COOAg solution in EG (282 mM) was added in one shot and 

I started to monitor the main LSPR peak position of the reaction mixture using a UV-vis 

spectrometer. Specifically, a few drops of the reaction solution were withdrawn from the 

flask using a glass pipet and diluted with water in a cuvette, followed by the collection of 

its extinction spectrum. When the main LSPR peak reached 430 nm, the reaction was 

immediately quenched by immersing the flask in an ice bath. The solid products were 

crushed out with acetone (Vsample/Vacetone=1:3) and then collected by centrifugation, 

followed by washing with water three times to help remove the excess PVP. Finally, the 

nanocubes were dispersed in water at a concentration of 1.2×1012 for seed-mediated 

growth. 

Seed-mediated Synthesis of Ag Nanocubes with Enlarged Sizes. In a standard 

protocol, 0.02 g of the CTAC solution and 4.4 mL of water were mixed in a 20-mL vial. 

Next, different amounts (1000, 500, 300, and100 μL) of the seed suspension was added, 

followed by 100 μL of 0.1 M aqueous CF3COOAg. The vial was capped and immersed in 

a water bath held at 60 °C. After 20 min, 1 mL of 0.1 M aqueous H2Asc was added, and 

the capped mixture was magnetically stirred for another 90 min. The reaction was allowed 
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to proceed for 90 min and the solid products were collected by centrifugation at 7000 rpm 

for 10 min. After carefully removing the supernatant, the Ag nanocubes were re-suspended 

in 5 mL of 1 mM aqueous CTAC for further use. During the growth, aliquots were also 

sampled from the reaction mixture at different time points from 2–90 min to check the 

LSPR peak positions of the nanocubes using a UV-vis spectrometer. 

Raman/SERS Measurement during Seed-mediated Growth of Ag Nanocubes. 

In a standard protocol, 300 μL of the seed suspension and 4.4 mL of water were mixed in 

a 20-mL vial. Next, 0.02 g of the aqueous CTAC and 100 μL of 0.1 M CF3COOAg solution 

were introduced sequentially. The capped vial was kept in a water bath at 60 °C for 20 min. 

After withdrawing 200 mL from the mixture for Raman measurement, 1 mL of 0.1 M 

aqueous H2Asc was added, and the solution was magnetically stirred in the capped vial for 

up to 90 min. Aliquots of 200 μL were withdrawn from the reaction mixture at different 

time points and transferred to a 1.5-mL tube immersed in an ice bath to quench the reaction. 

Then, 25 µL of each quenched reaction solution was transferred into a cell made of PDMS, 

covered with a glass coverslip, and placed on the sample stage of the microscope. I 

collected Raman/SERS spectra in the extended mode at an excitation wavelength of 532 

nm, together with a 100× objective lens, a laser power at 25 mW, and a collection time of 

10 s. 

SERS Measurement of the Reaction Solution in the Absence of Ag Seeds. In a 

typical study, I followed the standard protocol for Raman/SERS measurement, except that 

the suspension of Ag seeds was replaced with pure water. I collected SERS spectra in the 

extended mode at an excitation wavelength of 532 nm, together with a 100× objective lens, 

a laser power at 25 mW, and a collection time of 10 s.  
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In situ SERS Monitoring of the Seed-mediated Growth Process. In a typical 

study, 0.004 g of the CTAC solution and 0.88 mL of water were mixed in a 20-mL vial. 

Next, 60 μL of the seed suspension and 20 μL of 0.1 M aqueous CF3COOAg were 

introduced sequentially. The capped vial was kept in a water bath at 60 °C for 20 min. 

Some of the mixture was then transferred into a PDMS cell covered with a glass coverslip, 

placed on a petri dish filled with hot (60 °C) water, and placed on the sample stage of the 

microscope. During in situ SERS measurement, 0.2 mL of 0.1 M aqueous H2Asc was 

injected into the cell, and the reaction solution was mixed by drawing and injecting the 

liquid three times with a pipette. The temperature of the setup was maintained by heat 

exchange with the water in the petri dish. I collected Raman/SERS spectra with laser 

excitation at 532 nm and 50 mW power, together with a 100× objective lens. Each spectrum 

was recorded in the static mode, accumulating 5 scans from 100 to 1360 cm-1 with an 

exposure time of 1 sec per scan. Spectra were collected every 20 s, and the laser was 

blocked between collections to minimize exposure of the sample.  

Characterizations. The TEM images were captured using a microscope (HT7700, 

Hitachi) operated at 120 kV. The UV−vis spectra were recorded on a spectrophotometer 

(Cary 60, Agilent). Metal contents were measured using an inductively-coupled plasma 

mass spectrometer (ICP-MS, NexIon, PerkinElmer). The Raman and SERS spectra were 

recorded using a Renishaw inVia Raman Spectrometer (Wotton-under-Edge, U.K.) 

integrated with a Leica microscope (Wetzlar, Germany).  

4.3 Results and Discussion 
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Figure 4.1 shows a TEM image of the Ag cubic seeds in the present work. They 

had an average edge length of 34.6±6.3 nm, slightly larger than the seeds used in a prior 

study.12 I chose cubic seeds to ensure comparable SERS measurements throughout the 

growth. They were synthesized using the HCl-mediated polyol method and their surface 

was covered by a mixture of Cl- ions and PVP.29 In a standard protocol for seed-mediated 

growth, aqueous CTAC was added into an aqueous suspension of the cubic seeds held at 

60 °C, followed by the sequential introduction of CF3COOAg and H2Asc. The growth was 

then allowed to continue at 60 oC for 90 min. By adding different quantities of the seeds at 

a fixed amount of CF3COOAg, I was able to tune the size of the resultant nanocubes in a 

controllable fashion. Figure 4.2 shows TEM images of the Ag nanocubes synthesized using 

the standard protocol with the addition of 1000, 500, 300, and 100 μL of the same batch of 

seed suspension. The average edge lengths of the Ag nanocubes increased from 55.3±2.7 

to 60.5±3.0, 79.2± 2.9, and 104.5±5.8 nm, respectively. The strong correlation between the 

edge length of the nanocubes and the amount of the seeds confirms the direct participation 

of the seeds in the growth process, eliminating the involvement of solution reduction and 

homogeneous nucleation. As shown in Figure 4.3, the major LSPR peaks of these 

nanocubes exhibited a red shift with increasing size. All the spectra did not show the optical 

extinction peak associated with AgCl solid in the UV region, indicating its complete 

conversion to Ag by the end of a standard synthesis. 
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Figure 4.1. TEM image of the 36-nm Ag nanocubes serving as seeds for the growth. 

 

Figure 4.2. TEM images of the Ag nanocubes synthesized using the standard protocol 

for seed-mediated growth with (A) 1000, (B) 500, (C) 300, and (D) 100 μL of the seed 

suspension. The average edge lengths of the Ag nanocubes increased from 55.3±2.7 to 

60.5±3.0, 79.2± 2.9, and 104.5±5.8 nm, respectively, as the amount of the seed 

suspension was reduced.  
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Figure 4.3. UV-vis extinction spectra recorded from aqueous suspensions of Ag 

nanocubes with enlarged sizes, which were synthesized using the standard protocol 

by adding 1000, 500, 300, and 100 μL of the seed suspension. The major LSPR peaks 

of these nanocubes were located at 474, 492, 532, and 605 nm, respectively. The 

products obtained from the synthesis with the addition of 300 or 100 μL of the seed 

suspension showed a shoulder peak next to the major peak and this shoulder peak 

could be attributed to the quadrupole charge distribution. 

I then collected aliquots from the reaction mixture at different time points, rapidly 

cooling them to room temperature, and analyzed the samples by TEM, UV-vis, and SERS 

to gain insight into the growth process. Figure 4.4 shows the TEM images recorded from 

the samples obtained at t = 0 2, 10, 30, 60, and 90 min, respectively, of a standard synthesis 

conducted with the addition of 300 μL of the seed suspension. It is worth noting that the 

samples obtained at t = 0−10 min contained a large amount of AgCl nanoparticles. As 

documented in the literature,30 AgCl solid could be decomposed or reduced within seconds 

upon exposure to the electron beam of a transmission electron microscope. This explains 

the appearance of tentacle-like Ag nanocrystallites (indicated by square boxes) on the  
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Figure 4.4. TEM images of the samples for SERS measurements obtained at different 

stages of a standard synthesis conducted in the presence of 300 μL of the seeds: (A) 

immediately after the introduction of CF3COOAg (t = 0 min), and (B) 2, (C) 10, (D) 

30, (E) 60, and (F) 90 minutes after the introduction of H2Asc, respectively. In (A) and 

(B), the Ag spikes formed on the surface of AgCl nanoparticles as a result of exposure 

to the electron beam are marked with square boxes, whereas the original Ag seeds 

are marked by circular boxes. 

surface of some AgCl nanoparticles as shown in Figure 4.4, giving them an overall 

irregular morphology. Nevertheless, I could still resolve the truncated octahedral shape 

taken by the AgCl nanoparticles. There were a small number of the original Ag seeds 
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(indicated by circular boxes) in the samples obtained at t = 0 and 2 min. As the synthesis 

progressed, the proportion of AgCl in the sample steadily decreased, while both the number 

and size of the Ag nanocubes increased. At t = 30 min, essentially all the AgCl 

nanoparticles had disappeared. By t = 60 min, I obtained Ag nanocubes bearing sharp 

corners and edges, together with a uniform edge length of 81 nm. Figure 4.5 shows the 

UV-vis spectra recorded from aqueous suspensions of the samples obtained at different 

time points. For the sample obtained at t = 0 min, a broad shoulder peak observed in the 

range of 500−600 nm for the seeds could be attributed to the introduction of CTAC. The 

presence of CTAC at a high concentration could lead to surface exchange between PVP 

and Cl- ions, as well as compression of the electric double layer. As a result, the 

electrostatic repulsion among the particles and the stearic hindrance caused by surface-

bound PVP would be compromised, inducing particle aggregation. However, the 

aggregation seemed to be reversible as confirmed by the good uniformity of the final 

nanocubes. For the sample obtained at t = 2 min, there was strong optical extinction in the 

range of 300−400 nm, which could be assigned to the AgCl nanoparticles. This extinction 

peak then decreased in intensity with time, and by t = 60 min, it essentially disappeared 

while the Ag nanocubes stopped growing into larger sizes. The major LSPR peak of the 

Ag nanocubes was shifted from 432 nm (the seeds) to 536 nm (t = 60 or 90 min) as their 

sizes were enlarged.  
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Figure 4.5. UV-vis spectra of the samples for SERS measurements obtained at 

different stages of a standard synthesis conducted with the use of 300 μL of the seed 

suspension.  

When the samples were analyzed by SERS, I observed distinct changes to the 

surface of the nanocubes. As shown in Figure 4.6, the Ag seeds exhibited the SERS 

spectrum typical of PVP-capped Ag nanocubes in an aqueous medium. The peak at 1761 

cm-1 can be assigned to the C=O stretching mode of PVP (νC=O), while the peaks at 927, 

1403 and 2939 cm-1 are associated with the C-C ring breathing, CH2 scissoring, and CH2 

stretching modes of PVP, respectively.31 I also observed a broad peak around 230 cm-1, 

which can be attributed to the stretching modes of Ag-Cl (νAg-Cl) and Ag-O (νAg-O).28,32 

These two peaks are associated with the adsorption of Cl⁻ (during the polyol synthesis of 

the seeds) and the carbonyl group of PVP on the Ag surface, respectively. Upon the 

introduction of CTAC into the suspension, all the SERS peaks associated with PVP 

disappeared, indicating the desorption of PVP from the surface of Ag seeds in the presence 
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of CTAC at a high concentration. New peaks appeared at 760 and 1446 cm-1 and they could 

be assigned to the CH3 rocking (ρCH₃) and N-CH3 bending modes (δN-CH₃) of CTA+.33 

Multiple peaks in the region of 2850−2975 cm-1 can be assigned to the C-H stretching 

modes (νC-H) of CTA+. The spectral changes suggested that most of the PVP on the surface 

of the Ag seeds had been replaced by CTAC before CF3COOAg was added. Meanwhile, 

the peak at 230 cm-1 shifted to 240 cm-1
 and became stronger in intensity, indicating 

increased Cl- adsorption on the surface and the desorption of the carbonyl group of PVP. 

 

Figure 4.6. SERS spectra taken from the samples obtained at different stages of a 

standard synthesis conducted with the addition of 300 mL of the seed suspension. 
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Upon the introduction of CF3COOAg, the intensity of νAg-Cl increased noticeably. 

The corresponding TEM images in Figure 4.4 indicated the formation of a large amount of 

AgCl nanoparticles. In addition to the enhancement in SERS signals caused by the presence 

of more AgCl on the surface of the Ag seeds, I argue that the ordinary Raman signals from 

the AgCl solid itself also contributed to the augmentation of peak intensity. It is worth 

mentioning that the SERS signals of CTA+ slightly decreased after the introduction of 

CF3COOAg. This trend indicates that less CTA+ were attached to the surface of the Ag 

seeds as most of them were covered by AgCl solid. It also ruled out the potential 

photoreduction of AgCl under laser irradiation during the SERS measurement. Otherwise, 

I would expect to observe stronger SERS signals of CTA+ than those observed for the 

sample before adding CF3COOAg. At t = 2 min after the introduction of H2Asc, I observed 

appreciable enhancement to the SERS signals from both AgCl and CTA⁺, and the AgCl 

peak also shifted from 240 to 234 cm-1. This augmentation indicates the transfer of 

electrons from H2Asc to Ag surface for the activation of chemical enhancement. A 

comparison of the spectra recorded from t = 2-90 min suggests that the intensities of SERS 

signals from all the surface species gradually decreased as the reaction proceeded.  

According to the literature, the SERS activity of Ag nanocubes under 532 nm 

excitation should gradually increase with particle size, reaching maximum at an edge 

length around 80 nm.10 However, compared to the SERS spectrum of Ag seeds (ca. 36 

nm), the peak areas of νAg–Cl and N−CH₃ bending in the spectra at t = 60 and 90 min (ca. 

81 nm) did not show any significant increase. This discrepancy could be attributed to the 

involvement of hot spots for SERS and the preferred adsorption of CTAC on the side faces 

of Ag nanocubes. Calculations based on the FEM indicated that the hot spots of a slightly-
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truncated Ag nanocube were located on the corners and edges rather than the side faces.34 

As such, the CTAC molecules adsorbed on the side faces would benefit less from the strong 

enhancement typically associated with the corners and edges, explaining why there was no 

major enhancement in SERS signals as the nanocubes were increasingly enlarged.  

I also conducted a control experiment by voiding Ag seeds from the standard 

protocol. As shown Figure 4.7A, before adding H2Asc (t = 0 min), I could only resolve the 

Raman peak of AgCl at 240 cm-1. After adding H2Asc, the SERS signal from CTA+ 

gradually became visible and reached its maximum strength after 10 min and then 

gradually decreased. This trend can be ascribed to the SERS enhancement brought about 

by the Ag nanocrystallites generated on the surface of AgCl nanoparticles in the absence 

of preformed Ag seeds, as well as the hot spots formed between them. The transfer of 

electrons from H2Asc to the Ag nanocrystallites also caused chemical enhancement. As the 

Ag nanocrystallites started to grow, both H2Asc and the AgCl solid would be consumed, 

reducing the number of hot spots. At the same time, the peak associated with AgCl at 240 

cm-1 disappeared at t = 2 min after adding H2Asc. This change could be ascribed to the 

formation of a large number of Ag nanocrystallites on the surface of AgCl, as supported 

by the increase in optical extinction near 532 nm in the UV-vis spectrum. The Ag 

nanocrystallites obstructed the passing of the excitation light while attenuating the Raman 

signals from AgCl. The UV-vis spectra in Figure 4.7B also indicated the gradual 

consumption of AgCl over time. Although the Ag nanocrystallites grew with time, they 

remained very small at t = 90 min, as the position of their major LSPR peak was below 400 

nm. Compared to the SERS spectra of seed-mediated growth in Figure 4.6, the SERS  



 103 

 

Figure 4.7. (A) Raman/SERS spectra and (B) UV-vis spectra showing the reduction 

of AgCl by H2Asc in aqueous CTAC in the absence of preformed Ag seeds at different 

time points (t = 0−90 min).  

signals from CTA+ and AgCl in Figure 4.7A, as well as their magnitudes of enhancement, 

were significantly weaker even after the growth had been initiated. The results 

demonstrated that the significant enhancement in SERS signals after adding H2Asc mainly 

came from the preformed Ag seeds with a size of about 35 nm. The Ag nanocrystallites 
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formed in situ on the AgCl nanoparticles in this control experiment were too small to 

provide SERS activity compatible to that of the preformed cubic seeds added into the 

growth mixture. These observations confirmed the significant enhancement in SERS 

signals after adding H2Asc mainly came from the preformed Ag seeds rather than Ag 

nanocrystallites formed in situ on the AgCl.  

I investigated the growth of the same batch of Ag seeds using UV-vis spectroscopy 

at room temperature to confirm that no significant growth occurred during sample 

preparation and SERS measurement. As shown in Figure 4.8, the major LSPR peak shifted 

from 432 to 465 nm after 4 h into the synthesis indicating slight enlargement of the seeds. 

It was much slower relative to the case of standard synthesis conducted at 60 °C, where the 

peak reached a similar position of 465 nm within just 2 min. I also argued that the AgCl 

nanoparticles could not be photo-reduced during the SERS measurement, which was 

conducted at room temperature under the excitation of a 532 nm laser. According to the 

literature, the photoreduction of silver halides can be attributed to Frenkel defects, which 

enable the reduction of Ag⁺ ions to Ag atoms when photoelectrons, generated under the 

excitation of photons with an energy exceeding the band gap, migrate to the trap states.35,36 

The excitation light I used had a lower photon energy (532 nm, about 2.33 eV) than the 

energy (about 3 eV) required to initiate the photoreduction of AgCl solid, which has a 

bandgap of 3.28 eV.37 Additionally, photocurrent measurements indicated that there was 

only a minimal reduction of Ag/AgCl material under 532 nm irradiation, as evidenced by 

the nearly absent cathodic photocurrents.38 Moreover, due to the presence of preformed Ag 

seeds in our system, most of the photoelectrons should be accepted by the Ag seeds 

embedded in the AgCl solid rather than being used to directly reduce AgCl solid for the 
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generation of new Ag nuclei. This phenomenon resembles the concentration principle in 

photography by which a Ag nucleus will take all the photoelectrons once it is formed in/on 

the AgCl or AgBr grain, preventing the formation of additional Ag nuclei on the same 

grain.39 As a result, the impact of laser exposure on the sample during SERS measurement 

should be negligible. 

 

Figure 4.8. UV–vis spectra taken from aqueous suspensions of the Ag nanocubes 

obtained at different stages (t = 0−24 h) of a standard synthesis conducted in the 

presence of 100 μL of the seed suepension at 25 oC. 

Based on the results from TEM, UV-vis, and SERS studies, I came up with a 

mechanism to account for the growth of Ag nanocubes in an aqueous system. Figure 4.9 

shows a schematic of the mechanistic details. Specifically, the PVP on the surface of the 

seeds is exchanged with the Cl- ions from CTAC used in excess, followed by the formation 

of AgCl octahedral nanoparticles upon the introduction of CF3COOAg. At this point, the 

resolved AgCl peak comes from both the SERS signals of the Cl- adsorbed on the surface 

of the seeds and the Raman signals from the AgCl solid. Since heterogeneous nucleation 
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has a lower energy barrier than that of homogeneous nucleation, the AgCl nanoparticles 

are supposed to nucleate and grow from the existing Ag cubic seeds. As a result, for the 

samples collected in the early stage of a synthesis, the Ag seeds are expected to exist in 

three different states: partially covered by AgCl (Ag-AgCl); fully encapsulated in AgCl 

(Ag@AgCl), and not covered by AgCl (naked Ag seeds). After adding H2Asc, the SERS 

signals from both CTA+ and AgCl increase significantly due to the chemical enhancement 

arising from the increase in electron density on the surface of the Ag seeds. For the seed 

partially embedded in AgCl solid, they can directly accept electrons from H2Asc and 

quickly reduce the Ag+ ions in the AgCl solid around the seed. The surface of the Ag seed 

becomes more electron-rich, with an electron density greater than the state before the 

addition of H2Asc, causing significant enhancement to the SERS signals. Similar to the 

development of a photographic film, it is the Ag-AgCl nanoparticles that will be 

immediately activated for growth upon the introduction of H2Asc. Meanwhile, as the 

reaction progressed, the AgCl was gradually consumed through reduction and dissolution, 

leading to a transformation of Ag@AgCl into Ag-AgCl. As shown in Figure 4.4 and Figure 

4.5, all the AgCl on the Ag-AgCl nanoparticles has been reduced and converted to Ag by 

t = 30 min for the formation of enlarged nanocubes. Afterward, the growth will be 

continued through Ostwald ripening, by which the Ag+ ions and Ag atoms contained in the 

Ag@AgCl nanoparticles and the Ag atoms in the naked seeds are continuously transferred 

to the growing nanocubes. 
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Figure 4.9. Schematic illustration showing the surface and structural changes 

involved in the seed-mediated growth of Ag nanocubes in an aqueous medium 

sequentially supplied with CTAC, CF3COOAg, and H2Asc. 

To gain a more accurate understanding of the surface of Ag nanocubes during their 

growth, I directly recorded SERS spectra from the reaction mixture in situ at a temperature 

close to 60 °C using the setup shown in Figure 4.10. The concentrations of all chemical 

species were kept the same as those used in the ex situ SERS measurements. As shown in 

Figure 4.11A, the introduction of H2Asc solution led to a rapid increase in SERS signals 

within 40 s, agreeing with the result observed at t = 2 min during the ex situ measurement. 

Figure 4.11B shows that the SERS signals of both AgCl and CTA+ increased by 

approximately four times within one minute. Since the signal enhancement occurred within 

a very short period of time after the growth was initiated, the Ag nanocrystallites newly 

formed on the surface of AgCl might not be large enough to provide hot spots based on the 

discussion regarding Figure 4.7. The fine temporal resolution of the in situ measurement 

provides additional evidence to confirm the rapid formation of structural features 

responsible for signal enhancement, in addition to the slight attenuation of SERS signals 

over the first 10 min observed during the ex situ measurement.  
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Figure 4.10. Digital photographs of the setup used for in situ SERS measurement and 

infrared image of the PDMS cell containing the reaction mixture during the in situ 

SERS measurement. 

 

Figure 4.11. (A) In situ SERS spectra taken from the reaction mixture at different 

stages (t =0−450 sec) after the introduction of H2Asc for a standard synthesis 

conducted with 60 μL of the seeds. (B) Plots of the heights for the νAg-Cl peak at 240 

cm-1 and the CH3 rocking peak at 760 cm-1, from the N+(CH3)3 group of CTAC, 

derived from the in situ SERS spectra shown in the left panel. 
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Since the mixing between H2Asc and the reaction solution was somewhat retarded 

relative to the standard synthesis that involved magnetic stirring, the reaction was expected 

to progress at a slower rate during the in situ measurement. Additionally, the enhancement 

was much greater than the SERS signal enhancement expected from increased sharpness 

of the nanocubes.11 Therefore, the rapid appearance of enhanced SERS signals should be 

better explained by the increase in surface electron density, which further supports surface 

reduction as the primary mechanism for the seed-mediated growth. The gradual decrease 

in the SERS signal over the first 10 min could be attributed to the corresponding decline in 

the reducing agent concentration as the reaction proceeded. It is worth noting that the 

abnormal signal attenuation observed during the in situ measurement can be attributed to 

the occasional formation of bubbles during the injection of H2Asc solution. Altogether, the 

data from both in situ and ex situ measurements are in good agreement, offering a solid 

foundation for understanding the mechanistic details involved in seed-mediated growth of 

Ag nanocubes. 

4.4 Conclusions 

In summary, I have demonstrated the use of SERS as a sensitive technique to probe 

the surface chemistry of Ag nanocrystals during the synthesis of Ag nanocubes with 

enlarged sizes up to 100 nm through seed-mediated growth in an aqueous system. Our 

results from both in situ and ex situ measurements reveal the removal of PVP from the 

surface of the seeds upon the introduction of CTAC, followed by the formation of AgCl 

solid upon the addition of CF3COOAg. Major SERS enhancement was observed upon the 

introduction of H2Asc, which can be primarily attributed to the increase in electron density 

on the surface of the Ag seeds due to the acceptance of electrons from H2Asc. Collectively, 
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this work offers invaluable insights into the compositional changes on the surface of Ag 

nanocubes during their growth in an aqueous phase. It also provides a potential route 

augmenting the SERS signal by increasing the electron density on the surface of Ag 

nanocrystals through controlled chemical processes. 

4.5 Notes to Chapter 4 

This chapter was adapted from the article “Seeing Is Believing: How Does the 

Surface of Silver Nanocubes Change during Their Growth in an Aqueous System” 

published in Nano Letters.40 

4.6 References 

[1] Cobley, C. M.; Skrabalak, S. E.; Campbell, D. J.; Xia, Y. Shape-Controlled Synthesis 

of Silver Nanoparticles for Plasmonic and Sensing Applications. Plasmonics 2009, 4 

(2), 171-179.  

[2] Rycenga, M.; Cobley, C. M.; Zeng, J.; Li, W.; Moran, C. H.; Zhang, Q.; Qin, D.; Xia, 

Y. Controlling the Synthesis and Assembly of Silver Nanostructures for Plasmonic 

Applications. Chem. Rev. 2011, 111 (6), 3669-3712.  

[3] Pan, Z. Y.; Zhou, J.; Zou, H. Y.; Li, Y. F.; Gao, P. F.; Huang, C. Z. In situ investigating 

the size-dependent scattering signatures and sensing sensitivity of single silver 

nanocube through a multi-model approach. J. Colloid Interface Sci. 2021, 584, 253-

262.  

[4] Tao, P.; Ge, K.; Dai, X.; Xue, D.; Luo, Y.; Dai, S.; Xu, T.; Jiang, T.; Zhang, P. Fiber 

Optic SERS Sensor with Silver Nanocubes Attached Based on Evanescent Wave for 

Detecting Pesticide Residues. ACS Appl. Mater. Interfaces 2023, 15 (25), 30998-

31008.  

[5] Varasteanu, P.; Bujor, A. M.; Pachiu, C.; Craciun, G.; Mihalache, I.; Tucureanu, V.; 

Romanitan, C.; Pascu, R.; Boldeiu, A. Close-packed small nanocubes assemblies as 

efficient SERS substrates. J. Mol. Struct. 2023, 1294, 136441.  

[6] Christopher, P.; Linic, S. Shape- and Size-Specific Chemistry of Ag Nanostructures 

in Catalytic Ethylene Epoxidation. ChemCatChem 2010, 2 (1), 78-83.  

[7] Christopher, P.; Xin, H.; Linic, S. Visible-light-enhanced catalytic oxidation reactions 



 111 

on plasmonic silver nanostructures. Nat. Chem. 2011, 3 (6), 467-472.  

[8] Li, L.; Chin, W. S. Rapid Fabrication of a Flexible and Transparent Ag 

Nanocubes@PDMS Film as a SERS Substrate with High Performance. ACS Appl. 

Mater. Interfaces 2020, 12 (33), 37538-37548.  

[9] Rycenga, M.; Xia, X.; Moran, C. H.; Zhou, F.; Qin, D.; Li, Z.-Y.; Xia, Y. Generation 

of Hot Spots with Silver Nanocubes for Single-Molecule Detection by Surface-

Enhanced Raman Scattering. Angew. Chem., Int. Ed. 2011, 50 (24), 5473-5477.  

[10] Lin, Y.; Zhang, Y.-J.; Yang, W.-M.; Dong, J.-C.; Fan, F.-R.; Zhao, Y.; Zhang, H.; 

Bodappa, N.; Tian, X.-D.; Yang, Z.-L.; et al. Size and dimension dependent surface-

enhanced Raman scattering properties of well-defined Ag nanocubes. 

Appl. Mater. Today 2019, 14, 224-232.  

[11] McLellan, J. M.; Siekkinen, A.; Chen, J.; Xia, Y. Comparison of the surface-enhanced 

Raman scattering on sharp and truncated silver nanocubes. Chem. Phys. Lett. 2006, 

427 (1), 122-126.  

[12] Lin, Z.-W.; Tsao, Y.-C.; Yang, M.-Y.; Huang, M. H. Seed-Mediated Growth of Silver 

Nanocubes in Aqueous Solution with Tunable Size and Their Conversion to Au 

Nanocages with Efficient Photothermal Property. Chem. - Eur. J. 2016, 22 (7), 2326-

2332.  

[13] Zhou, S.; Li, J.; Gilroy, K. D.; Tao, J.; Zhu, C.; Yang, X.; Sun, X.; Xia, Y. Facile 

Synthesis of Silver Nanocubes with Sharp Corners and Edges in an Aqueous Solution. 

ACS Nano 2016, 10 (11), 9861-9870.  

[14] Zhang, Q.; Li, W.; Moran, C.; Zeng, J.; Chen, J.; Wen, L.-P.; Xia, Y. Seed-Mediated 

Synthesis of Ag Nanocubes with Controllable Edge Lengths in the Range of 30−200 

nm and Comparison of Their Optical Properties. J. Am. Chem. Soc. 2010, 132 (32), 

11372-11378.  

[15] Yu, D.; Yam, V. W.-W. Controlled Synthesis of Monodisperse Silver Nanocubes in 

Water. J. Am. Chem. Soc. 2004, 126 (41), 13200-13201.  

[16] Wang, Y.; Zheng, Y.; Huang, C. Z.; Xia, Y. Synthesis of Ag Nanocubes 18–32 nm in 

Edge Length: The Effects of Polyol on Reduction Kinetics, Size Control, and 

Reproducibility. J. Am. Chem. Soc. 2013, 135 (5), 1941-1951.  

[17] Zhang, Q.; Li, W.; Wen, L.-P.; Chen, J.; Xia, Y. Facile Synthesis of Ag Nanocubes of 

30 to 70 nm in Edge Length with CF3COOAg as a Precursor. Chem. - Eur. J. 2010, 

16 (33), 10234-10239.  

[18] Pawlik, V.; Zhou, S.; Zhou, S.; Qin, D.; Xia, Y. Silver Nanocubes: From Serendipity 

to Mechanistic Understanding, Rational Synthesis, and Niche Applications. Chem. 

Mater. 2023, 35 (9), 3427-3449.  



 112 

[19] Samal, A. K.; Polavarapu, L.; Rodal-Cedeira, S.; Liz-Marzán, L. M.; Pérez-Juste, J.; 

Pastoriza-Santos, I. Size Tunable Au@Ag Core–Shell Nanoparticles: Synthesis and 

Surface-Enhanced Raman Scattering Properties. Langmuir 2013, 29 (48), 15076-

15082.  

[20] Thanh, N. T. K.; Maclean, N.; Mahiddine, S. Mechanisms of Nucleation and Growth 

of Nanoparticles in Solution. Chem. Rev. 2014, 114 (15), 7610-7630.  

[21] Yang, T.-H.; Zhou, S.; Gilroy, K. D.; Figueroa-Cosme, L.; Lee, Y.-H.; Wu, J.-M.; 

Xia, Y. Autocatalytic surface reduction and its role in controlling seed-mediated 

growth of colloidal metal nanocrystals. Proc. Natl. Acad. Sci. 2017, 114 (52), 13619-

13624. 

[22] Yang, T.-H.; Peng, H.-C.; Zhou, S.; Lee, C.-T.; Bao, S.; Lee, Y.-H.; Wu, J.-M.; Xia, 

Y. Toward a Quantitative Understanding of the Reduction Pathways of a Salt 

Precursor in the Synthesis of Metal Nanocrystals. Nano Lett. 2017, 17 (1), 334-340.  

[23] Biswas, N.; Thomas, S.; Sarkar, A.; Mukherjee, T.; Kapoor, S. Adsorption of 

Methimazole on Silver Nanoparticles: FTIR, Raman, and Surface-Enhanced Raman 

Scattering Study Aided by Density Functional Theory. J. Phys. Chem. C 2009, 113 

(17), 7091-7100.  

[24] Qu, Z.; Zhou, S.; Wu, W.; Li, C.; Bao, X. CO adsorption and correlation between CO 

surface coverage and activity/selectivity of preferential CO oxidation over supported 

Ag catalyst: an in situ FTIR study. Catal. Lett. 2005, 101 (1), 21-26.  

[25] Tranter, G. E. FTIR Spectroscopy of Aqueous Solutions. In Encycl. Spectrosc. 

Spectrom. (3rd Ed.), Lindon, J. C., Tranter, G. E., Koppenaal, D. W. Eds.; Academic 

Press, 2017; pp 762-769. 

[26] Russier-Antoine, I.; Benichou, E.; Bachelier, G.; Jonin, C.; Brevet, P. F. Multipolar 

Contributions of the Second Harmonic Generation from Silver and Gold 

Nanoparticles. J. Phys. Chem. C 2007, 111 (26), 9044-9048.  

[27] Khoury, R. A.; Ranasinghe, J. C.; Dikkumbura, A. S.; Hamal, P.; Kumal, R. R.; 

Karam, T. E.; Smith, H. T.; Haber, L. H. Monitoring the Seed-Mediated Growth of 

Gold Nanoparticles Using in Situ Second Harmonic Generation and Extinction 

Spectroscopy. J. Phys. Chem. C 2018, 122 (42), 24400-24406.  

[28] Huang, Q.; Qin, D.; Xia, Y. Seeing is believing: what is on the surface of silver 

nanocrystals suspended in their original reaction solution. Chem. Sci. 2024, 15 (17), 

6321-6330.  

[29] Zhang, D.; Chen, Y.; Huang, Y.-S.; Huang, Q.; Kwan Li, K.; Xia, Y. Robust, 

Reproducible, and Scalable Synthesis of Silver Nanocubes. Chem. - Eur. J. 2024, 30 

(41), e202400833.  

[30] Schuette, W. M.; Buhro, W. E. Silver Chloride as a Heterogeneous Nucleant for the 



 113 

Growth of Silver Nanowires. ACS Nano 2013, 7 (5), 3844-3853. 

[31] Mahmoud, M. A.; Tabor, C. E.; El-Sayed, M. A. Surface-Enhanced Raman Scattering 

Enhancement by Aggregated Silver Nanocube Monolayers Assembled by the 

Langmuir−Blodgett Technique at Different Surface Pressures. J. Phys. Chem. C 2009, 

113 (14), 5493-5501.  

[32] Gao, Y.; Jiang, P.; Liu, D. F.; Yuan, H. J.; Yan, X. Q.; Zhou, Z. P.; Wang, J. X.; Song, 

L.; Liu, L. F.; Zhou, W. Y.; et al. Evidence for the Monolayer Assembly of 

Poly(vinylpyrrolidone) on the Surfaces of Silver Nanowires. J. Phys. Chem. B 2004, 

108 (34), 12877-12881.  

[33] Foucault, R.; Birke, R. L.; Lombardi, J. R. SERS of Surfactants in Monolayer and 

Multibilayer Forms on an Electrified Ag Surface. Langmuir 2003, 19 (21), 8818-8827.  

[34] Zhang, Y.; Liu, J.; Ahn, J.; Xiao, T.-H.; Li, Z.-Y.; Qin, D. Observing the Overgrowth 

of a Second Metal on Silver Cubic Seeds in Solution by Surface-Enhanced Raman 

Scattering. ACS Nano 2017, 11 (5), 5080-5086.  

[35] Slifkin, L. The Improbability of the Photographic Process. MRS Bull. 1989, 14 (5), 

36-40.  

[36] Wilson, D.; Sokol, A. A.; French, S.; Catlow, R. Defect structures in silver chloride. 

J. Phys.:Condens. Matter 2004, 16, S2827.  

[37] Scop, P. M. Band Structure of Silver Chloride and Silver Bromide. Phys. Rev. 1965, 

139 (3A), A934-A940.  

[38] Jakimińska, A.; Macyk, W. Photochemical transformations of AgCl in the context of 

its eventual photocatalytic applications. J. Photochem. Photobiol., A 2023, 445, 

115048.  

[39] Tani, T. Photographic Science: Advances in Nanoparticles, J-Aggregates, Dye 

Sensitization, and Organic Devices; Oxford University Press, 2011.  

[40] Huang, Q.; Zhang, D.; Yu, H.; Ding, Y.; Xia, Y. Seeing Is Believing: How Does the 

Surface of Silver Nanocubes Change during Their Growth in an Aqueous System. 

Nano Lett. 2025, 25 (17), 7115-7120. 

 

 

 

 



 114 

CHAPTER 5. CONCLUSIONS AND OUTLOOK 

5.1 Conclusions 

This dissertation presents a systematic investigation into the surface chemistry of 

Ag nanocubes during their polyol synthesis, processing, and seed-mediated growth in an 

aqueous medium. By leveraging SERS as the principal characterization technique, I was 

able to probe the identity, adsorption behavior, and transformation of chemical species on 

the surface of Ag nanocubes under various synthetic and processing conditions. The high 

resolution of SERS in the low-wavenumber region enables the direct observation of Cl- 

adsorption through the vibrational mode of the Ag–Cl bond. By analyzing changes to SERS 

peak intensity and position, insights were obtained to understand the dynamic processes 

such as surface adsorption/desorption, conformational changes, and electronic interactions. 

Furthermore, I applied in situ SERS to real-time tracking of surface species adsorbed on 

Ag nanocubes at elevated temperatures during a polyol synthesis, as well as temporal 

changes during growth in an aqueous system.  

The first part of this work focused on Ag nanocubes synthesized through a well-

established HCl-mediated polyol method. In a typical synthesis, NaSH, HCl, PVP, and 

CF3COOAg were sequentially added into EG preheated to 150 °C. By resolving the 

vibrational peak of νAg–Cl around 240 cm-1, I was able to offer direct evidence to support 

the presence of Cl- on the surface of Ag nanocubes in the original reaction solution. In situ 

SERS measurements performed at the reaction temperature showed a redshift and reduced 

intensity of the νAg–Cl peak compared to room temperature, suggesting partial desorption of 

Cl- and weakened Ag–Cl bonding due to thermal expansion. In the absence of Cl-, most 
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particles exhibited irregular morphology due to the dominance of random twinning, and 

SERS spectra confirmed the presence of CF3COO- (from the Ag precursor) adsorbed on 

the Ag surface. Upon addition of Cl-, these species were readily displaced, underscoring 

the stronger binding affinity of Cl- and its critical role in promoting the expression of {100} 

facets and the development of cubic morphology. Interestingly, Cl- adsorption also led to 

an increase in the νC=O–Ag signal of PVP, likely due to a more perpendicular configuration 

induced by the co-adsorbed Cl-, which enhances the Raman polarizability of the carbonyl 

group. 

During subsequent experimentation, I observed that Ag nanocubes synthesized by 

the HCl-mediated polyol method underwent noticeable corner and edge truncation within 

several hours if not promptly collected, washed, and redispersed. However, if the reaction 

mixture was diluted with acetone, water, or ethanol, the cubic morphology remained intact 

for up to 10 h under the ambient conditions. This motivated my further study of the post-

synthetic surface chemistry during collection, washing, and redispersion. I found that the 

addition of acetone at more than twice the volume of the reaction mixture induced 

reversible aggregation of Ag nanocubes, which contributed to their easy collection by 

centrifugation. SERS spectra revealed a redshift to the Ag–Cl stretching mode, which was 

attributed to vibrational coupling between Ag–Cl and Ag–O (carbonyl from acetone). 

Continued washing with water resulted in further red-shifting, which was attributed to 

additional adsorption of the carbonyl group of PVP. A systematic comparison of samples 

diluted to the same extent using EG, water, ethanol, and acetone showed that acetone 

favored co-adsorption of Cl- and carbonyl group (from acetone), while water and ethanol 

promoted selective binding of carbonyl group from PVP to unoccupied Ag sites. Both 
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processes were effective in suppressing oxidative etching, thereby preserving sharp corners 

and edges on the nanocubes. 

Because of the compatibility of SERS with aqueous environments, I extended its 

application to directly probe surface evolution during the seed-mediated growth of Ag 

nanocubes in an aqueous system. Compared to polyol synthesis, aqueous synthesis at lower 

temperatures helps retain the sharp corners and edges on Ag nanocubes, leading to 

improved plasmonic performance. Using both in situ and ex situ SERS, I observed that 

introduction of CTAC rapidly displaced PVP from the Ag surface, replacing it with Cl-. 

Upon introduction of the Ag precursor, AgCl was formed and deposited on the surface of 

the seeds. When H2Asc was added, the seed partially embedded in AgCl solid could 

directly accept electrons from H2Asc and quickly reduce the Ag+ ions in the AgCl solid 

around the seed. Electron transfer increased the local electron density on the Ag surface, 

enhancing the SERS signals of AgCl and CTA⁺ within 2 min. I conducted a control 

experiment and found that this enhancement was much more significant in the presence of 

Ag seeds, underscoring the role of surface reduction on Ag seeds in promoting the growth 

process. The mechanism is similar to the development of a photographic film, in which 

electrons from H2Asc reduce AgCl in contact with the Ag surface, producing new Ag 

atoms. These results confirm that surface reduction is the dominant mechanism in seed-

mediated growth of Ag nanocubes in this aqueous system. 

5.2 Future Directions for Research 

While my dissertation has successfully demonstrated qualitative analysis of the 

adsorbates on Ag nanocubes using SERS, quantification of surface species remains 
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challenging. A natural extension of this work would be to establish a reliable, Ag 

nanocube-based quantitative SERS strategy. Conventional quantification techniques such 

as inductively-coupled plasma mass spectrometry (ICP-MS) have been applied, for 

instance, to determine the coverage density of Br- on Pd nanocrystals.1 Other methods, 

including thermogravimetric analysis (TGA) and high-performance liquid chromatography 

(HPLC), have been used to quantify the amount of PVP adsorbed on nanocrystal surfaces.2 

TGA estimates the PVP content based on thermal decomposition and mass loss, whereas 

HPLC provides adsorption isotherms through equilibrium adsorption measurements. In 

principle, Raman intensity is linearly related to the number of probed molecules, and 

therefore, peak area, position, and shape could serve as quantitative indicators.3 However, 

in practice, SERS quantification is complicated by analyte concentration, orientation of the 

molecules on the surface, surface coverage, competitive adsorption, and non-uniform 

enhancement caused by the hot spots. One widely explored solution is the use of internal 

standards. For example, Bell and co-workers quantified pyridine-2,6-dicarboxylic acid 

using potassium thiocyanate as an internal standard and calculated the intensity ratio of 

target and reference bands, significantly improving reproducibility.4 However, competition 

between the analyte and internal standards for surface sites remains an issue. To address 

this issue, isotopologues—molecules with identical chemical properties but distinct 

vibrational features—can serve as the internal standard. Their near-identical adsorption 

behavior ensures more consistent surface competition, thereby enhancing quantitative 

accuracy.5, 6 Moreover, the standard addition method, which involves adding known 

concentrations of analyte into the sample and extrapolating a calibration curve, offers 

another promising avenue.7-9 Standard addition method has demonstrated robust 
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quantification even under highly competitive adsorption conditions, and could be highly 

beneficial to the further development of Ag nanocubes for analytical applications. 

Additionally, although the SERS hot spots on the edges and sharp corners of Ag nanocubes 

significantly enhance signal intensity, their anisotropic distribution can lead to facet-

dependent signal amplification, which may hinder quantitative consistency. To overcome 

this limitation, I and my colleague have recently explored the use of highly uniform 

Au@Ag core–shell nanospheres synthesized by depositing a controllable thickness of Ag 

on spherical Au seeds. These nanospheres offer a more isotropic SERS enhancement due 

to their geometrically homogeneous surface. We have collaboratively applied them to 

SERS investigations of Langmuir-type adsorption behaviors of molecules such as 4-

nitrothiophenol (4-NTP). I believe this approach lays a solid foundation for developing 

reliable and reproducible quantitative SERS measurements in the future. 

Another promising direction involves utilizing SERS to detect and monitor the 

adatoms of a second metal selectively deposited onto Ag nanocubes. In a study reported 

by a postdoctoral researcher from our group, an in situ SERS methodology was developed 

to observe the nucleation of Pt atoms on the edges of Ag nanocubes during seed-mediated 

growth.10 Remarkably, Pt was found to selectively deposit on the edges or {110} facets—

regions that coincide with the intrinsic SERS hot spots of the Ag nanocubes. By combining 

this system with an isocyanide-based molecular probe, sub-monolayer sensitivity was 

achieved. However, as the number of the deposited Pt atoms dropped below a certain 

threshold, the SERS signal intensity fell below the detection limit. Building on the results 

that SERS signal can be enhanced by increasing the electron density on the Ag surface as 

demonstrated in Chapter 4 of this dissertation, I have explored a strategy to boost signal 
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sensitivity through controlled chemical processes. Specifically, I have found that the 

introduction of NaBH4 significantly enhances the vibrational signal of the isocyanide group 

adsorbed on Pt atoms. This improvement enables the detection of isocyanide molecules 

adsorbed on Pt, even when the number of Pt atoms on each nanocube edge was as low as 

ca. 11.5. Considering that each Ag nanocube has an edge length of over 35 nm, such low 

surface coverage corresponds to only a few isolated Pt atoms per facet, thereby 

demonstrating the remarkable sensitivity of this method in probing adatoms of a second 

metal on the Ag nanocubes. 

5.3 Notes to Chapter 5 

Parts of this chapter are adapted from the article “Seeing is believing: What is on 

the surface of silver nanocrystals suspended in their original reaction solution” published 

in Chemical Science,11 “Seeing Is Believing: How Does the Surface of Silver Nanocubes 

Change during Their Growth in an Aqueous System” published in Nano Letters,12 and the 

manuscript “Seeing Is Believing: How Does the Surface of Silver Nanocubes from a Polyol 

Synthesis Change during Sample Collection, Washing, and Redispersion” under revision 

for publication in Langmuir.13 
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