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Abstract  

Due to the unique structure and properties of silver nanoparticles, they can find 

applications in a variety of areas such as catalysis, sensing, imaging, and biomedicine. 

Ultrasmall silver nanoparticles, also known as silver nanoclusters (Ag NCs), are of 

particular interest because of their ultrahigh surface-to-volume ratio and strong quantum 

size effect. In this work, the studies of Ag NCs with ligand protection and zeolite 

confinement are presented. X-ray spectroscopy techniques were employed as a major tool 

to characterize the structure and electronic properties of these protected Ag NCs.  

First, the 25-atom Ag NCs protected with thiolate ligands, Ag25, were studied by 

X-ray photoelectron spectroscopy (XPS) in comparison with its well-studied analogue 

Au25. A unique method was developed to analyze the XPS core-level data of Ag25 and 

Au25. The results show different charge transfer behavior of Ag atoms in the metal core 

and ligand shell of the NCs from their Au counterpart. From the XPS valence band 

results, the d-band width and center position of Ag25 were also compared with Au25. The 

electronic and structural properties of Ag25 were further investigated by X-ray absorption 

spectroscopy (XAS). The quantum simulations of X-ray absorption near-edge structure 

(XANES) were performed to understand the electronic properties of each site in Ag25. It 

was found that the Ag atoms in the ligand shell have a large impact on the electronic 

properties of the NCs. In addition, the temperature-dependent bonding property was 

probed by extended X-ray absorption fine structure (EXAFS). The results suggest that the 

Ag25 cluster exhibits more molecular-like behavior than Au25 as the temperature changes.  

Next, Ag NCs protected by a hard template, zeolites, were studied. The atomic 

structure and electronic properties of Ag NCs were found to be controllable by adjusting 

the concentration of silver ion precursor and selecting different types of zeolites. The 

zeolites with 3D channels showed a better ability to confine small Ag NCs within 

frameworks than zeolites with 2D channels. The Ag K-edge XANES together with its 

first derivative spectra were found to be useful in distinguishing the different types of 

surface Ag-O bonds in the NCs. A preliminary study on the catalytic activity of the NCs 

was further conducted using the styrene oxidation reaction, and their catalytic properties 

were compared with the results of similar Ag-zeolite catalysts reported in the literature. 

Overall, studies on Ag NCs protected by two different types of templates were 

presented. The site-specific analysis of ligand-protected Ag25 NCs using X-ray 

spectroscopy techniques gives an in-depth understanding of the electronic and bonding 

properties of each representative site in the NCs. These results offer a detailed picture on 

the structure-property relationship of the NCs, which can provide guidance for their 

potential applications. The study of Ag NCs confined within zeolites suggests their 

structure and electronic properties can be tuned by controlling the concentration of silver 

ion precursor and types of zeolites. A preliminary catalytic study showed that the zeolite-

confined NCs prepared in this work exhibit promising catalytic, and implied that these 

Ag NCs with controllable structure and electronic properties could be promising 

materials for catalytic applications.    
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Chapter 1 - Introduction 

1.1 Noble Metal Nanoparticles  

Nanoparticles (NPs) are particles that have dimensions between 1 and 100 nm.1 

They often show unique properties that are different from their bulk counterparts such as 

high surface energies, high surface-to-volume ratios, size- and shape-dependent optical 

properties.2,3 The properties of NPs can be efficiently tailored by controlling their sizes, 

shapes, and surfaces. Therefore, NPs have various applications in different fields such as 

catalysis, biomedicine, and biosensing.4 Generally, the synthesis of NPs can be 

categorized into either the bottom-up or the top-down methods.5 The bottom-up approach 

involves the reduction of metal ions, where the NPs are formed by the assembly and 

growth of atoms and molecules step by step; top-down synthesis involves breaking large 

NPs or bulk materials into small nano-sized particles.6 The choice of synthesis method is 

important in controlling the structure and properties of NPs.   

Among these nanomaterials, the noble metal NPs have drawn great attention.7,8 

Perhaps the most unique property of noble metal NPs is their optical properties. In 1908, 

Gustav Mie first reported the surface plasmon resonance (SPR) phenomenon: when the 

light interacts with metal NPs, it will result in the collective oscillation of conduction 

electrons within a confined surface.9 The SPR frequency, which depends on the 

composition, size, shape, and surrounding medium of NPs, is an important factor that can 

affect their optical applications. Because of this unique optical property, noble metal NPs 

(especially Au and Ag NPs) are widely used in bio-applications.7 For example, negatively 

charged Au NPs can be used as biosensors to detect DNA.10 Moreover, some noble metal 

NPs with SPR located within the near infrared region can be applied for bio-imaging. For 
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instance, Ag-Au core-shell NPs have been applied to image bacteria, where they showed 

strong antibacterial activity.11  

Noble metal NPs also exhibit catalytic properties due to their high surface-to-

volume ratios.8 Their catalytic activities can be improved by tuning their physical and 

chemical properties. Due to the high surface areas of NPs, the reactants can easily interact 

with the surface of NPs. Thus, catalytic reaction can occur in mild conditions when using 

NPs as catalysts. Reducing the sizes of NPs is a promising method to enhance their 

catalytic performance. When the sizes of NPs are decreased, there will be more 

uncoordinated surface atoms, which can influence the effectiveness of chemisorption. 

The sizes of NPs can be controlled by using different metal/ligands concentration ratios.12 

One example is in the work by Suchomel et al., who synthesized Au NPs with diameters 

from 6 to 22 nm; they found that the smallest NPs can enhance the catalytic activity for 

the reduction of 4-nitrophenol. Another factor that can modify the surface chemisorption 

features is the shape of NPs. Different shapes can have specific atomic arrangements, 

which means that they have different atomic sites on the surfaces. There are many 

different shapes of NPs such as cubes, spheres, and nanorods. As an example, the 

tetrahedral Pt NPs showed higher catalytic activity for the reaction between 

hexacyanoferrate (III) and thiosulfate ions than the cubic and near sphere Pt NPs.13 The 

tetrahedral Pt NPs had sharp edges and corners, so more active atoms were presented in 

tetrahedral Pt NPs than in other shapes.  

Moreover, the composition of NPs can also affect their catalytic properties. The 

electronic properties of metal NPs can be changed upon including other metals in a 

monometallic system. Consequently, the catalytic properties will be altered. A good 
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example is bimetallic NPs consisting of Pt and additional metals; PtM (M= Au, Ni, Cu) 

NPs supported on iron oxide are good catalysts for CO oxidation.14 They showed better 

catalytic performance than the monometallic Pt NPs. The bimetallic system can induce 

the change of Pt d-band, while the adjacent additional metals can have partial charges that 

cooperate with Pt to enhance its catalytic properties. Therefore, the properties of noble 

metal NPs can be controlled by tuning their sizes, shapes, and composition.  

1.2 Silver Nanoparticles  

Among all noble metal NPs, silver NPs are most widely used in many different 

fields because of their antimicrobial and SPR properties.15 Before the development of 

nanotechnology, silver had already been in use for a long time. As early as 1000 B.C., 

silver was used to make water containers to keep water fresh.16 Silver compounds, such 

as silver nitrate, were applied in the treatment of disease and infection.17 However, the 

Ag-based compounds are toxic to microorganisms.18 One effective way to make them 

micro-compatible is to reduce their sizes. Thus, Ag NPs can overcome the limitation of 

size. The applications of Ag NPs can be traced back a long time ago. A good example is 

the Lycurgus cup.19 The color of this cup can change when the light is shone from 

different sides. This unique phenomenon can be explained by the SPR properties of Ag 

NPs. Therefore, Ag NPs are good materials for many applications because of their unique 

optical, electronic, and antimicrobial properties.  

With the development of nanotechnology, Ag NPs have been applied in various 

fields. Many commercial products contain Ag NPs such as textiles, health supplements, 

cosmetics, and water filters.20 Given the good antibacterial properties of Ag NPs, they 

have many biomedical applications. They can be used as a coating on medical devices to 
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prevent infection and contamination.21 Ag NPs have been considered as promising 

antibacterial agents because they have broad antibacterial activities against different 

bacteria and they feature low resistance from bacteria .22 Padoms et al. found that 

poly(vinylpyrrolidone) (PVP) protected Ag NPs (PVP-Ag) showed better antibacterial 

activity than cysteine protected Ag NPs (Cys-Ag).23 Their antibacterial activities are 

related to the ability to release Ag ions from Ag NPs, which can be affected by their 

surface structure. As shown in Figure 1-1, the Ag2S-like surface structures in Cys-Ag can 

inhibit the dissolution of Ag ions, which cause a higher minimum inhibitory 

concentration (MIC) values for Cys-Ag.   

 

Figure 1-1. a) Fourier-transformed EXAFS spectra with proposed structures. b) MIC 

values of Cys-Ag and PVP-Ag NPs after 20 h. Reproduced with permission.23 Copyright 

2015 American Chemical Society. 

Besides their biomedical applications, Ag NPs can also be used as optical labels, 

sensors, and substrates for surface-enhanced Raman spectroscopy (SERS) because of 

their SPR optical properties.24–26 For instance, Ag NPs can enhance the SERS effect on 

graphene foam, and the sensitivity of the sensor can be modified by controlling the size 

of the Ag NPs.27 Therefore, the Ag NPs-decorated sensors can detect chemicals with low 

concentrations.  

a b
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Another important application of Ag NPs is in catalysis. The high surface-to-

volume ratio of Ag NPs makes them suitable for catalytic applications because they have 

more surface atoms and active sites than bulk materials. Ag NPs play an important role in 

organic dye degradation, and many redox reactions such as in the reduction of nitro 

compounds to amino compounds, and oxidation of olefin.28,29 As an example, Ag NPs 

stabilized by alginate fibers can reduce 4-nitrophenol to 4-aminophenol.30 Ag NPs have 

also been applied as catalysts for the oxidation of olefin to synthesize industrial 

products,31 while the shape of Ag NPs can affect their catalytic activity for the oxidation 

of styrene reaction.32 In addition, the Ag NPs catalyst can be easily recovered and reused 

for many cycles. 

1.3 Silver Nanoclusters  

Ultrasmall NPs are called nanoclusters (NCs). Typically, they have about ten to a 

few hundred atoms and their diameters are less than 2 nm.33 These NCs have unique 

physical and chemical properties.34 As the size decreases, the quantum confinement 

effects are induced. The band structure is broken down into discrete electronic structures, 

which is similar to the energy structure of molecules. Therefore, these NCs have 

molecule-like properties and they fulfill the gap between metal atoms and NPs.35 With 

the decrease in size, the percentage of surface atoms increases. Thus, the surface structure 

plays an important role in their atomic packing and properties.36 Bare Ag NCs are not 

stable, so appropriate protections are needed for these NCs. Generally, these NCs can be 

stabilized by ligands that have high affinity to Ag or Ag+. A good example of stabilizers 

is the polymers containing carboxylic acid groups such as poly(methacrylic acid).37,38 

Thiol-containing molecules such as glutathione and tiopronin are widely used as 
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stabilizers for Ag NCs due to the strong interaction between S and Ag.39–41 Introducing 

phosphine ligands into pure thiolated NCs can help improve their stability. For instance, 

Ag29 NCs protected by pure 1,3-benzeneditithiol (BDT) are not stable, but the addition of 

the triphenylphosphine (TPP) ligand to form [Ag29(BDT)12(TPP)4]
3- can improve the 

stability and synthetic yield.42 This protection method can be considered as using soft 

templates, which do not have rigid structures. These protecting ligands act as structure 

directing agents.43 Another way to protect Ag NCs is to use hard templates, which have 

rigid structures. For example, dendrimers are good templates to prepare Ag NCs because 

their terminal groups can bind with Ag ions.44 The pore structure in dendrimers can 

encapsulate the reduced Ag metal NCs. Similarly, zeolites have well-defined porous 

structures, which can confine small metal NCs inside. Therefore, there are two ways to 

protect Ag NCs: ligand protection (soft-template) and hard-template protection. This 

work will focus on thiolate-protected and zeolite-confined Ag NCs.  

Thiolate-protected metal NCs typically have a metal core with diameters less than 

2 nm.45 Among these ultrasmall NCs, Au NCs have been studied widely due to their good 

stability. In contrast, the limitation in studying of Ag NCs is their low stability. Recently, 

Ag NCs are of interest because of their unique physicochemical properties and 

antibacterial activities.45 They also have brighter fluorescence than Au NCs in solutions.46 

Generally, Ag NCs have uniform size distributions, and are atomically precise, which can 

be denoted by their exact formula such as Agn(SR)m.47 Their structure consists of a metal 

core surrounded by staple motifs. As shown in Figure 1-2, Ag44(SR)30 NCs have a Ag32 

metal core and six Ag2S5 staple motifs. The electronic properties of these ligand-

protected NCs can be explained by the superatom model.48,49 The valence electrons in the 
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metal core of the NCs can be transferred to the protecting ligands. Some of them can have 

closed shell electron configurations like noble gases. The shell-closing electron count n* 

for [Agn(SR)m] q can be calculated by the following equation: 

 𝑛∗ = 𝑛𝐴𝑔𝜈 − 𝑚 − 𝑞 ( 1 ) 

where ν equals 1 for the valence of Ag (5s1), nAg is the number of Ag atoms in the metal 

core, m is the number of anionic thiolate ligands and q is the overall charge of the cluster. 

Therefore, thiolate-protected Ag NCs have high stability if they satisfy the closed shell 

electron configuration (i.e. n*=2,8,18…). For [Ag25(SR)18]
-, the electron count is n*=25-

18-(-1), which is 8 electrons. Because of the unique properties of thiolate-protected Ag 

NCs and the biological properties of Ag, they can be used in biomedical applications such 

as antimicrobial agents, biosensing, and bioimaging.40,50,51  

 

Figure 1-2. Structure of Ag44(SR)30. Grey: metal core Ag; Blue: staple Ag; Yellow: S. 

Carbon and hydrogen atoms in ligands are not shown for clarity.  

Materials with porous cage structure are considered to be good stabilizers for Ag 

NPs. Examples include zeolites, which are hard templates that are built up by repeating 

patterns of basic building units (BBUs), and TO4 (T=Si, Al…), which has tetrahedral 

geometry.52 These BBUs are linked by apical oxygen to form composite building units 

= +
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(CBUs). The basic structure of CBUs is a ring, which can be used to build up the next 

level structure (larger CBUs). Diverse pores structures can be obtained, such as cages, 

channels, and cavities. For example, as shown in Figure 1-3, three CBUs can form a 3-

dimensional alpha cage of Linde Type A (LTA).  These structural features are good sites 

for confining Ag NCs. The molar ratio of Si/Al is an important factor in modifying the 

structures and properties of zeolites.53 Various synthesis methods of zeolites has been 

developed and many different zeolites are commercially available. Since the pore sizes 

are different, the size of NCs can be controlled by choosing zeolites with appropriate pore 

sizes.  

 

Figure 1-3. Structure of Linde Type A (LTA) zeolite and Ag NCs model confined within 

zeolite. 

1.4 Motivation and Structure of Thesis  

The goal of this work is to provide an in-depth understanding of the local 

structure and electronic properties of Ag NCs protected by ligands and zeolites, which 

can help in designing Ag-based functional nanomaterials for catalytic applications.  
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 Following the introduction, Chapter 2 introduces the experimental techniques that 

were used in this work. First, the synthesis of Ag NPs and NCs are discussed. Next, the 

general background information about X-ray absorption spectroscopy (XAS) is given. 

Then, a detailed discussion about X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS) is presented. Finally, another X-ray 

technique, X-ray photoelectron spectroscopy (XPS), is introduced.  

 Chapter 3 consists of the study of thiolate-protected Ag NCs, specifically Ag25. 

The structural and electronic properties were investigated using XPS and XAS. A close 

comparison between the electronic properties of Ag25 and Au25 is included. The 

temperature-dependent bonding property was determined. The influence of surface 

structure on their properties is also discussed from a site-specific perspective.  

 The study of Ag NCs confined within zeolites is shown in Chapter 4. Ag NCs 

were prepared with varying concentrations of the silver precursor and different types of 

zeolites. They were characterized using transmission electron microscopy (TEM) and 

XAS to probe their structural and electronic properties. The relationship between 

properties and synthetic factors was determined based on the results of XANES and 

EXAFS. The results of a preliminary study on their catalytic activity was reported.  

Finally, Chapter 5 includes the overall conclusion and future work.  
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Chapter 2 - Experimental Techniques 

Section 2.2 are reproduced in part with permission from: Zhang, T.; Chen, Z.; Walsh, A. 

G.; Li, Y.; Zhang, P. Single-atom catalysts supported by crystalline porous materials: 

views from the inside. Advanced Materials. 2020, 32, 2002910. Copyright 2020, Wiley-

VCH 

2.1 Chemical Synthesis  

Several approaches to Ag NPs synthesis have been developed, including wet 

chemical, physical, photochemical, and biological methods. Generally, the Ag NPs are 

produced in solutions with mild conditions in wet chemical approaches. Chemical 

reduction is the most common way to synthesize Ag NPs.15 The metal precursors are 

reduced by organic and/or inorganic reducing agents such as sodium borohydride or 

sodium citrate. The properties of synthesised Ag NPs depend on factors such as their 

sizes, shapes, and structures, which can be tuned during the synthesis process. Moreover, 

the narrow size distribution is important for the stability of NPs. The formation of Ag 

NPs can be controlled by adjusting synthetic factors such as reducing agents, protecting 

groups, precursors, reaction temperature, and pH. For example, the Ag NPs size can vary 

from 2.5 to 7.1 nm in diameter when different silver phosphene precursors were used.54 

Polymeric compounds are widely used as capping ligands of Ag NPs. As an example, 

poly(ethylene glycol) (PEG) can function as both reducing agent and stabilizer.55 The 

chain length can affect the formation of Ag NPs. They also found the shape of NPs can 

change with the increasing of reaction temperature. Wet chemical approaches do have 

drawbacks, however, as chemical reducing agents are toxic to the environment. Recently, 

biological methods have been applied to synthesize Ag NPs by using naturally reducing 

agents.56 Bio-organisms can be involved in the synthesis of Ag NPs. A rapid synthesis 

method of Ag NPs using culture supernatants of bacteria was reported.57 The culture 
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supernatants can reduce the Ag+ to metallic Ag. By using biosynthesis methods, Ag NPs 

can be more biocompatible. Ultrasmall bare Ag NCs are even more unstable than bare Ag 

NPs and they tend to aggregate to form large particles due to their ultrahigh surface 

energy. So, the protection of Ag NCs needs to be involved in the synthesis. Template 

synthesis is an effective method to synthesize Ag NCs with protection.58  There are two 

possible ways to protect NCs. One is using ligands whose terminal groups have affinity 

to Ag, which can be considered as soft template synthesis. The other one is using hard 

templates to encapsulate Ag NCs.  

Thiolates are good stabilizers of ultrasmall Ag NCs because of their high affinity 

to Ag. The size, surface, and structure of thiolate-protected NCs can affect their 

properties and applications. Thus, the synthesis methods are important because these 

factors can be controlled during synthesis processes. Unlike Au NCs, the synthesis of Ag 

NCs is more challenging due to their poor stability.59 The study of Ag NCs has learned 

from Au NCs. There are only a few examples of Ag NCs synthesized by the top-down 

method as this method is more time consuming and the yields of Ag NCs are low. A good 

example of top-down synthesis method is the formation of Ag38 NCs from citrate 

protected Ag NPs.60 There are many different methods to achieve bottom-up synthesis of 

Ag NCs such as high temperature route, solid state route and other solution phase 

methods. For example, Pradeep et al. synthesized Ag75 by a high temperature route. The 

synthesis was carried out at 70 °C, so the synthesized NCs have good stability at a high 

temperature.61 For the solid-state route, the NCs are obtained by mixing solid metal 

precursors and ligand, and then followed by reduction with solid NaBH4. Ag152(SR)60 and 

Ag32(SG)19 (SG: thiolate of glutathione) are two good examples of Ag NCs synthesized 
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by solid state route.62,63 Recently, the most commonly used method is the solution phase 

method. The metal precursors and ligands are mixed and then they are reduced by 

NaBH4. The atomically precise NCs, Ag25(SR)18 and Ag44(SR)30, are synthesized through 

the solution phase method.47,64 

Zeolite is a good hard template for Ag NCs, which has well-defined porous 

structure. Many different methods are available to encapsulate metal NCs into zeolites 

such as post-synthesis encapsulation methods, and in situ encapsulation method.65 The 

post-synthesis encapsulation methods involve ion-exchange, and impregnation, which 

can introduce metal ions into zeolite frameworks after the synthesis process of zeolites.66 

For in situ encapsulation method, the metal NCs can be introduced during the 

crystallization process of zeolites.  In this work, the ion-exchange method was used to 

synthesize Ag NCs confined in zeolites. In general, zeolites frameworks possess negative 

charges, so metal cations occupy the extra-framework sites such as channels and cages to 

achieve charge balance.67,68 Silver ions can be introduced into zeolites by ion-exchange 

process due to the high ion-exchange ability of zeolites, then the Ag NCs can be formed 

followed by reduction.69 In this way, most Ag particles should be well distributed inside 

zeolites with ultrasmall size.  

2.2 X-ray Absorption Spectroscopy (XAS)  

XAS is a powerful X-ray technique used to study the local structure and the 

electronic properties of materials. The X-ray source is generated by synchrotron 

radiation. Synchrotron radiation is emitted as a by-product when the electrons with high 

speed are accelerated in a circular motion under the effect of a magnetic field.70 This 

radiation provides intense photon flux and its wavelength can be tuned from infrared to 
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hard X-ray.71 At a synchrotron facility, different beamline stations are designed for 

specific experiments. In this work, the measurements of XAS were collected at the Sector 

20 beamline in the Advanced Photon Source (APS). This synchrotron facility operates at 

7.0 GeV. The Sector 20 beamline can collect measurements at an energy range of 2.7 to 

35 keV. The monochromator Si (111) was used for energy selection. In this study, the 

energy was tuned for Ag K-edge measurements (25.514 eV).  

 XAS measurements are sensitive to dilute samples and the samples do not have 

to be crystallized or further purified.72 Typically, there are two regions in an XAS 

spectrum as shown in Figure 2-1: extended X-ray absorption fine structure (EXAFS) and 

X-ray absorption near edge structure (XANES).73 As the energy of the X-ray increases 

and matches that of the electronic transition energy of core electrons, an absorption edge 

appears in the XAS spectrum. The EXAFS region starts at roughly 50 eV above the 

absorption edge, with its peaks results from the scattering between absorbing and 

neighboring atoms.  

The signals can be detected in different modes such as fluorescence mode or 

transmission mode, but fluorescence mode is the most suitable one for dilute samples.74 

The typical experimental set-up scheme is shown in Figure 2-2. In this work, all samples 

were measured by fluorescence mode. The XAS measurements for samples and their 

references can be measured simultaneously, which is helpful for both energy calibration 

and data analysis. In transmission mode, the incident X-ray (I0) can be absorbed by 

samples and reduced to It. The absorption coefficient (μ(E)) equals ln(I0/It). When the 

signals are collected in fluorescence mode, the electrons in higher energy level can fill the 
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core hole and release energies after excitation, which can be detected by fluorescence 

detector (If). Then, the absorption coefficient is related to the ratio of If/I0.  

 

Figure 2-1. Demonstration of a typical XAS spectrum consisting of the XANES and 

EXAFS regions. 

 

 

Figure 2-2. Scheme of typical XAS experiment set-up. 
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2.2.1 X-ray Absorption Near Edge Structure (XANES) 

XAS can be used to characterize the electronic structure of materials, which could 

then be related to their catalytic activities. In the XAS spectrum, when the X-ray energy 

matches the energy required for electronic transitions from the core-level to unoccupied 

states, the absorption edge appears; each element has unique absorption edge energy, so 

this technique is element sensitive. In XAS, the transitions are satisfied by the dipole 

selection rule: 

 ∆𝑙 =  ±1 ( 2 ) 

where ∆𝑙 is the difference of angular momentum quantum number of initial and final 

states. The nomenclature of absorption edges and their corresponding electronic 

transitions are listed in Table 2-1.  

Table 2-1. X-ray absorption edges and their corresponding electronic transitions. 

Edge Electronic transitions 

K-edge 1s → p 

L1-edge 2s → p 

L2-edge 2p1/2 → s, d 

L3-edge 2p3/2 → s, d 

M1-edge 3s → p 

M2-edge 3p1/2 → s, d 

M3-edge 3p3/2 → s, d 

 

Since the transitions occur from the core-level to unoccupied valence states, the 

XANES region can be used to analyze the electronic properties of materials such as 

oxidation states. As an example, a comparison of the L3-edge XANES spectra of Pt and 

PtO2 (a 5d transition metal) is shown in Figure 2-3. The first spectral feature following 

the absorption edge (also called the white line) is originated from the Pt occupied 2p to 

unoccupied 5d state and it is more intense for PtO2 (+4 oxidation state) than for Pt foil (0 
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oxidation state) due to the less occupied 5d state in PtO2. Therefore, a more intense white 

line appears in the XANES spectrum if the absorbing atom contains more positive 

charge. The oxidation states of unknown compounds can be estimated when compared to 

carefully chosen references with known oxidation states. Furthermore, as the oxidation 

states change, the absorption energy shifts. Absorbing atoms at higher oxidation states 

require more energy to excite the core-level electrons, so the absorption edge will shift 

positively. Practically, the absorption edge shift can be determined using its first 

derivative peak position. In order to probe the different oxidation states and the amount of 

each species in a sample, XANES can also be analyzed quantitatively using linear 

combination fitting.75 Thus, the electronic properties of samples can be studied based on 

intensity of the first peak, the shift of the absorption edge and linear combination analysis 

of the XANES region.  

 

Figure 2-3. Demonstration of electronic analysis for Pt L3-edge of Pt foil and PtO2.  
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2.2.2 Extended X-ray Absorption Fine Structure (EXAFS) 

After excitation of core electrons, a photoelectron wave is produced, which 

interacts with the neighboring atoms. This interaction can cause the photoelectron wave 

to scatter back to the original absorbing atom. The amplitude and phase of the resulting 

wave depends on the incident photon energy and atomic number of backscattering atoms. 

The oscillations in EXAFS are the results of in-phase or out-of-phase from photoelectron 

waves. Hence, EXAFS contains information about the local structure of absorbing and 

neighboring atoms such as coordination numbers (CNs), bond distances and local 

disorder. In order to extract the structural information, the fine structure ꭓ(E) must be 

isolated by using the following equation: 

 
ꭓ(𝐸) =

𝜇(𝐸) − 𝜇0(𝐸)

∆𝜇0(𝐸)
 ( 3 ) 

The smooth background of absorptions for isolated atom, μ0(E), is subtracted from the 

actual absorption coefficient, μ (E), and then divided by the difference in intensity before 

and after the edge, ∆μ0(E). This process can help remove the background and normalize 

the data. Then, the fine structure ꭓ(E) can be expressed in terms of photoelectron 

wavenumber, k:  

 

𝑘 = √
2𝑚(𝐸 − 𝐸0)

ℏ 2
 ( 4 ) 

where m is the mass of electron, E the energy of incoming X-ray, E0 the energy of 

absorption edge, and ħ the reduced Plank constant. The resulting plot is referred as ꭓ(k), 

or k-space. Typically, the k-space needs to be weighted by k2 or k3 to account for the 

decay of oscillation at high k region. Then, the k-space can be transformed to pseudo 
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radical function (R) space using the Fourier-transformation, denoted as FT-EXAFS.76 By 

fitting the FT-EXAFS data, the CNs of absorbers and bond distances between the 

absorbing and neighboring atoms can be obtained based on the following equation:  

 𝜒 (𝑘) = ∑
𝑆0

2𝑁𝑗𝑒−2𝑘2𝜎𝑗
2
𝑒−2𝑅𝑗 𝑒𝜆(𝑘)⁄ 𝑓𝑗(𝑘)

𝑘𝑅𝑗
2 sin(2𝑘𝑅𝑗 +  𝛿𝑗(𝑘))

𝑗

 ( 5 ) 

where f(k) and δ(k) are the photoelectron scattering amplitude and phase shift of the 

neighboring atom, respectively. S0
2 is the amplitude reduction factor, which typically can 

be obtained from foil reference. If f(k) and δ(k) are known, a distance to neighboring 

atom (R), coordination number (N), and mean-square disorder of neighbor distance (σ2) 

can be determined. Moreover, j represents a coordination shell or scattering path.   

A typical FT-EXAFS spectrum of Ag foil is shown in Figure 2-4a. Each peak in 

the FT-EXAFS spectrum corresponds to different scattering between atoms, which 

corresponds to either different types of bonds or the same type of bonds with varied 

length. The intense peaks within 1-3 Å are typically the most interesting features: peaks 

below or around 2 Å correspond to bonding between metal atoms and lighter elements 

such as oxygen, nitrogen, and sulfur; peaks between 2 and 3 Å correspond to metal-metal 

bonds. The features above 3 Å can be due to either multiple scatterings or longer distance 

scatterings of atomic pairs.77 In the FT-EXAFS spectrum, the peak intensity is positively 

related to CNs (Figure 2-4b): peaks with higher intensity are shown to correspond to 

higher CNs. As the size of the clusters increases as shown in Figure 2-4c, the average 

CN increases. From the CNs obtained by fitting the EXAFs data, the size of the metal 

NCs and the local structure of atoms in the samples can be inferred. Hence, the 
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information from EXAFS can be used to probe the local coordination environments of 

metals and to help propose potential structure models. 

There is a new technique for XAS data analysis, called wavelet transform (WT). 

As mentioned previously, the data process of EXAFS requires Fourier transform. FT-

EXAFS can show a qualitative estimation of radical distance distribution. However, FT-

EXAFS has limitations. For example, it cannot distinguish different types of scattering 

paths with the same bond lengths.78 WT provides a complementary method to FT-

EXAFS by combining radical distance distribution and k-space in the form of a 2D-

contour plot, where the k-space shows the oscillation caused by a target atom and 

backscattering atoms.39,79,80 As an example, Figure 2-5a and b show the FT-EXAFS and 

WT-EXAFS of silver NCs protected by tiopronin.39 In the FT-EXAFS spectrum, only 

two scattering paths were assigned corresponding to Ag-S and Ag-Ag shells, while the 

peak above 3 Å could not be identified. However, in the WT-EXAFS plot, the peak at 

around 3.3 Å was able to be assigned as another Ag-Ag shell (since the k value of this 

peak was the same as the first Ag-Ag shell). Therefore, WT-EXAFS is a good tool to 

help with the assignment of scattering paths that could be missed from EXAFS analyses. 
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Figure 2-4. a) FT-EXAFS spectrum of Ag foil. b) Simulated FT-EXAFS spectra with 

increased coordination number. Adapted with permission.76 Copyright 2014, American 

Chemical Society. c) Crystal structure models with different sizes and coordination 

numbers. 

 

 

Figure 2-5. a) FT-EXAFS data for tiopronin-protected Ag NCs. b) Wavelet 

transformations of the EXAFS data for tiopronin-protected Ag NCs.39 Copy right 2015, 

American Chemical Society.  
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2.2.3 Theoretical Simulation  

The analysis of FT-EXAFS requires using a FEFF code to calculate the scattering 

amplitude and phase shift.81 FEFF is based on Green’s function. The calculations require 

the coordinates of each atom. The coordinates can come from known crystal structure or 

structure models from density functional theory (DFT) calculations. The electronic 

structure of absorbing atoms can be calculated by FEFF. A muffin-tin approximation is 

used, which means the potentials are estimated around the one atom with a specific 

radius, and the potentials between interstitial atoms are constant. Then, the calculation 

results can be applied to do the fitting of FT-EXAFS. At the same time, the simulated FT-

EXAFS can be generated, which can be compared to the experimental data. In addition, 

the simulated XANES can also be obtained by FEFF. When FEFF does the calculations, 

one atom is defined as an absorbing atom. By changing the absorbing atom, the site-

specific simulations can be carried out, which can help with the understanding of 

structure and properties of materials.  

2.3 X-ray Photoelectron Spectroscopy (XPS)  

Another useful X-ray technique is XPS, which can provide in-depth information 

about electronic properties of materials. It is often utilized as a complementary tool with 

XAS to study the electronic properties. XPS is based on the photoelectric effect.82 In this 

technique, the X-ray source is generated from either a laboratory source or synchrotron 

radiation. The monochromatic X-rays are used to excite the electrons in the samples and 

then emitted electrons can be collected by the detector, as illustrated in Figure 2-6. The 

number of collected electrons versus binding energy can be plotted.  
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Figure 2-6. Scheme of generation and detection of photoelectrons of XPS instrument. 

 

 

Figure 2-7. a) Core-level XPS spectra of Ag foil and Ag25 NCs. b) Valence band XPS 

spectra of Au foil and Au25 NCs. 

XPS can be used to detect the electronic structure from inner core level to outer 

valance band. In general, the binding energy shift of core level can indicate the changes 

of coordination environment and chemical oxidation state of the element. Since the 

binding energy can be considered as the contribution from the initial state and final state 

of the system, the shifts are attributed to initial- or final-state effects. Initial-state effects 

are related to the intrinsic electronic structure of the materials, which can be altered by 
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charge transfer and interactions with ligands.83 In addition, the change of electronic 

structure caused by passing from bulk to nanoscale is also considered as an initial-state 

effect.84 Final-state effects are associated with the creation of core-hole and charge 

neutralization after excitation.83,84 After excitation, an unscreened core-hole has been 

produced, and the system will rearrange remaining electrons. If the core-hole cannot be 

neutralized within a short time, the XPS binding energy will shift. Many studies have 

shown that the binding energy shift and the peak width of XPS spectra can be related to 

the size of nanomaterials.83,85–87 As shown in Figure 2-7a, the core-level XPS spectrum 

of Ag25 NCs show a positive binding energy shift.  For transition metal NCs, the valence 

band XPS spectra can reflect the d-band of transition metals.88 The peak width and d-

band center position can be used to analyze their electronic properties. Typically, the 

valence band spectra can show a doublet peak due to spin-orbit splitting,85,89,90 as shown 

in Figure 2-7b. Therefore, the electronic properties of NCs can be studied by XPS from 

core-level to valence band.  
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Chapter 3 - Bonding Properties of [Ag25(SR)18]- Nanocluster by X-ray 

Spectroscopy  

Manuscript to be submitted to Small (Contributing authors: Chen, Z.; Walsh, A. G.; Zhu, 

M.; Zhang, P.) The supporting information for this manuscript is including in Appendix 

A. 

Contributions 

M.Z. synthesized Ag25(SR)18 and Au25(SR)18 NCs. Z. C. carried out the Ag K-

edge XAS measurements, performed the data analysis, and wrote the manuscript. P.Z. 

supervised Z.C. and helped revise the manuscript.  

3.1 Introduction 

Atomically precise noble metal nanoclusters (NCs) typically have a precise 

number of atoms, and their diameters are less than 2 nm, but they need to be protected by 

ligand groups such as phosphines and thiols.91 Thiolate-protected noble metal NCs have 

attracted increasing attentions due to their unique properties. They have molecular-like 

behavior and show discrete electronic structures because of their small sizes, which give 

them special optical properties.92 In addition, these materials have good stability because 

of their surface properties. Therefore, they can be applied in many different areas such as 

biology93–96 and catalysis.97–99  Although Ag and Au are in the same group in the periodic 

table, silver can be oxidized more easily than gold. Thus, the thiolate-protected Au NCs 

have been well studied in terms of their synthesis, structures and characterizations due to 

their high stability.100 Recently, with the development of improved synthesis methods, 

more attention has been put on thiolate-protected Ag NCs and a few Ag NCs structures 

have been determined.99 
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Among the atomically precise Ag NCs reported, only 25-atom Ag NCs show 

matching analogues with Au NCs systems.101 [Ag25(SR)18]
- and [Au25(SR)18]

- have 

similar crystal structures and a close number of free valence electrons. They are both 

negatively charged and both possess a 1S21P6 superatom electron configuration.49 

Moreover, Ag25 NCs show differences in structure from other atomically precise Ag NCs. 

For example, Ag25 has six 1D staple-like Ag2S3 motifs, but other Ag NCs protected by 

pure thiolate ligands, like Ag44, have 3D Ag2S5 motifs.93 Moreover, staple Ag atoms in 

Ag25 also show a different coordination environment than other silver thiolate compounds 

(Ag3S3 units).102 Hence, Ag25 shows differences from other Ag NCs but has similarities 

to Au NCs.  

Since Au25 NCs are some of the most widely studied NCs, the close comparison 

between Ag25 and Au25 can provide an in-depth understanding of atomically precise 25-

atom Ag NCs. Herein, we report the electronic properties of Ag25 using X-ray 

photoelectron spectroscopy (XPS) and compare them with electronic properties of Au25. 

The bonding properties of Ag25 are studied using X-ray absorption spectroscopy (XAS). 

This technique can be used to analyze both structural and electronic properties with one 

full spectrum. Moreover, it has the flexibility to measure samples without the need for 

crystallization. XAS has been successfully applied to study ultra-small Ag and Au NCs 

for their structures and electronic properties.103–105 However, the close comparison of 

XAS studies between Ag25 and Au25 is not feasible because different edges, 

corresponding to different electronic transition processes, were used. 
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3.2 Experimental Methods  

3.2.1 Synthesis of Nanoclusters  

The synthesis of Au25 and Ag25 were conducted by Prof. Zhu’s group. Generally, 

the metal salt solutions were mixed with thiolate ligands to form metal thiolate 

intermediates, which where then reduced by NaBH4 to obtain metal NCs. Details 

concerning the synthetic procedures can be found in the literature.64,106 

3.2.2 XPS Measurements and Data Analysis 

The XPS measurements of Ag25 and the valence band measurement of Au25 were 

performed with a Multilab 3000 XPS system manufactured by Thermo VG Scientific. 

The data was collected with an x-ray generated by Al irradiation having an energy of 

1486.6 eV. The data calibration and component fitting were processed using CasaXPS 

software.107 The binding energies were calibrated by using the carbon 1s peak for Ag and 

using the Fermi energy level for Au. The background was removed using the Shirley 

function. The component fitting of Ag 3d was performed by following the procedures 

used for the analysis of Au25 in previous work.108 The width of valence band was 

calculated using full width at half maximum (FWHM).  

3.2.3 XAS Measurements and Data Analysis  

The XAS measurements were conducted at the Sector 20-BM beamline of the 

Advance Photon Source (operating at 7.0 GeV) at Argonne National Laboratory in 

Argonne, IL, USA. The Au L3- edge data was collected in transmission mode, while the 

Ag K-edge data was collected in fluorescence mode. A Si (111) monochromator crystal 

with a harmonic rejection mirror was used to select the wavelength. The powders of Ag25 

and Au25 were sealed in Kapton film pouches and were folded. The foil references were 
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simultaneously measured with each scan for the edge energy calibration at room 

temperature (RT). The low temperature (LT) measurement of Ag25 was carried out at 90 

K by using a liquid He cryostat.  

The simulations of the Ag K-edge were done by using the FEFF8.2 computer 

code.81 The simulation model only contained all of the Ag and S atoms without organic 

chains. For each site simulation, only one Ag atom was selected as the target atom. The 

simulation of Ag25 was generated using a weighted average (the number of silver atoms 

in each site divided by the total number of silver atoms) y-axis of each site.  

The EXAFS data fitting analysis of Ag25 was performed using Artemis and 

Athena.109 Both RT and LT data were analyzed using a k-weighting of 3. A k-range of 

3.0-10.6 Å-1 and fitting window of 0.8-3.5 Å were used for the RT data. For LT data, a 

longer k-range of 3.0-12.8 Å-1 and a narrower fitting window of 1.7-3.0 Å were used. The 

quality of the RT data was worse than that of the LT data, so a shorter k-range could help 

reduce the amount of noise. In this case, a wider fitting window was used to reduce the 

number of variables in the fitting process. To further reduce the number of variables for 

multi-shell fitting, all CNs were fixed from the theoretical calculation of the crystal 

structure. The E0 of three shells and the σ2 for two Ag-Ag shells were correlated. The 

amplitude reduction factors S0
2 for both temperatures were determined from the foil that 

was measured simultaneously with the samples. They were fixed at 0.82 for both 

temperatures in the EXAFS fitting procedures. Wavelet transformations of the EXAFS 

data of Ag25 and Au25 at RT were performed by using the Morlet wave transform.78 



28 

 

3.3 Results and Discussion  

3.3.1 XPS Study of Electronic Properties  

The core-level XPS spectra of Ag25 and Ag foil are shown in Figure 3-1a. Ag25 

exhibits a shift of about 0.20 eV to higher binding energy compared with the Ag foil. 

Similarly, in the Au25 system, a positive shift of 0.19 eV was also observed when 

compared with Au foil.108 The capping of thiolate ligands and the small size of the NCs 

could cause the positive binding energy shifts.85,110 

 
Figure 3-1. a) Ag 3d5/2 XPS spectra of Ag25 and Ag foil. b) Multiple-component fitting of 

Ag 3d5/2 XPS spectrum of Ag25. 

Table 3-1. Multiple-component fitting results of XPS core-level spectra of Ag25 and 

Au25. 

 Position (eV) FWHM (eV) 

 Ag25 (3d5/2) Au25 (4f5/2)
a) Ag25 (3d5/2) Au25 (4f5/2)

a) 

Center 367.18 87.66 0.84 0.47 

Surface 368.05 87.95 1.32 0.89 

Staple 368.70 88.36 1.36 1.49 

Surface- center 0.87 0.29 - - 

Staple- center 1.52 0.70 - - 

a) The results of Au25 were borrowed from the literature.108  
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For a more detailed comparison between Ag25 and Au25, multiple-component 

fitting of the core-level XPS spectra was carried out. The fitting results are displayed in 

Figure 3-1b and Table 3-1. The peak was fitted using three components. Based on the 

reported crystal structures of these two NCs, Ag25 and Au25 have similar structures. Their 

crystal structures are shown in Appendix Figure A1. They have one center atom 

surrounded by 12 atoms to form an icosahedral metal core. Then, the remaining 12 atoms 

can form six M2S3 (M=Ag, Au) “staple” motifs to protect the M13 metal core.111,112 Thus, 

the peak area ratio of the three components was constrained to 1:12:12 for 

Agcenter:Agsurface:Agstaple. For both nanoclusters, the binding energies increase upon 

moving from the center, to the surface, and then to the staple. This result suggests that the 

atoms at staple sites are less metallic due to their interaction with thiolate ligands. The 

surface atoms have a mixture of metallic and non-metallic nature. Generally, the 

electronic properties of species are analyzed by the XPS binding energy shift. However, 

the binding energy shift can be caused by the initial state effect and the final state effect 

in XPS spectra.87 For ultrasmall thiolate-protected clusters, it is possible that the positive 

binding energy shift is due to the final state effect, because the core hole cannot be 

neutralized within a short time after excitation.86 Then, the positive shift in the binding 

energy of the clusters can be observed in the XPS spectra when the bulk compounds are 

used as reference. In this study, the same amount of shift was observed for both clusters 

when compared with bulk references. Thus, bulk materials are not good references for the 

study of ultrasmall clusters.  

 To closely compare the differences between Ag25 and Au25, the energy shifts of 

the surface and staple sites relative to the center atom were calculated. Since the central 
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atom is the most metallic site in each cluster, it can be used as a good reference for the 

study of their electronic properties. The final state effect can be excluded in this case. 

Interestingly, Ag25 shows larger energy differences than Au25. Ag atoms at the surface 

and staple positions have more positive charge than Au atoms at same sites compared to 

the center atom, which could be caused by the differences between Ag and Au in 

electronegativity (Ag:1.39; Au: 2.54). Ag has lower electronegativity than Au and S. 

Thus, Ag-S bonds would be more polar than Au-S bonds. Ag atoms can lose more 

electrons than Au atoms and they can possess more positive charge. The results from 

multiple-component fitting are in good agreement with the Bader charge analysis of these 

two NCs.113,114 The M13 metal core (Bader charge of Ag13: 0.092 e-; Au13: 0.027e-) has a 

lower charge than the total charge of atoms at staple sites for both clusters (Ag staple: 

0.214 e-; Au staple:0.086 e-). The Bader charge analysis of Ag25 and Au25 show that all 

Ag atoms possess higher charge than Au atoms, and the thiolate ligands in Ag NCs have 

more electrons than those in Au NCs. Thus, more electrons are withdrawn by ligands in 

the Ag NC system because of the lower electronegativity of Ag. The difference in charge 

between Ag and Au is more pronounced for the staple sites in the Bader charge analysis, 

which is similar to the observation from the core-level XPS study. This result indicates 

that thiolate ligands withdraw electrons more effectively from the staple sites than surface 

sites. Since Ag-S bonds are more polar than Au-S bonds, the impact of thiolate ligands on 

the electronic properties of surface and staple sites is different in Ag than in Au NCs.  

The valence bands of the two nanoclusters were also investigated. The spectra are 

presented in Figure 3-2, and the band position and width are listed in Table 3-2. Ag25 

and Au25 clusters show 0.30 eV and 0.38 eV of positive band center shift, respectively, 
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which is consistent with the observation from core-level XPS data. The doublet peak in 

gold is due to spin-orbit splitting. The splitting of gold is more apparent than silver. 

Therefore, the valence band of Ag is not well resolved, and appears as a broad peak. 

Notably, the two nanoclusters have narrower peaks than the bulk materials. The band 

widths of the two NCs are about 80% of the band width for the bulk materials. The 

clusters show about 0.45 eV and 0.90 eV narrower band width for Ag25 and Au25, 

respectively. The narrowing of the peaks could be caused by the nanosize of the clusters. 

The small size of the NCs means that the atoms have less coordinated nearest neighbors, 

which could induce the decrease in the band width.90 Additionally, the Au NCs system 

shows a larger narrowing effect because the band width for Au NCs is larger than that for 

Ag NCs. This narrowing is likely due to the relativistic effect of gold, which can lead to 

strong s-d hybridization and d-d interaction in gold.115 The relativistic effect can lower 

the energy of the 6s orbital and raise the energy of the 5d orbitals. The small energy 

between the s and d orbitals in gold causes a stronger s-d hybridization, which can further 

induce the increase in overlap between the 5d orbitals of gold atoms.  

 

Figure 3-2. a) Ag 4d XPS spectra of Ag25 and Ag foil. b) Au 5d XPS spectra of Au25 and 

Au foil. 
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Table 3-2. Valence band center position and width of 25-atom NCs and foils. 

 Ag25 Ag foil  Au25 Au foil  

Band center (eV) 4.85 4.55 4.93 4.55 

FWHM (eV) 2.90 3.35 4.20 5.10 

 

3.3.2 XAS Study of Ag25  

X-ray absorption near-edge structure (XANES) spectra were also used to probe 

the electronic properties, because XANES can correspond to electronic transitions from 

the core level to unoccupied states. Ag25 and Au25 were measured at different edges, 

which correspond to different electron transitions. Thus, the close comparison between 

their XANES spectra is not feasible; only the Ag25 XANES results will be discussed. The 

XANES and first derivatives spectra are shown in Figure 3-3a,b. Interestingly, the first 

derivative spectrum of Ag25 shows a large differences in peak features from Ag foil. In 

Figure 3-3b, Ag foil shows a small shoulder peak for the first peak of the first derivative 

spectrum, which is absent in Ag25 clusters. The peak width of the first peak is narrower 

for Ag25 clusters than for Ag foil. The feature at around 25535 eV (indicated by an arrow) 

shows a broad peak for the Ag25 cluster, but Ag foil has a valley at this position.  
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Figure 3-3. a) Ag K-edge XANES spectra and b) first derivatives of the XANES spectra 

for Ag foil, experimental data, and averaged simulation of Ag25. c) Simulations of 

XANES spectra and d) first derivatives of the simulated XANES spectra for each site of 

Ag25. 

To understand the differences in peak shapes and peak widths between the Ag25 

cluster and Ag foil, the simulations of the average Ag K-edge XANES spectrum and that 

for each site of the Ag25 cluster were performed. In Figure 3-3a,b, the simulation of the 

Ag25 XANES spectrum and its first derivative have similar features as the experimental 

data, which means that the simulation method is reliable. The site-specific simulations are 

shown in Figure 3-3c, d. The center site is the most metallic site, and its first peak in the 

first derivative spectrum exhibits a doublet, which agrees with the observation from Ag 

foil. The average spectrum is the simulation of the Ag25 cluster, which uses a weighted 

average of each site. The shape of the first peak in the averaged Ag25 first derivative 

simulation is similar with the shape of the staple site simulation. They both show single 
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peaks, and the peak width is narrower than that of the metallic center site. In addition, the 

center site shows a deep valley after the first peak, whereas the staple site exhibits a broad 

peak feature. Therefore, the observation of a single, narrow peak in the experimental first 

derivative spectrum of Ag25, and the broad peak feature after the first peak can be 

explained by the presence of thiolate ligands in the nanocluster system. Moreover, the 

overall shape of the Ag25 XANES spectrum exhibits different features from the Ag foil 

XANES spectrum, but contains the shape of the XANES spectra for Ag2S and Ag-

thiol.116 These similarities further prove that the Ag2S3 staple motifs have a large impact 

on the electronic properties of the clusters. The site-specific analysis of the XANES 

spectra is a quick method to study surface modified Ag NCs because they can work as 

fingerprints.  

To investigate the bonding properties of the Ag NCs, the EXAFS study of Ag25 at 

different temperatures was performed. Since the crystal structure of the Ag25 NCs has 

been reported, the fitting model for EXAFS could be built. Based on the bond 

distribution, there exists one metal-S shell and  two metal-metal shells (Figure 3-4).  The 

shorter Ag-Ag bonds are bonds between the center Ag atom and Ag atoms at icosahedral 

sites. The longer Ag-Ag bonds correspond to bonds between Ag atoms at surface sites, 

and bonds between icosahedral core and staples. The crystal structure and bond 

distribution of Ag25 are slightly different from Au25. The only noticeable structural 

difference between these two clusters is that there are three distorted staple Ag atoms in 

Ag25,
64 which are shown in blue in Appendix Figure A1. In Au25 clusters, the Au13 metal 

core includes not only the bonds from the center core to surface Au atoms, but also 

several short bonds between surface Au atoms.64 The detailed comparison of the bond 
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distribution is shown in Appendix Figure A2. Therefore, there are more metallic bonds in 

the Au13 metal core than that in the Ag13 metal core. 

 

 Figure 3-4. Bond distribution of Ag25(SR)18 and theoretical CNs and bond distances for 

each shell. Red: S; Light grey: staple Ag; Dark grey: metal core Ag; Blue: distorted staple 

Ag. 

The theoretical CNs could be calculated based on the model, which are used as 

fixed values in the FT-EXAFS fitting of Ag25 to reduce the number of variables. In the 

EXAFS fitting analysis, Ag-Ag bonds longer than 3.06 Å were not included, which are 

considered as long-distance interactions. In the Ag K-edge FT-EXAFS spectrum(Figure 

3-5), there are two major peaks. The peak centered at around 2 Å corresponds to Ag-S 

bonds. The other peak between 2-3 Å is contributed by Ag-Ag bonds. The intensity of 

metal-metal bond peak is much lower for Ag NCs than Ag foil, indicating the small size 

of the NCs. Another way to visualize the EXAFS data is using wavelet transformations 

(WT) plots. The WT-EXAFS spectrum of Ag25 at RT is shown in Figure 3-5b. The 

maximum at R~2 Å and k~6 Å-1 corresponds to the metal-S shell, and the island centered 
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at R~2.7 Å and k~6 Å-1 is contributed by metal-metal shells. The temperature effect on 

the cluster was also investigated. The EXAFS spectra at RT and LT were collected. The 

fitting results are shown in Figure 3-5c,d and the fitting structural parameters are 

summarized in Table 3-3. The bond distances in Ag25 are close to the theoretical bond 

distances obtained from its crystal structure, suggesting the validation of the EXAFS 

fittings. Comparing the EXAFS results at both RT and LT, the bond distances are 

unchanged within uncertainty, which is different from the temperature effect on Au25. In 

Au25, the metal core shows contraction as the temperature is decreased.103 Thus, Ag25 

exhibits less sensitivity to the temperature changes, and  the core of Ag25 shows more 

molecular-like behavior than Au25. This result could be due to the Ag13 core being less 

metallic than Au13. In addition, Ag-Ag bond distances in the Ag13 core (around 2.74 Å) 

are shorter than Au-Au bond distances (roughly 2.82 Å) in Au13. The Ag25 cluster has a 

smaller metal core than Au25, because Ag13 only has center-surface interactions, whereas 

Au13 has center-surface and surface-surface interactions. Moreover, the possible reason 

for the unchanged of Ag-Ag surface bond distances could be that the surface Ag atoms 

are directly linked to thiolate ligands, and their positions can be regulated by the ligands 

due to the π- π interactions of the aromatic rings. It is hard to change the bond distances 

of surface Ag-Ag bonds.  
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Figure 3-5. a) FT-EXAFS spectra of Ag25 at two different temperatures and Ag foil. b) 

Wavelet transformations of the EXAFS data for Ag25 at room temperature c) Fitting of 

the FT-EXAFS spectrum of Ag25 at room temperature. d) Fitting of the FT-EXAFS 

spectrum of Ag25 at low temperature (90 K). 

 

Table 3-3. Structural parameters of Ag25 at RT and LT. 

 Shell CN R (Å) σ2 (Å2) ∆E0 (eV) R-factor 

Ag25 RT 

Ag-S 1.44 2.467 (8) 0.0043 (5) 

2 (1) 0.0088 Center-Ag 0.96 2.74 (7) 
0.021 (4) 

Ag-Ag 3.52 2.92 (2) 

Ag25 LT 

Ag-S 1.44 2.48 (1) 0.0030 (9) 

4 (3) 0.0172 Center-Ag 0.96 2.75 (8) 
0.011 (2) 

Ag-Ag 3.52 2.90 (3) 
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3.4 Summary 

In summary, we have studied the electronic and bonding properties of Ag25 by 

using X-ray spectroscopy techniques. By using the central atoms as a reference, a unique 

XPS analysis method was developed to study the electronic property of this ultrasmall 

cluster. This method can exclude the final state effect on the XPS binding energy shift. 

By comparing the XPS results of Ag25 and Au25, Ag atoms in the staple and surface of 

Ag25 show different charge transfer behavior from Au atoms in same sites of Au25. The 

relative charge of the Ag atoms in the staple and surface sites was found to be higher than 

that of Au atoms in the same positions in that more electrons were withdrawn by thiolate 

ligands in Ag25 than in Au25. The valence band of both nanoclusters exhibited a positive 

shift of the center position and narrower peaks compared to bulk materials. From the site-

specific simulations of the XANES spectra, the important features of the Ag25 XANES 

spectra were attributed to the staple sites, suggesting the Ag2S3 staple motifs had a large 

impact on the electronic properties of the Ag25 cluster. Furthermore, Ag25 demonstrated 

unique temperature-dependent bonding properties. The observation of unchanged bond 

distances as the temperature changed indicated the molecular-like behavior of Ag25, while 

the Ag13 core had less metallic bonds than the Au13 core. Overall, the properties of 

thiolate-protected Ag NCs were probed from site-specific perspective, which offers an in-

depth understanding of the relationship between structure and properties. The unique 

XPS analysis method can be applied to study electronic properties of other Ag NCs.    
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Chapter 4 - The Structure and Property of Ag Nanoclusters Confined in 

Zeolites  

4.1 Introduction  

Bare Ag NCs are not stable because of their high surface energy, but they have 

high catalytic activity due to existence of uncoordinated active sites.69,117 To solve the 

problem of cluster aggregation, different materials have been used to stabilize and protect 

small NCs.118–123 In previous chapter, Ag NCs protected by thiolate ligands were 

discussed. Another way to protect Ag NCs is using hard templates such as zeolites. 

Zeolites are porous materials with high thermal stability, which are good materials for 

catalytic reactions.124  In addition, the porous material zeolite can not only stabilize the 

Ag NCs, but also can have synergistic effect with metal species in catalytic reaction.125 

Their porous cage structure also can help improve the selectivity of a reaction.126 There 

are many different approaches to synthesize Ag NCs confined in zeolites.65,69,127,128 The 

metal precursor can be introduced into zeolite by in situ encapsulation method or post-

synthesis encapsulation method. One typical example of the latter one is the ion-exchange 

method. Generally, zeolite frameworks have negative charge, which are balanced by 

cations.129 Since they have high ion-exchange ability,  those cations can be replaced by 

Ag ions.130 Then, the formation of metallic Ag NCs can be done by reduction of Ag ions. 

The control of particle size is achievable by modifying the synthetic conditions. Then, the 

properties of metal NCs can be altered by tuning the particle size.131,132 One way to 

control the size of particles is to regulate the concentration of metal ions. The number of 

cations that can be exchanged by metal ions is important to determine the cluster sizes.133 

If a different amounts of metal ions are used, the cluster size can be changed. The porous 

structure of zeolites can also help in controlling the size of particles.66,134,135 The size, 
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shape and dimensions of pores are controllable during the synthesis of zeolites. Then, the 

particle size can be changed by regulating the available pore space.  

In this work, zeolite Y and mordenite (MOR) were used to investigate the control 

of particle size by using different types of zeolites. The Ag NCs synthesized by using 

different concentrations of Ag ions were also studied. The size and structural information 

of samples were characterized by TEM and XAS. Their electronic properties were also 

investigated by XAS. Finally, the catalytic activity of Ag@Zeolite Y with 1.0 weight 

percentage (wt%) loading was tested for the styrene oxidation reaction.  

4.2 Experiment Methods  

4.2.1 Synthesis of Nanoclusters  

The synthesis of Ag NCs in zeolites was conducted by ion-exchange method 

followed by reduction, as shown in Figure 4-1. The AgNO3 precursor was used to 

prepare 2.4 x 10-3 M metal stock solution. Based on the metal loading weight percentage, 

different amounts of AgNO3 stock solution were added into 100 mg zeolite powder. The 

mixtures were stirred for 24 hours under dark conditions. After ion-exchange, the solids 

were separated from the liquid by centrifugation. The solids were washed by deionized 

water and ethanol at least three times to make sure the extra Ag ions were washed away. 

Then, the solids were redispersed into deionized water. The freshly prepared NaBH4 

solutions were added to reduce Ag ions to form Ag NCs. The excess amount of NaBH4 

solutions (molar ratio Ag: NaBH4 = 1: 10) was used to make sure all Ag ions can be 

reduced. After 1 hour, the solutions became yellow-brown, as shown in Figure 4-2, 

indicating the successful reduction of Ag ions to Ag NCs.136 The solutions of samples 
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with higher concentration have darker color. Finally, the solids were separated and 

washed by deionized water and ethanol, and dried for 24 hours.   

 

Figure 4-1. Schematic illustration of synthesis method for Ag NCs confined within 

zeolites 

 

 

Figure 4-2. Pictures of a) Ag@Zeolite Y solutions and b) Ag@MOR solutions after 

reduction. The concentration increases from the left to the right. 
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provide high resolution measurements. Condenser lens were used to focus the electron 

beam from electron gun. The focused beam was shone through the prepared samples. 

Then, the transmitted beam was focused by the objective lens into an image on charge 

coupled device. The image was passed down onto the screen by intermediate and 

projector lenses. The powder samples were dispersed in ethanol and then the mixture was 

ultrasonicated. A drop of suspension was casted onto a copper grid. The grid was dried to 

make sure all solvents were evaporated before measurements. Different areas of each 

sample were selected, and the magnifications were adjusted from low to high.  

4.2.3 XAS Measurements and Data Analysis  

XAS measurement of all samples were conducted at Beamline Sector 20 of the 

APS (operating at 7.0 GeV) at Argonne National Laboratory. The Ag K-edge spectra 

were collected in fluorescence mode. The powders of samples were spread in Kapton 

tapes, and then the tapes were folded. The Ag foil reference was measured 

simultaneously in transmission mode. The fittings of FT-EXAFS data were performed by 

Athena and Artemis.109 k-weight of 3 was used for all data fittings. The amplitude 

reduction factor, 0.79, was obtained from fitting of the Ag foil, and it was fixed for all 

fittings. For two-shell fittings, E0 was correlated for both shells. The k range of 3-12 Å-1 

was used for Fourier transformation. The R range of 1.8 -3.1Å was applied for one-shell 

fittings. The wider R range of 1.2-3.0 Å and 1.5-3.1 Å were used for two-shell fittings of 

0.5 wt% Ag@MOR and 1.0 wt% Ag@Zeolite Y, respectively.    

4.2.4 Catalytic Reaction  

The styrene oxidation reaction was used to test the catalytic activities, as shown in 

Figure 4-3. The catalytic reaction of 1.0 wt% Ag@Zeolite Y was performed in a round-
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bottom flask. A 10 mg sample was added into 5 mL acetonitrile. The molar ratio 1:1000 

was used for Ag: styrene. The appropriate amount of styrene was added. The flask was 

put into 80 °C oil bath and stirred for 5 minutes. After that, 5 mL tert-butyl 

hydroperoxide (TBHP) was added into solution to start the reaction under reflux 

condition. 0.1 mL of reaction solution was taken every two hours. The reaction proceeded 

for 12 hours. 500 MHz 1H nuclear magnetic resonance (NMR) was used to analyze the 

reaction solutions at different time to monitor the reaction.   

 

Figure 4-3. Styrene oxidation reaction with experimental reaction conditions. 

4.3 Results and Discussion 

4.3.1 Silver Nanoclusters in Zeolite Y  

Four samples with different concentrations of Ag@zeolite Y were studied. The 

TEM of four samples are shown in Figure 4-4. For low concentration sample of 0.2 wt% 

Ag@Zeolite Y, it is difficult to visualize the small individual particles from images. From 

image of 0.5 wt% Ag@Zeolite Y, a few large particles are outside the zeolite framework. 

However, it looks similar to the image of 0.2 wt% Ag sample from a high-resolution 

image, indicating majority of particles are small and are confined within zeolites. When 

concentration of Ag precursor increases to 1.0 wt%, particles can be clearly observed. At 

2.0 wt%, more particles are formed, and some of them are on the surface of zeolite. The 

size of particles also becomes larger, but their diameters are still less than 10 nm. 
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Therefore, it can be concluded that small Ag NCs were successfully formed within 

zeolites at different concentrations of Ag ions.   

The XAS was used to characterize these samples. XANES can be used as a 

fingerprint to qualitatively study the samples. The Ag K-edge XANES spectra and their 

first derivative spectra are shown in Figure 4-5. The XANES spectra of samples show 

similar oscillation patterns to the spectrum of Ag foil, indicating most Ag atoms in 

samples are metallic Ag having similar coordination environment as the Ag atoms in the 

Ag foil. The intensity of the first peak following absorption edge decreases as the 

concentration changes from low to high, indicating they are slightly different in oxidation 

state. Interestingly, the XANES spectrum of 0.5 wt% Ag@Zeolite Y overlaps with the 

spectrum of 0.2 wt% Ag sample. Therefore, particles in 0.5 wt% Ag sample should have 

similar structure and size as particles in 0.2 wt% sample. This result further proves that a 

large percentage of Ag particles in 0.5 wt% sample should be as small as particles in the 

0.2 wt% sample, although large particles are observed in TEM images. The small change 

of concentration shows no obvious change in structure and particle size. From their first 

derivative spectra of XANES (Figure 4-5b),  the spectra of  four samples exhibit 

narrower and more intense first peaks than bulk Ag. The change of peak width and 

intensity could be related to the size of NCs. The spectra of samples with small size tend 

to have narrower and more intense peaks.  
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Figure 4-4. TEM images of a) 0.2 wt% b) 0.5 wt% c) 1.0 wt% d)2.0 wt% Ag@Zeolite Y. 
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Figure 4-5. a) Ag K-edge XANES spectra of Ag@Zeolite Y samples and foil. b) first 

derivative spectra of XANES for Ag@Zeolite Y samples and foil. 

The more detailed structural information is obtained from EXAFS. The Ag K-

edge FT-EXAFS spectra are displayed in Figure 4-6. The spectra of all samples show a 

major peak between 2 and 3 Å, which corresponds to a Ag-Ag shell. The peak intensity 

of the Ag-Ag shell is lower than that in the spectrum of Ag foil, indicating small size of 

samples. Although particles were not observed from TEM images for the low 

concentration samples, the existence of the Ag-Ag shell indicates the formation of Ag 

NCs. For the 0.5 wt% sample, some large particles are formed outside the framework, but 

FT-EXAFS results show a low intensity peak for the Ag-Ag shell, which is similar to 0.2 

wt% sample. This observation is consistent with XANES results. Thus, the percentage of 

large particles is small in the 0.5 wt% sample, and most particles should be inside the 

zeolites. In the FT-EXAFS spectra, the peak height can be related to the CNs. The sample 

with large CNs tends to have a higher peak. Interestingly, the peak intensity of the Ag-Ag 

shell becomes higher with the increase of concentration in this study. This result is 

similar to a previous reported study of Ag NPs within zeolites.137 As the concentration of 

silver compound increases, more silver ions can be exchanged into the zeolite, and then 

they can be reduced to form larger clusters. In addition, when the concentration is high, it 
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is possible the amount of exchanged silver ions exceeded the capacity. Some of them 

could immigrate to the surface of zeolite and form large particles, as shown in TEM 

image Figure 4-4d.  

 

Figure 4-6. Ag K-edge FT-EXAFS spectra of four samples and Ag foil. 

The fittings of FT-EXAFS spectra were performed to obtain structural parameters 

of the samples. The concentrations of 0.2 wt% and 0.5 wt% samples are too low to have 

good quality data for FT-EXAFS fittings. Only 1.0 wt% and 2.0 wt% were analyzed 

quantitatively. The fittings of FT-EXAFS spectra and results are shown in Figure 4-7 and 

Table 4-1. Firstly, Ag-Ag one-shell fittings were applied to both samples. 1.0 wt% 

sample shows a smaller CN for Ag-Ag shell than 2.0 wt% sample, indicating smaller size 

of Ag NCs in 1.0 wt% sample. In FT-EXAFS spectra, there is a small peak at about 2.1 

Å. It is possible that this peak is due to the Ag-O shell. Thus, two-shell fittings were used 

for both samples. However, only 1.0 wt% sample shows the improvement of fitting 

compared to one-shell fitting results. The smaller R-factor of two-shell fitting than that of 

one-shell fitting indicates the better fitting quality of new fitting method. The two-shell 

fitting results show similar CN, bond distance of Ag-Ag shell to the one-shell fitting 
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results, further indicating the validation of two-shell fitting. Notably, the Ag-O bond 

distances in 1.0 wt% sample are 2.46 Å, which are longer than the typical Ag-O bond 

distances in oxidized Ag NCs.138 The long Ag-O bond distances suggest that there are 

interactions between Ag NCs and the oxygen in zeolite frameworks. The non-covalent 

interactions could be London dispersion forces.66 This result can be related to the 

observation in TEM images. The TEM images show that most particles are inside the 

framework for 1.0 wt% sample. The possibility of oxidization of Ag NCs with protection 

is low. It is likely the protected Ag NCs inside zeolite can have interactions with the 

framework.  

 

Figure 4-7. Fittings of FT-EXAFS spectra of a) 1.0 wt% Ag@Zeolite Y and b) 2.0 wt% 

Ag@Zeolite Y. 

Table 4-1. Structural parameters of 1.0 wt% Ag@Zeolite Y and 2.0 wt% Ag@Zeolite Y 

as obtained from FT-EXAFS fittings. 

  
Shell CN R (Å) σ2 (Å2) ∆E0 (eV) R-factor 

1.0% 

One-shell Ag-Ag 5 (2) 2.86 (2) 0.012 (3) -4 (2) 0.031 

Two-shell 
Ag-O 2 (1) 2.46 (3) 0.013 (2) 

-5 (1) 0.016 
Ag-Ag 6 (1) 2.86 (1) 0.011 (9) 

2.0% One-shell Ag-Ag 8 (1) 2.86 (1) 0.011 (2) -1 (1) 0.021 
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Based on the CNs from FT-EXAFS fitting results, the possible size of Ag NCs 

can be estimated from ideal structure models. As shown in Figure 4-8,  the larger 

particles with more silver atoms have larger CN. All three models have diameters within 

2 nm. The relationship between CNs and sizes has been reported in the literature.139 The 

1.0 wt% Ag@Zeolite Y has a CN of 6, so the number of atoms in particles should be 

slightly larger than 13. The average CN of 2.0 wt% sample is 8, so the particles should 

have about 55 atoms.  

 

Figure 4-8. Crystal structures of models with different number of atoms. 

4.3.2 Silver Nanoclusters in Zeolite Mordenite  

To further study the controlling Ag NCs by concentration of metal ions, the other 

series of samples, Ag NCs confined in zeolite mordenite, were prepared. The TEM 

images of 0.5 wt% and 2.0 wt% samples were shown in Figure 4-9. It is obvious that the 

2.0 wt% Ag sample has a larger particle size than 0.5 wt% sample. At high concentration, 

some particles are on the surface zeolite, which is similar to the observation in zeolite Y 

samples.  

13 atoms

CN: 5.54

Diameter: 0.57 nm 55 atoms

CN:7.85

Diameter: 1.15 nm  

147 atoms

CN: 8.97

Diameter: 1.73 nm
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Figure 4-9. TEM images of a) 0.5 wt% Ag@MOR and b) 2.0 wt% Ag@MOR. 

Ag K-edge XANES spectra of two samples and bulk Ag are shown in Figure 4-

10a. The overall shape of XANES of samples is similar to that of Ag foil, suggesting the 

formation of metallic Ag. The spectra of samples also exhibit the oscillations with lower 

intensity than the spectrum of Ag foil, indicating the small size of samples. It is clearly 

shown that the spectra of these two Ag@MOR samples show a different feature 

(indicated by an arrow) from the Ag foil. This feature is more pronounced in the 

spectrum of 0.5 wt% sample. Meanwhile, the intensity of the peak at around 25530 eV is 

higher for 0.5 wt% Ag@MOR than 2.0 wt% sample. In Figure 4-10b, the spectra of both 

samples show doublet in the first peak, and it is more obvious in the spectrum of 0.5 wt% 

sample. These differences are due to their different coordination environment and 

electronic properties. The 0.5 wt% Ag@MOR may have higher oxidation state than 2.0 

wt% sample. It is possible that the samples are oxidized. EXAFS analysis was performed 

to obtain the more detailed structural information.   

Figure 4-11 shows the FT-EXAFS spectra of samples and Ag foil. The most 

intense peak corresponds to a Ag-Ag shell. The same trend as Ag@Zeolite Y samples is 

observed; the spectrum of sample with higher concentration of silver precursor exhibits a 

higher peak intensity of the Ag-Ag shell, indicating large CN and particle size. This result 

is consistent with the TEM images. In addition, there is a small peak in the 1-2 Å range, 
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which is contributed from a Ag-O shell. Unlike 1.0 wt% Ag@Zeolite Y, the peak in 

mordenite samples appears at a lower R value, less than 2 Å. Therefore, the peak is more 

likely due to the oxidization of Ag NCs.  

 

Figure 4-10. a) Ag K-edge XANES spectra of Ag@MOR samples and foil. b) first 

derivative spectra of XANES for Ag@MOR samples and foil. 

 

Figure 4-11. Ag K-edge FT-EXAFS spectra of Ag@MOR and Ag foil. 

The quantitative analysis of structural information was done by fitting FT-EXAFS 

spectra. The spectra with fits and fitting results are demonstrated in Figure 4-12 and  

Table 4-2. Comparing the structural parameters of Ag-Ag shell for the two samples, the 
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CN of the 2.0 wt% sample is larger than that of the 0.5 wt% sample, indicating large size 

of Ag NCs in 2.0 wt% Ag@MOR. This is in good agreement with the observation from 

the TEM results. As shown in Figure 4-8, the number of atoms in particles can be 

estimated from structure models. The 0.5 wt% sample with CN of 4.3 should have more 

than 13 atoms but less than 55 atoms. The particles in 2.0 wt% sample are much larger 

than particles in 0.5 wt% sample, and there should be about 147 atoms. Moreover, the 0.5 

wt% sample can be fitted by two shells. The bond distances of the Ag-O shell are 2.06 Å, 

indicating oxidation of the Ag NCs. The contribution of the Ag-O shell peak in the 2.0 

wt% sample is small compared to the contribution of the Ag-Ag shell, making it difficult 

to obtain a good two-shell fitting for 2.0 wt% Ag@MOR. The 0.5 wt% sample with small 

size of Ag NCs is less stable than the 2.0 wt% sample. It can be more easily oxidized than 

large particles. Combining the analysis of EXAFS and XANES, the differences in shape 

of XANES and first derivative spectra from the Ag foil can be considered as the features 

for oxidized samples. The overall trend of particle size with changing concentration of 

Ag ions is the same as the trend for zeolite Y samples.  

 

Figure 4-12. Fittings of FT-EXAFS spectra of a) 0.5 wt% Ag@MOR and b) 2.0 wt% 

Ag@MOR. 
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Table 4-2. Structural parameters of Ag@MOR as obtained from FT-EXAFS fittings. 

 Shell CN R (Å) σ2 (Å2) ∆E0 (eV) R-factor 

0.5% 
Ag-O 1.1 (3) 2.06 (2) 0.003 (3) 

1.0 (9) 0.013 
Ag-Ag 4.3 (6) 2.86 (1) 0.010 (1) 

2.0% Ag-Ag 9 (1) 2.868 (7) 0.009 (1) 2.2 (8) 0.013 

 

4.3.3 Comparison of Ag Nanoclusters in Different Zeolites with Same Concentration 

A close comparison of Ag NCs formed in different zeolites, but having same 

concentration of silver ions, was investigated. Their TEM images are shown in Figure 4-

4 and Figure 4-9. At low concentration, the particles in zeolite Y cannot be observed, 

whereas it is obvious that particles are formed in mordenite. When the concentration of 

Ag compound is increased to 2.0 wt%, both samples clearly show particles. The particles 

formed in mordenite are larger than those formed in zeolite Y. Therefore, the Ag ions 

tend to form larger particles in mordenite than in zeolite Y at the same concentration. 

The comparison of their XANES and first derivative spectra of XANES are 

displayed in Figure 4-13. For the 0.5 wt% samples, the small peak at around 25515eV in 

XANES spectrum, and the doublet of first peak in the first derivative spectrum are only 

observed in the mordenite sample. Moreover, the sample 1.0 wt% Ag@Zeolite Y that has 

interactions between Ag NCs and zeolite framework does not show these special features. 

Therefore, only oxidized samples can exhibit these features. XANES can be used to 

determine the type of interactions between Ag and O. For the two 2.0 wt% samples, they 

have similar shape of XANES spectra. Only a small percentage of particles are oxidized 

in mordenite zeolite. The major difference between these two 2.0 wt% samples with 

different zeolites is the size of particles. The spectrum of 2.0 wt% Ag@Zeolite Y shows a 

narrower and more intense first peak of first derivative spectra than mordenite sample. 
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This observation further proves the narrowing of peak width and increase of peak 

intensity are related to the particle size. 

 

Figure 4-13. a) Ag K-edge XANES and b) first derivative spectra of XANE for samples 

at 0.5 wt% and foil. c) Ag K-edge XANES and d) first derivative spectra of XANE for 

samples at 2.0 wt% and foil. 

Their FT-EXAFS spectra are compared as shown in Figure 4-14 and the fitting 

results of the 2.0 wt% samples are summarized in Table 4-3. For both concentrations, the 

peak intensity of the Ag-Ag shell is higher for Ag NCs formed in mordenite than those in 

zeolite Y. From the fitting results, 2.0 wt% Ag@MOR has a slightly larger CN than 2.0 

wt% Ag@Zeolite Y. These observations indicate the Ag NCs with larger size are formed 

in mordenite. The possible explanation is that the available exchange sites are different in 

these two zeolites.140 Moreover, the ability of exchange of cations for Ag ions in MOR 

are greater than zeolite Y.141,142 When the concentrations of metal ions are the same for 
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both zeolites, more Ag ions are likely loaded into MOR than zeolite Y. So, the particles 

in MOR are larger. In addition, the Ag-O shell is more pronounce for mordenite samples. 

These differences could be explained by the structure of zeolites, as shown in Figure 4-

14c.d. Mordenite has two-dimensional channels of 6.5 x 7.0 Å, and zeolite Y has 3D 12-

membered ring channels about 7.4 Å.140,143 Ag NCs in 2D channels are less well 

protected than particles in 3D channels, so they can immigrate easily and form large 

particles. For the 2D channels, the possibility of particles exposure on surface is large, 

resulting in a higher chance to be oxidized. Therefore, Ag NCs in mordenite tend to have 

large particle size and they are more easily oxidized than NCs in zeolite Y. Ag NCs in 

zeolite Y are well protected, and they can have interactions with the zeolite framework.  

Therefore, zeolite Y shows a better ability to confine Ag NCs. Due to the differences in 

size and surface interactions, these Ag NCs show different atomic structure and electronic 

properties.  

 

Figure 4-14. Ag K-edge FT-EXAFS spectra of samples and Ag foil at a) 0.5 wt% and b) 

2.0 wt%. Structure of c) mordenite and d) zeolite Y. 
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Table 4-3. Structural parameters of 2.0wt% samples as obtained from FT-EXAFS 

fittings. 

 Shell CN R (Å) σ2 (Å2) ∆E0 (eV) R-factor 

2.0% Ag@Zeolite Y Ag-Ag 8 (1) 2.86 (1) 0.011 (2) -1 (1) 0.021 

2.0% Ag@MOR Ag-Ag 9 (1) 2.868 (7) 0.009 (1) 2.2 (8) 0.013 

 

4.3.4 Catalytic Reaction of 1.0 wt% Ag@Zeolite Y 

Among these Ag NC samples, 1.0 wt% Ag@Zeolite Y shows the most even 

distribution in zeolite from TEM. From XAS analysis, it is the only sample that shows 

the interactions between Ag NCs and zeolites framework. A preliminary study of 

catalytic reaction was performed for 1.0 wt% Ag@Zeolite Y. The oxidation of styrene 

reaction was carried out to test the catalytic activity of the sample. Based on the analysis 

of NMR data, the peaks of styrene were disappeared after 10 hours, indicating the 

reaction was completed after 10 hours by using 1.0 wt% Ag@Zeolite Y as a catalyst. 

Compared with the similar material under the same reaction conditions, the conversion 

rate of 0.01g Ag-based 4A zeolite is 40.1% after 24 hours.144 Thus, 1.0 wt% Ag@Zeolite 

Y shows promising catalytic activities for styrene oxidation. The differences in catalytic 

activities between our catalyst and literature catalysts could be explained by the size of 

particles. The Ag-based 4A zeolite has particles in size from 17 to 35 nm, which are 

larger than the size of Ag@Zeolite Y. The small size of NCs can provide more surface 

sites for the catalytic reaction, which are beneficial for the oxidation of styrene reaction. 

Moreover, Ag-based 4A zeolite used in the literature showed some particles on the 

surface of zeolite frameworks. In contrast, most particles in 1.0 wt% Ag@Zeolite Y 

sample are well confined in zeolite and they have interactions with zeolite frameworks. 

The surface atomic structure and electronic properties are altered. The catalytic activities 
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may be affected by these interactions. It is possible that the zeolite Y have synergistic 

effect with Ag NCs to improve the catalytic activities. Unfortunately, the control 

experiment and tests of other samples could not be done due to the pandemic situation. 

Further studies on their catalytic properties should be done in the future. The interactions 

between zeolites and Ag NCs may have negative effect on the catalytic activities. When 

the surface atoms have interactions with oxygen in frameworks, the number of available 

surface sites decreases. Although we could not test the catalytic activities of all samples, 

our catalyst shows promising activities. The Ag NCs confined in zeolites have potentials 

to be high performance catalysts.  

4.4 Summary   

To summarize, Ag NCs confined in zeolites were successfully synthesized by 

using the ion-exchange method followed by reduction. There are two ways to control the 

particles size: adjusting the concentration of metal ions and selecting the types of zeolite. 

Both the TEM and XAS results show that, for the same zeolite, the sample with high 

concentration of Ag ions tend to have higher CNs, indicating larger particle sizes. For 

low concentration samples, small changes in concentration do not cause obvious 

differences in structure and particle sizes. At the same concentration, Ag@MOR tend to 

have larger particles than Ag@Zeolite Y due to their differences in zeolite structure. 

Zeolite Y with 3D channels show a better ability to confine small Ag NCs than mordenite 

with 2D channels.  From XANES spectra analysis, the intensity of the first peak 

following the absorption edge increases as the concentration of Ag ions decreases, 

indicating the changes of electronic properties. The XANES spectrum of oxidized Ag 

NCs shows a special feature in XANES spectra and its first derivative spectrum has a 
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doublet in low energy region, which could be used as a fingerprint to identify the 

oxidized Ag species. By analysis of FT-EXAFS, 1.0 wt% Ag@Zeolite Y shows the 

interactions between NCs and the zeolite frameworks. Thus, two possible types of Ag-O 

bonds can be found in Ag NCs confined in zeolites. XAS is a good tool to distinguish 

whether the surface Ag-O bonds in the sample are due to the oxidation or the interactions 

between NCs and zeolites framework. Finally, the preliminary test of catalytic activity 

was done for 1.0 wt% Ag@Zeolite Y. The reaction catalyzed by our 1.0 wt% 

Ag@Zeolite Y was completed within much shorter time than the literature reference. 

This promising catalytic activity together with their controllable structure and electronic 

properties suggest these Ag NCs could be excellent candidates for catalytic applications.  
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Chapter 5 - Conclusions and Future Work  

5.1 Conclusions  

In the study of ligand-protected Ag NCs, the electronic and bonding properties of 

Ag25 were investigated by using X-ray spectroscopies. Based on the published structure 

model of Ag25, a detailed study was carried out from site-specific perspective. A unique 

XPS data analysis method was developed to probe the electronic properties of center, 

surface and staple sites. The final state effect on XPS binding energy shift can be 

excluded when the central atom was used as reference. Compared with its counterpart of 

Au25 in Au NCs, Ag atoms in the staple and surface of Ag25 show different charge 

transfer behavior from Au atoms in the same sites of Au25. More electrons are withdrawn 

by thiolate ligands in Ag25 than in Au25. Moreover, the site-specific simulations of 

XANES spectra show that the Ag2S3 staple motifs have a large impact on the electronic 

properties of the Ag25 cluster. Furthermore, Ag25 exhibit unique temperature-dependent 

bonding properties by analysis of FT-EXAFS. Comparing with Au25, it shows more 

molecular-like behavior when the temperature changes. The site-specific analysis of 

electronic and bonding properties of Ag25 offers an in-depth understanding of structure-

property relationship, and might be useful to guide their potential applications.  

In addition to ligand-protected NCs, Ag NCs confined in zeolites were 

successfully synthesized by using ion-exchange method followed by reduction. TEM and 

XAS results show that both concentrations of metals and types of zeolites can be used to 

control the size and structure of Ag NCs. When the same zeolites are used, the cluster 

sizes increase with the Ag concentration. At the same concentration, larger clusters are 

more likely formed in Ag@MOR than Ag@Zeolite Y because of differences in zeolite 
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structures. XANES spectrum has been demonstrated as a good fingerprint to determine 

the origins of Ag NCs surface bonds. Ag NCs confined within zeolite Y with 1.0 wt% 

was found to show the interactions between the cluster surface and zeolite framework. 

For Ag@MOR, the surface of Ag NCs is more likely to be oxidized. The XANES spectra 

of these oxidized Ag NCs samples show a small peak feature at around the edge, and 

their first peak in first derivative spectra exhibit a doublet. The electronic properties of 

these Ag NCs were found to be different because of the differences shown in XANES 

spectra. Finally, the sample with 1.0 wt% Ag confined within zeolite Y was used for 

catalytic study in oxidation of styrene. In comparison with similar Ag nanomaterials, the 

Ag-based 4A zeolite catalyst used in the literature exhibited 40.1% conversion rate after 

24 hours, but the reaction catalyzed by 1.0 wt% Ag@Zeolite Y was completed after 10 

hours. These preliminary catalytic results, together with the controllable surface and 

electronic properties of Ag NCs observed in this work, imply that these zeolite-supported 

NCs might be used as promising candidates for various catalytic applications. 

5.2 Future work  

 

The study of Ag25 shows unique electronic and bonding properties from its 

counterpart Au25. Some studies showed that Au25 has good catalytic activities. Since Ag25 

is the only match analogues with Au25, it could be potentially good catalysts as well.  The 

catalytic activities of Ag25 can be tested and compared with Au25 in the future. Moreover, 

it was found that the doping on Ag25 can enhance the photoluminescence, but the reasons 

for enhancement are not clear. In the future, the bonding and electronic properties of 

doped Ag25 such as AuAg24, PtAg24 can be investigated by XAS. The site-specific 
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analysis method may help give explanations for the enhancement of photoluminescence 

and their catalytic activities.   

In the study of Ag NCs confined in zeolite, only a preliminary test was done on 

the catalytic activity. Further study on the catalytic activities should be carried out. The 

activities of zeolites without Ag NCs should be tested as comparison reference. It is 

possible that the zeolites also have catalytic activities for styrene oxidation. With this 

control experiment, all peaks in NMR spectrum can be identified. The other samples with 

different concentrations of Ag ions and types of zeolites should be tested as well to find 

the optimized synthetic conditions. In order to have reliable catalytic results, an 

appropriate internal standard should be selected for NMR measurements. Same amount 

of internal standard with known concentration should be added. Then, the conversion rate 

of catalytic reaction can be obtained based on the peak integral from NMR spectrum. 

Moreover, the porous structure of zeolites should have effect on selectivity. In the future 

study, the selectivity of these small Ag NCs in catalytic reaction can be investigated. 
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Appendix A – Supporting Information for Chapter 3 

 

Figure A1. Crystal structure of Ag25(SR)18 and Au25(SR)18 with illustration of their 

differences and similarity. Carbon and hydrogen atoms in ligands are not shown for 

clarity.  

 

Figure A2. Comparison of the bond distribution of a) Ag25 and b) Au25.   
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