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ABSTRACT 

 

Controlled synthesis of functional nanostructures is of paramount interest due to 

their novel properties and efficient functionalities. The size and morphology of each 

particle in the nanoscale contribute to their optical and electronic properties. Also, the 

collective arrangement of these nanostructures in 3D space maximizes active sites available 

for the cost-effective catalysis. Recent advances in the field show a vast range of 

nanostructures with unique designs that affect their catalytic properties. In this dissertation, 

utilizing silver halides as a unique platform to develop high-performance catalysts were 

discussed with their respective synthesis strategies, structural evolution, and structure-

related properties. 

Initially, we synthesized well-defined silver chlorobromide (AgCl0.5Br0.5) 

nanostructures investigating the effects of various reaction parameters on the synthesis. 

Simple reaction parameters were overlooked to gain additional controllability on 

determining the morphology of the nanocrystals regardless of the composition. Thus, the 

influence of the size and exposed surface facets was investigated towards photocatalytic 

activity performing methylene blue degradation on AgCl0.5Br0.5 with different sizes and 

morphologies, under visible light. Then, the ability to use these AgCl0.5Br0.5 nanocubes 

were investigated as a reactive and sacrificial template for the synthesis of nanoplates and 

nanoshells. As an example, fast precipitation reaction between Ag+ and benzenethiol (BT–

) results in an uncontrollable growth leading to aggregated structures. The low solubility 

and the planer surfaces of the silver halide cubes were utilized to reduce the reaction rate 

and promote the growth of layered AgBT as plates, which can be organized into hollow 

nanostructures. Time-dependent microscopic and spectroscopic measurements showed the 
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structural evolution and associated kinetics of the conversions. Developing a 

comprehensive understanding enabled generalizing the procedure to synthesize other 

silver-based hollow nanostructures. Mechanistic studies showed two different hollowing 

mechanisms involving, that depends on the anion being exchanged. The degree of 

nucleation and the crystal structure of silver-sulfur compounds determined the relative 

diffusion of ions leading to their overall size and morphology. The hollow morphology was 

shown to have higher stability with a large surface area relative to its aggregated solid 

counterpart. Next, highly porous Ag nanostructures were synthesized electrochemically, 

using silver thiolate nanocages. High porosity and their arrangement as plates enhanced 

available active sites and mass transport for CO2 electroreduction. Furthermore, the 

strategy was extended to design bimetallic nanostructures with enhanced bimetallic 

boundaries where selectivity of ethanol formation from CO2 electroreduction can be 

increased. Overall, the study explores the novel approaches to utilize chemical and physical 

properties of silver halides for various material designs that determines their enhanced 

performance.  
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CHAPTER 1 

INTRODUCTION 

1.1. Preface 

Controlled synthesis of nanostructures with rational designs exhibit unique properties 

which can be developed for various potential applications. Investigating and exploring 

novel approaches for the synthesis of materials whose catalytic properties are determined 

by their morphology, special arrangement, and surface characteristics are the main focus 

of this thesis. The fundamental understanding of materials can be used as the basis to 

expand and investigate new horizons beyond their inherent properties and their traditional 

use. The success of designing and developing materials in this perspective was aided by 

extensive understanding, which resulted from various material characterization techniques, 

in situ measurements of particle growth, and performance evaluation. The broader impact 

of this illustrated work in detail can be used to tune and improve the properties of the 

materials for their use as photocatalysts and electrocatalysts. In this thesis, a controlled 

synthesis of silver halide was investigated, and several approaches were discussed to obtain 

functional nanomaterials with enhanced catalytic properties. Other than confining to the 

traditional applications of silver halides, this thesis research shows the strategies utilizing 

physical properties and parameters in favor of designing derived other silver-based 

catalysts. 

This thesis contains seven chapters which describe the various aspect of utilizing silver 

halides depending on their chemical and physical properties. Chapter one provides an 

introduction and an overview of catalysis and nanomaterials as the motivation for this 
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research. Recent developments of designing materials in nanoscale and associated 

properties towards catalytic performance were elaborated as the background information 

for the reader.  

Chapter two, through chapter six, brings the thesis research with the detailed 

justification of the structure-property relationship. Firstly, chapter two demonstrates a well-

defined synthesis of silver chlorobromide nanoparticles and the influence of reaction 

parameters for their structural determination. Also, it starts with the reported synthesis 

approaches to improve the phase-purity and uniformity. The uniqueness of the morphology 

and characteristic surface structures were discussed towards determining their properties 

with the photocatalytic performance. Chapter three discusses the applicability of respective 

morphologies of silver halides as a class of sacrificial template. A well-known physical 

property, which is low solubility of silver halides, was utilized to drive transformation 

reactions to form silver halides to other silver-containing semiconductors. The structural 

evolution was extracted from in situ measurements during the conversion and was 

discussed, revealing the role of silver halides in line with addressing challenges impose 

from reported synthesis strategies. The strategy was demonstrated to be applied for the 

formation of other silver thiol structures. Furthermore, the stability of the hollow 

arrangement demonstrated high stability for the photocatalytic oxidation of benzylalcohol 

compared to that of silver sulfide nanograins with random aggregates.  

Chapter four provides a comprehensive discussion of the conversion mechanisms in 

which silver halide nanoparticles act as reactive templates for the formation of silver-sulfur 

based structures. Size of the exchanging anions, crystal structures, and physical parameters 

such as solubility constants determine the hollowing processes that lead to the specific 
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dimensions and morphologies of the final particle. As a continuation, in chapter three, the 

synthesis of porous Ag by electroreduction of silver thiolate plates was discussed in chapter 

five. The results showed a hierarchical porous structure which makes the catalytic surface 

readily accessible as the structure was utilized for electrochemical CO2 reduction. Efficient 

mass transport was attributed to improved mass-specific activity and improved selectivity 

for the formation of CO. 

Chapter six is focused on enhancing the selectivity of CO2 electroreduction by 

introducing another metal to the Ag surface. Novel synthesis strategy was demonstrated to 

achieve this task using the above silver-thiolate plates. Results supported the underlying 

hypothesis for the product selectivity. The electrochemical characterization and CO2 

reduction performance show near 50% formation of ethanol as the composition of Ag: Cu 

at 1:1 ratio. This chapter discusses the performance of the synthesized bimetallic structure 

in link with the possible future direction of the research.  

The final chapter provides a summary of the main findings and draws conclusions. 

Along with the understanding of this thesis research, the broader impact is elaborated with 

the promise of expanding the research area. 

 

1.2. Introduction to catalysis 

Catalysis is widely applied to various aspects of day-to-day life. Nature provides 

examples as biological processes that use enzymes to accelerate biochemical reactions at 

body temperature.  Mostly, the chemical processes involved in various industries such as 
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petroleum, pharmaceutical, and other chemical manufacturing sectors use catalysts to 

reduce the energy requirements to drive unfavorable chemical reactions economically.  

Instead of thermodynamic factors, the reactions require additional energy input to 

overcome the activation energy barrier to drive the reaction from reactants to products. The 

catalysts introduce alternative reaction pathways where the activation energy is reduced so 

that the required energy to overcome the barrier is minimized. Thus, the reaction performs 

faster without the expense of the catalyst for the reaction.  For example, the decomposition 

of hydrogen peroxide needs 57 kJ/mol, and it can perform 2000 times faster in the presence 

of iodide and performs around 1015 times faster in the biological system at room 

temperature in the presence of enzymes.1 

 

1.2.1. Heterogeneous catalysis 

Catalysts can be separated into two main categories, which are homogeneous and 

heterogeneous. Homogeneous catalysts are in the same physical state as the reactants. 

Physical separation of the catalyst and the products and reactants becomes challenging 

using physical methods such as centrifuging and sieving. Biological enzymes are an 

example of a homogeneous catalyst.2 This issue can be overcome with the use of a material 

which is in different states of matter with the reactant. For example, the liquid products and 

reactants can be easily separated from the solid catalysts after any chemical 

transformations. The catalyst can be recovered readily without further purification for 

further use. Globally, the market of heterogeneous catalysis was estimated at around USD 

25 billion and is anticipated to grow significantly.3 Thus, exploring material and material 
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designs with enhanced properties were extensively studied. This thesis mainly focuses on 

developing materials for heterogeneous catalysis. 

Heterogeneous catalysis relies on the active sites of a catalyst surface. The catalytic 

performance can be enhanced by increasing active sites, which is the surface area of the 

material. The fundamental processes involved with catalytic reactions are (1) diffusion of 

reactants in the solution to the vicinity of the catalytic surface, (2) surface-adsorption of 

the reactants, (3) conversion of reactants to products and (4) desorption of the products 

from the surface as depicted in figure 1.1.4  The approach of extending the surface relates 

to reducing the size of the catalytic materials as they show a relatively larger surface to 

volume ratio compared to their bulk particles.5 The reduction of particle size also 

accompanies the introduction of surface defects, which were shown to have high catalytic 

activity. Modification of surface energies and surface features are other benefits of 

nanoscale particles towards efficient catalysis. The development of materials in the 

nanoscale with desirable features that is distinct from their bulk-scale materials was 

extensively overlooked. 

 

Figure 1. 1 Schematic diagram showing the main steps involving in a heterogeneous 

catalytic surface.  The numbers follow the (1) diffusion, (2) adsorption, (3) conversion, and 

(4) desorption steps.  
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1.3. Particles in nanoscale 

Particles in nanoscale, commonly, the nanomaterials, have become an emerging field 

for the past couple of decades in various disciplines such as in chemistry,6 medicine,7,8 

material engineering,9–11 energy storage and conversion,12,13 and environmental 

remediation.5,14  Mainly, nanoscale focuses on exploring novel properties that are lacking 

in macroscale materials to utilize in real-world applications. In that perspective, material 

design and synthesis, stabilization of particles, and characterization were the basic 

approaches towards developing the novel arena for numerous opportunities.15 Growth of 

the field is evident as nanomaterials are in use in practical applications. It is continuing to 

grow further with technological advances, and the availability of a broad range synthesis 

approaches that adds more controllability and variety of structural features.16 

  The nanoscale is defined when the length scale falls in the nanometer range, 10-9 

m. In the material synthesis, nanomaterials are defined in several ways that suit the 

particular field of study or the research.  The simple definition is the materials whose 

physical length falls between 1- 100 nm is referred to as nanomaterials.5 However, these 

boundaries of dimensions can be varied when considering the properties of materials. As 

the particle size becomes small, the surface to volume ratio increases. For example, the 1 

μm sphere roughly exposes 1% of the total atoms. 100% of the atom can be utilized when 

the particle becomes 1 nm in size. The increase of surface atoms increases the overall 

surface energy. Other physical properties such as melting point, density, and refractive 

index of the material deviate from the properties of the bulk-scale.17 Further reduction of 

dimensions confines the electron movements altering the electronic properties. Thus, 
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nanoscale materials can precisely be defined as the regime where optical and electrical 

properties of the material change depending on the size and morphology.18  

Developing reliable and economical synthesis approaches were at the highest 

interest in exploring diverse properties of the materials. Two main synthesis approaches 

can be given based on how the final nanostructure is derived from the initial precursor; (1) 

bottom-up synthesis method and (2) top-down synthesis methods,19 as depicted in Figure 

1.2. 

 

Figure 1. 2 Schematic representation of top-down and bottom-up synthesis strategies with 

respect to the changes in length scale. 

Both strategies have their inherent advantages and challenges. The top-down synthesis 

method involves breaking down a bulk material until its lateral dimension falls into the 

nanometer scale. Lithographic techniques can be given as examples. The method offers 

high controllability at the expense of advanced and specialized instrumentation.19 In 

contrast, the bottom-up synthesis method involves the formation of particles by combining 

the building blocks, atoms, molecules, or complexes with each other in a reaction medium. 
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As an example, mixing Ag+ and Cl– ions undergo a precipitation reaction to form reaction 

products.20 Atoms or product molecules combine, resulting in larger particles as a 

precipitate in the reaction medium. The solution-based bottom-up synthesis method offers 

a high degree of reproducibility and controllability.17 However, the approach relies on 

controlling reaction kinetics which is achieved by tuning reaction conditions and 

parameters. The stability of the particles is another concern as the nanoscale particles show 

high surface energy and tend to continue aggregating into large particles. A better 

understanding of the mechanisms and influencing parameters paves a way to gain insight 

at each step of the synthesis process to improve synthesis strategies.  

 

1.4. Bottom-up synthesis: mechanisms 

Two main mechanisms are in place to describe nanoparticle nucleation and growth. 

The classical model, which is widely known as the “LaMer model,” explains the 

mechanism involving nucleation followed by growth.21 Initially, homogeneous nucleation 

was assumed to form when the concentration of the precursor reached to a supersaturated 

level (stage II in figure 1.2). This process is also known as “burst nucleation” and forms 

clusters of atoms with a critical size. Critical size is determined by the energy barrier 

imposed by both free energies of bonding (favors formation of nuclei) and interface free 

energy (disfavors formation of nuclei).22 In a reaction medium having precursor 

compounds, supersaturation is assumed to be the driving force to overcome the high energy 

barrier and triggers the formation of nuclei with critical size. The dissolved precursor 

concentration drops in the solution below the supersaturation level once they were removed 

from the reaction solution as an aggregate. As the supersaturation is not further supported, 
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the process moves to the growth step where the nuclei grow into larger particles (stage III 

in Figure 1.3). The growth step is spontaneous and depends on the diffusion of precursors.23 

The main features of this model are, the critical size of the nuclei divides the nucleation 

and growth steps, and homogeneous nucleation leads to the particles with monodispersed 

size distribution.24  

Concentration at the supersaturation determines the particle size and homogeneity. A 

solution having a high concentration of precursors reaches the supersaturation fast and 

forms a large number of nuclei in the solution. Once the concentration drops below after 

the supersaturation, the remaining precursors divide into that large number of nuclei. When 

the concentration of precursors is relatively low, the number of nuclei formed at the 

supersaturation becomes lower than that of the previous case. Remaining precursor ions, 

then, tends to grow fewer nuclei, which becomes larger in size compared to the case where 

 

Figure 1. 3 Nucleation and growth processes and corresponding concentration variation 

according to the LaMer model. 
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a large number of nuclei exist in the solution. However, in both cases, the homogeneity of 

the particles is not influenced since the nucleation and growth steps are divided.  

Finke and Watzky formulated another mechanism, which would fit better for the 

synthesis of some metal nanoparticles such as Ir, Pt, and Ru.25 This model is also proposed 

to have two steps that involve nucleation and growth. The nucleation step is much slower 

and continuous, which is distinct from burst nucleation. The growth of these nuclei co-

occurs, as the deposition of atoms/ precursors on the surface of nuclei continues. This is 

referred to as autocatalytic growth. It is relatively fast and is not solely depend on diffusion. 

More importantly, the nucleation and growth steps are not completely separated in this 

model compared to the LaMer model.26 However, it is essential to fit the experimental data 

to explain the formation mechanisms using these models or with modified models.   

 

1.5. Rational design of nanomaterials 

The design of nanomaterials focuses on various aspects of enhancing the existing 

properties of the materials towards catalytic reactions. Those are, (1) synthesizing the 

materials in nano-scale, (2) introducing maximum surface active sites, (3) stabilizing active 

sites in the reaction medium, and (4) improving the accessibility of the active sites.27 The 

reduction of size becomes a common approach to maximizing the catalytic surface. 

Rational designs that expose specific surfaces towards catalytic reactions benefit reducing 

activation energies. However, the stacking of these particles on each other avoids the 

availability of active sites for catalytic reactions. Thus, nanoparticles were immobilized 

and arranged on physical support to expose maximum catalytic sites with excellent 
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dispersibility. As an example, mesoporous silica was used as physical support to isolate Ru 

metal nanoparticles for selective hydrogenation of CO2 to formate.28 Similarly, the nature 

of the nanostructures and their arrangements such as the dense, hollow or other geometries, 

were extensively studied.5 

 

1.5.1. Solid nanoparticles 

 

Figure 1. 4 Types of nanostructures based on their dimensionality and the structural 

arrangement. 

Collective of atoms in a solution arrange as a small cluster seed, which grows as a 

solid particle with different sizes and morphologies (Figure 1.4). Size becomes critical 

when exposing a more active surface. This was the fundamental idea of reducing the size 

of structures into the nanometer scale where nanoparticles show enhanced surface-related 

properties such as catalysis, surface plasmon resonance, photoluminescence distinct from 

the bulk counterpart. As a further advancement, the idea of isolating single atoms for 

catalytic reactions are also hypothesized and reported in several studies. Employing every 

single atom is the idea of reducing the size so that the maximum surface-active sites will 

be available for potential applications. However, as the size becomes small, the surface 
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energy increases, leading the particles to be aggregated. Thus, it is vital to stabilize particles 

in a dispersion medium or a 3-dimensional space without being aggregated.  

The surface charge on the nanoparticle surface stabilizes particles against being 

aggregation when it is dispersed in a polar solvent or in an ionic solvent. These charges 

can be developed due to the physical adsorption of charged molecules, preferential 

adsorption of ions, accumulation of electrons at the surface, or dissociation of charged 

species on the surface. Even though the overall charge neutrality is preserved in the 

solution, the localized surface charge density of each particle induces repulsion from the 

particles in the proximity with the same charge. Thus, in a solution, particle distribution 

depends on the Coulombic or electrostatic forces, which affect the inhomogeneity of the 

particle distribution and the Brownian motion and entropy factors that determine the 

homogeneity of the dispersion. However, the electrostatic repulsion should be significant 

to overcome the weak van Der Waals forces to stabilize the particles in a solution. 

The effect can be detected using zeta potential measurements. The charge of the 

nanoparticle attracts ions with opposite charges immediate next to the surface. Then, 

another few layers of solvent ions become loosely bound to the outer most charged layer, 

which is called the diffuse layer around the particle. The electrical double layer 

configuration avoids particles to grow closer to each other resulting aggregation. It also 

depends on the ionic strength of the solvent. However, the surface charge of the particle 

needs to be at an optimum level as increased surface charge can collapse the electrical 

double layer resulting in agglomeration between particles.  

In the solution where charged species are absent, physical methods can be employed 

to keep particles apart against weak attraction such as intrinsic van der Waals forces. 



13 
 

Mainly, large molecules such as polymers (poly(vinylpyrrolidone) (PVP), etc.), long-chain 

thiols, and quaternary ammonium salts (cetyltrimethylammonium bromide (CTAB), etc.) 

are attached on to the almost entire surface around the particle such that the organic tails 

extend to the solution. These molecules act as the steric barriers against the particles come 

closer to each other. Also, the affinity of the polymer chains with the surrounding solvent 

promotes dispersing the particles in the solution medium. The steric effect is much useful 

in stabilizing the dispersions having high concentrations of nanoparticles. Also, the 

particles having zero low zeta potential where the static repulsions are weak use the steric 

stabilization. 

Surface engineering is reported to be a promising approach for enhancing 

performance. Different geometric and electronic structures of crystal facets show different 

energies towards the reactants. The affinities of each intermediate can direct the reaction 

mechanisms that favor a specific product at a higher rate. For example, the higher index 

facets such as {210} and {730} on Pt nanoparticles show high thermal and chemical 

stability and show nearly four times higher catalytic activity towards photooxidation of 

small organic molecules compared to the flat Pt surface (with the same surface area).29 

Also, the {110} facet of the Co3O4 was reported to have active Co3+ sites that show 

enhanced activity for CO oxidation. Thus, the synthesis strategies of synthesizing nanorod 

geometry where {110} facets dominate shows added advantageous in developing high-

performance catalysts.30  
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1.5.2. Hollow geometries 

Hollow geometries form a shell having inner and outer surfaces accessible for the 

surrounding medium. Mainly, the hollow nanoparticles benefits of having extended 

surfaces as it exposes the new interior surface, which is much similar in size to the outer 

surface.31 The material density becomes less with the absence of the inner core. Thus, these 

particles show less weight and optically more transparent than solid nanocrystals. These 

structures also show distinct optical, electrical, magnetic, catalytic, and mechanical 

properties depending on the size, shape, and composition.32 Shell thickness, the porosity of 

the shell, and surface features are the additional functionalities that can be added to the 

hollow geometry to enhance their properties.  

Similar to the solid nanoparticles, these structures also need to be stabilized in a 

solution using capping agents or other methods mentioned in section 1.4.1. However, given 

that the initial structure does not collapse during the catalytic reaction, the inner surface 

provides active surface available for catalytic reactions.33 Moving beyond the hollow 

nature, the structural complexity of the shell material adds more functionalities to the 

nanostructure. Porosity, composition, surface features, and shell morphology are some of 

the features which can be introduced through the advancement of synthesis strategies to 

obtain functional nanomaterials. Several synthesis approaches have been reported in the 

literature,34–36 which has its outcomes and drawbacks. Template-based synthesis methods 

are one of the promising approaches that are widely adopted for a range of materials.37 The 

ability to scale up and the use of simple experimental conditions add advantages to the 

strategy. Hence, the current research directions devoted to developing template structures 
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suitable to introduce the required morphological complexity of the resulting hollow 

nanostructures. 

 

1.5.3. Material architecture 

Material design in the 3D space can also be used to expose surface throughout the 

desired reactions. As examples, structural complexity can be introduced through extended 

surfaces through a hierarchical arrangement of the nanostructures.14,38 Isolating 

nanoparticles such that most of their surface is accessible can be achieved by arranging 

them using supported surface28 or introducing porosity39. Unlike aggregated nanoparticles, 

they provide a large number of catalytically active sites available for reactants.40,41 As the 

size of pores and features of the interconnected network becomes smaller, most of the 

material can be converted into the surface atoms, which are the potential catalytic sites. It 

reduces material consumption to accomplish the same amount of catalytic conversions. 

Even though the equivalent nanoparticles show relatively higher surface area, aggregation 

or the stacking them together hinder the exposed surface to the reactions. Furthermore, as 

interconnected channels that form the porous structure show better electronic conductivity 

compared to that of assembly of separate nanoparticles. Thus, the resistance due to the 

electron transfer can be minimized in electrocatalytic and photocatalytic reactions 

performed on the porous surface.40  

The natures of the structure arranged in the 3D space also determine the mass 

transport, which is an essential feature for efficient catalysis. Enhanced mass transport 

avoids any hindrance of accessing active sites by the reactants and desorbing the products. 
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The exposed curved surface is another advantage as it introduces several step sites. Also, 

it is observed that atoms in the step sites (the curved surface) with unsatisfied valency 

activates the reactants and reaction intermediated by reducing the overall energy barrier. 

As an example, CO2 molecules can be preferentially activated by these step sites in the Ag 

nanostructures by decreasing the activation energy of the rate-determining step.39 So that 

the efficiency and selectivity towards specific products can be increased. Thus, it is 

essential to have a rational design of the catalyst for enhanced performance. 

 

1.6. Silver halides for material synthesis 

Silver-based materials have inherent optical and electronic properties,42–44 which can 

be further enhanced by introducing different material designs and architectures. 

Controlling fast reaction rates of the formation of these silver-based nanostructures is the 

key approach to introduce unique designs in the nanoscale,45 as required. For that, several 

reaction strategies can be used if the associated challenges can be addressed. First, 

minimizing the diffusion of precursors reduces the nucleation rate in a conventional batch 

reactor. Thus, the growth step can be separated from the nucleation step to avoid 

unnecessary aggregation and inhomogeneity.45 However, a lack of understanding of 

reaction parameters that influence the morphologies of product particles hinders the well-

defined and reproducible synthesis. Second, controlling precursor concentration at a 

minimum level can reduce the reaction kinetics.46 However, it is challenging to control the 

ultra-low levels of precursor concentrations with a constant supply in a conventional batch 

reactor. Third, the introduction of templates as a guide for the synthesis of new materials 

can be employed to obtain different material designs for potential applications.37 Lack of 
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appropriate templates with desired sizes, morphologies, and physical properties hinders the 

availability of complex architectures with unique properties. 

Silver halides (AgCl, AgBr, and AgI) have unique physical and chemical properties,47 

which can be utilized as a precursor to design various silver-based material structures. The 

low solubilities of silver halide salts trigger the formation of precipitates in a solution 

having precursor ions. Stable particles in the nanoscale can be formed by controlling fast 

precipitation rates. The reported synthesis methods provide the promise of obtaining 

various morphologies based on the different compositions and crystal structures of binary 

silver halides. For example, AgCl and AgBr show rock-salt crystal structure with cubic 

morphology. Alloying these halides each other affects the nucleation rate of the synthesis 

based on their solubilities. Also, due to the wurtzite β-phase or a metastable zinc blend γ-

phase of AgI,48 alloying AgCl or AgBr with I¯ favors adapting nanocrystals to the wurtzite 

lattice and hexagonal prismatic shape.49 These morphological features can be used as a 

template for the synthesis of novel architectures of silver-based materials. Furthermore, 

silver halides can provide precursors of Ag+ and halide ions with ultralow concentrations 

due to their low solubilities. Such low concentrations, which are challenging to achieve 

precisely using conventional methods, can be maintained until silver halide precipitate is 

present in the solution. Thus, the development of well-defined synthesis strategies and 

understanding governing reaction parameters towards the formation of various structural 

features of silver halides benefits the synthesis of unique architectures with morphology-

related properties. 

The following chapters of this thesis demonstrate the applicability of silver halides 

for designing various structural features of silver-based materials using well-defined silver 
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chlorobromide nanocrystals due to their well-defined and tunable morphologies. Initially, 

the influence of reaction parameters was investigated towards determining particle 

morphologies. Then the silver halides were used to synthesize unique structures such as 

assembled nanoplates and hollow nanostructures. The performance related to the unique 

arrangements of the resulting nanostructures was demonstrated using photocatalytic and 

electrocatalytic reactions. 
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CHAPTER 2 

2. TERNARY SILVER HALIDES: SYNTHESIS AND 

CHARACTERIZATION 

(Note: Content of this Chapter is adapted from the publications “Sasitha C. Abeyweera 

and Yugang Sun, Ternary silver chlorobromide nanocrystals: intrinsic influence of size and 

morphology on photocatalytic activity, Materials Chemistry Frontiers, 2017, 1, 1534-

1540”, and “Sasitha C. Abeyweera, Kowsalya D. Rasamani, and Yugang Sun, Ternary 

silver halide nanocrystals, Accounts of Chemical Research, 2017, 50, 7, 1754-1761” with 

permission.)  

 

2.1. Introduction 

Silver halide crystals (e.g., AgCl, AgBr, and AgI) have been widely used in 

photography, one of the important discoveries, for several centuries since light irradiation 

converts silver halides to dark metallic silver.1  The emerging of nanoscience enables the 

nanometer-sized silver halide crystals to be useful as antimicrobial agents,2,3 water 

oxidation catalysts,4,5 and photocatalysts for environment remediation.6–8  Alloying two 

types of silver halide crystals into ternary silver halide crystals gain additional 

controllability over their optical properties.  For example, silver halides are transparent in 

the 0.6 ~ 20 µm range and widely used as the critical components of optical fibers in the 

mid-infrared (IR) region.  Varying the Cl:Br ratio in silver chlorobromide (AgClxBr1–x) 

crystals can easily tune their refractive index, and this tunability makes AgClxBr1-x an ideal 
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class of materials in the fields of IR optical signal processing, fiber-optical communication, 

optical waveguiding, and targeted photothermal therapy.9–14   

The excellent and tunable transparency of AgClxBr1–x in the mid-IR region enables the 

AgClxBr1–x fibers with tapered tips, which are coupled with scanning near-field optical 

microscopy (SNOM), to image chemical and biological samples that are either placed in 

air or immersed in water in the spectral range of 5-15 μm.15,16  The corresponding spatial 

resolution is determined by the apex size of the AgClxBr1-x fibers at the tapered end, which 

can be improved by attaching AgClxBr1-x nanoparticles with controlled size and 

morphology.  Due to the reduced size, properties of ternary silver halide nanoparticles can 

be easily tuned by doping with foreign species compared to their bulk counterparts and the 

corresponding binary nanoparticles, leading to applications with enhanced performance.17  

However, the successful synthesis of ternary silver halide nanoparticles with controlled 

parameters only starts to emerge recently. 

The solubility difference of binary silver halides affects the size distribution and 

morphologies of the synthesized nanocrystals with varied halide compositions. Phase 

separation of binary halides affects the non-uniformity and broad size distribution of the 

final synthesis. The most successful strategy relies on co-precipitation of Cl− and Br− ions 

with Ag+ ions by avoiding phase separation that tends to form AgX (X=Cl− or Br−) 

nanocrystals with non-uniform compositions.18,19 As fast precipitation reaction between 

silver and halide ions shows low controllability, the reaction has to be confined in limited 

space where reactants collide evenly to for a phase-pure synthesis. However, the resulting 

AgClxBr1-x nanoparticles usually exhibit random morphologies or relatively broad size 
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distributions possibly due to the lack of ligands preference on selective crystal surfaces and 

the lack of control over reaction kinetics. 20 

Based on the understanding of the nucleation of growth processes involved in the 

formation of AgClxBr1–x nanocrystals, it was shown a successful approach for synthesizing 

AgClxBr1-x nanocubes with various compositions in ethylene glycol medium.21–23 The 

success is ascribed to the high viscosity of ethylene glycol that can be tuned by controlling 

temperature to determine the solubility of precursors and AgClxBr1-x and diffusion rate of 

ionic species, which enables the excellent separation and controllability over the nucleation 

and growth of AgClxBr1-x nanocrystals. 

Properties of ternary silver halide nanoparticles depend on their size, morphologies and 

composition. Based on the Cl–/Br– ratio, the light bandgap can be varied.18 The changes in 

absorbance exhibit different photocatalytic performance as a function of the Cl–/Br– 

ratios.20 Despite the great success in synthesizing phase-pure AgClxBr1–x nanocrystals and 

evaluating the dependence of their photocatalytic activity on Cl−/Br− ratios,18 the influence 

of surface crystalline facets and size, which determines recombination rate and migration 

distance of excited charges, of AgClxBr1–x nanocrystals on their photocatalytic activity has 

not been investigated yet due to the lack of appropriate AgClxBr1–x nanoparticles. 

In this chapter, the synthesis of AgClxBr1–x nanocubes with different sizes and same-

sized nanocrystals with different morphologies were discussed while their compositions 

are maintained constant. Stir rate, which is usually overlooked, can significantly influence 

the diffusion of reaction species in solution and thus impacts the nucleation and growth 

processes to form AgClxBr1–x nanocrystals with different parameters even when the 

reactants are the same. By simply tuning the stir rate, we have successfully synthesized 
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AgCl0.5Br0.5 nanoparticles with different morphologies and sizes, which exhibit different 

optical absorption coefficients in the visible spectral region. Using photocatalytic 

decomposition of methylene blue (MB) as a model reaction, the influence of size and 

morphology of the AgCl0.5Br0.5 nanoparticles on their photocatalytic responses has been 

studied. 

 

2.2.  Experimental section 

2.2.1. Synthesis method of AgCl0.5Br0.5 

Coprecipitation method in high viscous solvent was used to synthesize AgCl0.5Br0.5 

nanocages.20 In this synthesis, 10.3 mg (0.18 mmol) of NaCl (Fisher Chemical), 18.3 mg 

(0.18 mmol) of NaBr (Acros Organics) and 2.5 g of poly(vinylpyrrolidone) (PVP, Mw ̴ 

40,000, Polyscience Inc.) were added to 12 mL of ethylene glycol (EG, Fisher Chemical) 

preloaded in a 50-mL three-neck flask. PVP serves as the capping agent to stabilize the as-

grown AgClxBr1−x nanocrystals. The mixture was then heated to 60 oC and the temperature 

was maintained until all powders are dissolved under vigorous magnetic stirring (with a 

stir bar of 19.1 × 9.5 mm) and nitrogen atmosphere. The stir rate was then adjusted to a 

specific value. To the solution was added 1 mL EG solution of 0.34 mol/L AgNO3 (Acros 

Organics) at an injection rate of 1 mL/min using a syringe pump. The stir rate was 

maintained throughout the reaction and the reaction system was enclosed by filling the 

three necks with septa caps. The reaction lasted 1 hour to ensure the complete precipitation 

reaction between Ag+ and halide ions. The flask was fully wrapped with aluminum foil to 
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prevent the possible influence of light no the reactions. AgCl0.5Br0.5 nanoparticles with 

varying sizes and morphologies were synthesized with different stir rates. 

 

2.2.2. Characterization techniques and sample preparation 

Scanning electron microscopy (SEM) images were acquired using a FEI quanta 

400F scanning electron microscope operating under high vacuum. The quantitative 

elemental analysis using energy-dispersive X-ray spectroscopy (EDS) was carried out 

using X-MaxN 50 detector from Oxford instruments mounted into the SEM. Samples for 

imaging and EDS analysis were prepared by drop-casting the washed nanoparticle 

dispersion on 1 cm × 1 cm Si wafer followed by drying in an oven for 10 minutes. 

X-ray diffraction (XRD) patterns were collected using a Bruker D8 X-ray powder 

diffractometer with Cu Kα target (λ = 1.540 Å). The patterns were recorded in a 2θ range 

of 20°–80° at a scan rate of 0.5 degrees min-1. Samples for XRD were prepared by 

depositing a drop of dispersion of nanoparticles on a Si wafer to form a thick layer followed 

by drying in an oven. A Malvern Zetasizer particle size analyzer was used to measure the 

hydrodynamic size/size distribution and zeta potential of the AgCl0.5Br0.5 nanoparticles, 

which were prepared by mixing 0.10 mL of each reaction solution with 1.90 mL of water. 

UV-visible absorption spectra of the nanoparticle dispersions were taken using a 

photospectrometer (Thermo Scientific, Evolution 220) with an integration sphere. Each 

nanoparticle dispersion was prepared by diluting 0.5 mL of the reaction solution with 1.5 

mL of water. 
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2.3. Factors affecting size and morphology 

Revealing the reaction conditions for a well-defined synthesis is crucial for 

understanding and exploring their properties. Reaction medium of wet chemical synthesis  

 

Figure 2. 1 SEM images of synthesized AgCl0.5Br0.5 nanocubes using stirring speed of  a) 

60 rpm,  b) 100 rpm,  c) 200 rpm,  d) 400 rpm,  e) 600 rpm, and  f) 800 rpm.  

enables to provide the required conditions for the synthesis. Apart from the required 

amount of precursors, homogeneous distribution throughout the reaction system is a critical 
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factor to obtain homogeneous nucleation before the growth step.24 Well-separated 

nucleation and growth steps result in uniform size distribution in the nano-scale synthesis.25 

Since mixing the Ag+ ions and halide ions is critical for determining precipitation reaction 

kinetics, diffusion of precursor ions needs to be facilitated by adjusting mechanical 

stirring26 which is analogous to the adjusting solvent viscosity. The stir rate that influences 

the diffusion of ionic species26 represents an efficient parameter to tune nucleation and 

growth kinetics of forming AgClxBr1−x nanocrystals, leading to the formation of ternary 

silver halide nanocrystals with different sizes and morphologies while maintaining the 

same composition. 

 

2.3.1. Stir rate dependence synthesis 

Figure 2.1 compares SEM images of the AgClxBr1−x nanoparticles synthesized from 

the reaction containing halide anions with Cl−/Br− of 1 under different stir rates. Under 

same reaction conditions, changing mechanical stirring shows a variation in average sizes, 

between minimum 43 nm to a maximum 217 nm. Also, changing the size distribution also 

demonstrates that the stir rate affects the extent of homogeneity of the nucleation and thus 

the synthesizing nanoparticles. Due to the high viscosity of EG solution containing 

polymeric PVP molecules with a very high concentration, the initially injected AgNO3 

solution cannot quickly disperse and uniformly mix with the halide anions at low stir rate, 

resulting in a very high concentration of Ag+ ions locally. The localized high cation 

concentration leads to a fast nucleation with the formation of more nuclei, based on which 

the resulting AgClxBr1−x nanoparticles exhibit small sizes. For example, the nanoparticles 
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synthesized at 60 rpm have an average size of 43 nm with random morphologies (Figure 

2.1a). Increasing the stir rate can help disperse Ag+ ions and alleviate the locally high 

concentration of Ag+ ions in the nucleation process, which leads to the formation of less 

number of nuclei and larger AgClxBr1−x nanoparticles correspondingly. Figure 2.1b and 

2.1c present SEM images of the nanoparticles synthesized at 100 rpm and 200 rpm, which 

are spherical particles with an average size of 57 nm and cube particles with an average 

size of 217 nm, respectively. The instant non-uniform distribution of Ag+ ions in the 

reaction solution also accounts for the somehow non-uniform size of the AgClxBr1−x 

nanoparticles (Figure 2.1a-c). When the stir rate is higher than a critical value (i.e., 200 

rpm), the injected AgNO3 solution can instantaneously mixed with the halide solution to 

promote nucleation in the whole reaction solution, leading to the formation of more nuclei 

and smaller AgClxBr1−x nanoparticles accordingly (Figure 2.1d for the sample synthesized 

at 400 rpm). Further increasing the stir rate will not significantly influence the diffusion of 

Ag+ ions, instead the very high stir rates can increase the collision possibilities between 

Ag+ ions and halide ions to enable the formation of more nuclei. As a consequence, the 

resulting AgClxBr1−x nanoparticles become smaller in size. It is worth pointing out that high 

stir rate is beneficial for synthesizing AgClxBr1−x nanoparticles with uniform size and cubic 

morphology due to the uniform mixing of reaction ions. Figure 2.1e and 2.1f present the 

SEM images of the samples synthesized at 600 rpm and 800 rpm, showing their high 

morphological and dimensional uniformity with average sizes of 39 nm and 42 nm, 

respectively. The influence of stir rate on the size of AgClxBr1−x nanoparticles is 

summarized in Figure 2.2, revealing a volcano-type dependence that consists with variation 

of hydrodynamic particle sizes. 
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Regardless of the stir rate, the as-synthesized AgClxBr1−x nanoparticles exhibit the 

very similar XRD patterns in terms of peak numbers, peak positions, peak symmetry, and 

relatively peak intensity (Figure 2.3), indicating the same composition and face-centered 

cubic (f.c.c.) lattice of AgClxBr1−x nanoparticles. The peaks centered at 28.4o, 31.5o, 45.2o, 

 

Figure 2. 2   Size distribution of synthesized nanocubes using different stirring speeds. 

Vertical lines show the size distribution of each sample. 

56.2o, and 65.9o correspond to the (111), (200), (220), (222) and (400) reflections while 

reflections of other crystalline planes (e.g., (311), (331), (420), (422)) are barely observed. 

The absence of diffraction peaks of either AgCl or AgBr crystals confirms the formation 

of ternary AgClxBr1−x alloy nanocrystals. Using the inter-planar distance determined from 

the (200) reflection peak position, the value of x in AgClxBr1−x nanoparticles can be 

calculated according to Vegard’s law. The values of x are very close to 0.5 for all the 
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nanoparticles shown in Figure 2.1a-f, confirming that the stir rate does not influence the 

composition and crystalline structure of the synthesized AgClxBr1−x nanoparticles. 

 

Figure 2. 3 XRD pattern of synthesized nanocubes using different stirring speeds. The top 

and bottom axes show standard XRD patterns of AgCl (JCPDS no. 85-1355) and AgBr (JCPDS 

no. 79-0149), respectively, to serve as a reference. 

Furthermore, elemental analysis using EDS, as depicted in figure 2.4, shows even 

distribution of each element throughout the sample implying phase-pure ternary silver 
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halides are formed. For simplicity, the composition of the as-synthesized nanoparticles 

shown in Figure 2.1 is denoted as AgCl0.5Br0.5 in the following content. 

 

Figure 2. 4 Elemental mapping of the 217-nm cubes of AgCl0.5Br0.5 using energy dispersive 

X-ray scattering method 

2.3.2. Influence of the PVP with different molar mass  

This study was carried out using PVP with different molecular weights (40000 Da 

and 55000 Da) and maintaining other reaction conditions constant to demonstrate that the 

importance of other physical parameters with the choice of particular surfactant to control 

the size of the nanoparticles. PVP is used to stabilize the particles in the solution phase by 

introducing a steric barrier between each nanoparticle. Also, as molecular weight increases, 

the chain length of the polymer increases, imparting high viscosity to the reaction medium. 

With the support of high mechanical stirring (500 rpm), the added Ag+ ions disperse faster 

in the medium with low viscosity than that of the high viscous medium. The mechanical 

stirring rate kept constant in both experiments since it is another factor to influence the 

dispersion of the precursor and the size of the particles, as demonstrated in section 2.1. In 
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the nucleation step, well-dispersed precursors result in more nuclei which can grow as 

nanoparticles. Variation in local concentrations upon the addition of precursors results in 

 

Figure 2. 5 SEM images of synthesized AgCl0.5Br0.5 nanocubes using (a) Mw~ 40000 PVP 

(and 4x enlarged image as inset for clarity) (b) Mw~ 55000 PVP. (The scale bars represent 

1 μm). The insets schematics with relative scale bar show sizes and morphologies variation. 

(The relative scale bars in the insets can be used for comparison purposes.)   
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different nucleation stages and size variation. Similarly, the high viscous medium does not 

efficiently disperse the precursors resulting relatively less number of nuclei compared to 

the above case. With the same amount of material, fewer nuclei grow into relatively larger 

nanoparticles as shown in Figure 2.5b. Regardless of the average molar mass of PVP, the 

cubic shape of the nanoparticles is maintained in both samples suggesting that the 

preferential binding of PVP on the (100) facet remains unchanged. Regardless of the 

stabilizing effect, PVP with fixed other reaction conditions shows the influence of the size 

of the nanoparticles. Controlled diffusion of precursors with the choice of PVP is crucial 

for the synthesis of well-defined nanocubes along with the stir rate. 

 

2.3.3. Effect of relatively excess Ag/halide precursors 

In a typical reaction, Ag+ to halide ratio is chosen to have 1:1 in the reaction mixture 

since any excess reactants affect the size, morphology, and composition. As EG can act as 

a reducing agent, unreacted Ag+ ions can be reduced to Ag metal atoms and form 

independent particles or deposit on the ternary silver halide surface. In figure 2.6, Ag rich 

(deposited) particles can be seen as relatively larger particles with an irregular shape, which 

shows strong absorbance of light (Figure 2.6b) in the visible region compared to that of 

ternary silver halide (AgX). Temperature and light can enhance this reaction further. 

On the contrary, a large excess of halides in the reaction mixture promotes the 

formation of more nuclei and smaller particles (figure 2.7) with random morphologies due 

to the high local concentration of precursors. Furthermore, lower solubility of AgBr 

compared to AgCl can lead to the formation of Br rich ternary silver halide nanoparticles. 
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This effect is further demonstrated by performing halide ion exchange on synthesized silver 

halide nanocubes. Silver halide exists as a dynamic equilibrium between the solid phase 

  

Figure 2. 6 SEM images of a) synthesized silver halide nanoparticles with high Ag: halide 

ratio, b) UV-Visible spectra of the above sample (a) (black curve). For the comparison 

purpose, the absorbance spectrum of ternary silver halide is given (red curve). 

and the soluble ions. With the presence of excess Br¯, Ag+ preferentially precipitates as 

AgBr than AgCl due to the low solubility of AgBr. As shown in figure 1.8, the formation 

of AgBr peaks upon addition of Br¯ suggests that formed silver halide cube partially  



36 
 

 

Figure 2. 7 SEM images of synthesized nanoparticles with low Ag: halide ratio. 

solubilizes and reprecipitates as AgBr phase other than exchanging Cl¯ with Br¯ in the 

same crystal. These factors to avoid the formation of phase pure AgClxB1–x with defined 

halide ratio. This concludes the approach of the use of silver/halide 1:1 ratio with sufficient 

dispersion is crucial to synthesize defined sizes and morphologies with pure-phase. 

The halide ratio, which determines the composition of the ternary silver halide nanocube, 

can be adjusted by keeping the total amount constant. In the typical reaction procedure, a 

slight excess of halide (0.36 mmol) is used compared to the amount of Ag+ (0.35 mmol) in 

order to facilitate its total consumption in the mixture while maintaining an almost 1:1 ratio 

between Ag+: halide ions. The results depicted in figure 1.1 shows that the excess 0.01 

mmol of halide does not affect significantly towards controlling the size and morphology. 

Besides the compositional control, the understanding and controlling of the dispersion of 

precursor ions in terms of controlling diffusion plays a significant role in determining the 

size and morphology at specific halide composition. 

The size and morphology of AgCl0.5Br0.5 depend on several factors where 

nucleation and growth steps are carefully controlled. Coprecipitation between silver and  
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Figure 2. 8 (a) Comparison of XRD spectra of as-synthesized and separated silver halide 

nanoparticles and the same sample after adding excess Br¯. (b) Enlarged (200) peak of 

both samples. The standard XRD patterns of AgBr (JCPDS no. 79-0149) and AgCl (JCPDS 

no. 85-1355) are plotted with sticks at the bottom and top, respectively, to serve as a reference. 

halide is controlled by choosing an appropriate molar ratio and minimizing the diffusion 

of ions. It is shown that a high viscous reaction medium can hinder the reaction rate so that 

the nucleation and growth steps can be separated. Temperature is found out to be a pivotal 

parameter to tune the viscosity. Besides that, other reaction parameters which change the 

diffusion rates of precursor ions need to be realized to achieve the controllability of the 

synthesis. Mechanical diffusion in terms of stir rate determines the dispersion and collision 

between precursor ions. Even the distribution of precursors separates the nucleation step 

from the following growth step for homogeneous size distribution. Also, the relative 

concentration of precursors determines the forming number of nuclei. High stir rate 

promotes even distribution of ions before it reaches the supersaturation forming more 

nuclei throughout the reaction medium and resulting in relatively smaller particles. Low 
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stir rate does not promote efficient diffusion of ions so that high local concentration forms 

more nuclei with different nucleation stages. The size of the nanoparticles can be increased 

by forming less number of nuclei. As results suggest, sufficient dispersion, which is 

achieved by a stirring rate of 200 rpm, is crucial. Furthermore, the degree of polymerization 

of PVP, which is given by the average molar mass, can influence the viscosity so that the 

diffusion of ions can be varied in the solution at a temperature. A large number of nuclei 

can be formed with sufficient diffusion of ions in a relatively low viscous medium formed 

by Mw~ 40000 PVP compared to the Mw~ 55000 PVP. Thus, with the use of a 1:1 ratio 

of Cl¯/Br¯, the size of AgCl0.5Br0.5 can be tuned by simply changing the dispersion of ions. 

Furthermore, careful control of Ag:halide ratio is essential to avoid formation phase-

separated ternary silver halide. Also, high local concentrations of halides form smaller 

particles. And any excess Ag+ can form Ag on synthesized AgCl0.5Br0.5 particles and can 

influence the composition. So that, the defined ratio between Ag, Cl¯ and Br¯ can be used 

to synthesize phase-pure ternary silver halides and the extent of dispersion of ions can be 

used to tune the size and morphology while keeping the fixed composition.  

 

2.4. Characterization of AgX nanoparticles: optical properties 

2.4.1. Size and morphology dependent optical properties 

As the composition of the AgCl0.5Br0.5 nanoparticles is consistent, the optical properties 

are governed by the size and morphology of the nanoparticles without having 

compositional influence. Cubic morphology with different sizes (nanocubes with edge 

lengths of 217 nm and 43 nm) was chosen to perform further experiments on evaluating 
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Figure 2. 9 Relative spectral irradiance of the Xe light source and UV-Vis absorbance 

spectra of synthesized nanoparticles dispersed in water. All absorbance spectra are taken 

using integration sphere mode which accounts for any scattering that can occur from the 

particles.  

size-dependent optical and photocatalytic properties. The integration sphere is used to 

obtain each absorbance measurement to eliminate the influence of the scattering of 

light.28,29 Spherical nanoparticles were used with a size of 57 nm as their size is comparable 

with the small nanocubes with an edge length of 43 nm. It was assumed that the properties 

portray the effect of morphology which is later attributed to the surface-bound facets. 

Electron diffraction pattern taken through cubic and spherical particles (Figure 2.10) 

indicates that the cubic morphology is mainly bound by {100} facets and the spherical 

morphology has contribution mainly bound by {111} facet with other facets.  
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Figure 2. 10 Electron diffraction patterns of a) a nanocube and b) a nanosphere recorded 

by aligning the electron beam perpendicular to one surface of individual nanoparticles. The 

square symmetry of the diffraction spots in (a) highlights that the surfaces of the nanocubes 

are bounded by {100} facets. The hexagonal symmetry of the diffraction spots in (b) 

indicates that the nanospheres are bounded by {111} facets.30 

Nanocubes with larger sizes exhibit stronger absorption than the smaller nanocubes 

with surfaces mainly bounded by {100} facets across the whole visible spectral range of 

350 nm − 800 nm (red curve versus black curve, Figure 2.9). The nanospheres with surfaces 

mainly bounded by {111} facets exhibit stronger absorption than the nanocubes with a 

slightly smaller size (43 nm for nanocubes versus 57 nm for nanospheres). The 

comparisons highlight that a large volume of individual AgCl0.5Br0.5 nanoparticles benefits 

absorption efficiency across the whole visible spectral region regardless of nanoparticle 

morphology. In the range of short wavelength (350 nm − 450 nm), the absorption of 57-

nm nanospheres is stronger than that of 217 nm nanocubes, while the order is switched in 

the range of long wavelength (>450 nm). This comparison implies that exposing {111} 
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facets is feasible to enhance the absorption of AgCl0.5Br0.5 nanoparticles at short 

wavelengths. 

 

2.4.2. Size and morphology dependent photocatalysis 

2.4.2.1. Experimental procedure 

Photocatalytic properties on each of the above nanoparticle demonstrate the 

relationship between optical property and the size and morphology (exposed facets) of 

nanoparticles. In a typical measurement, 5 mL of a reaction solution containing appropriate 

AgCl0.5Br0.5 nanoparticles was added to 15 mL aqueous solution of methylene blue (MB, 

0.2 g/L). The mixed solution was stored in dark for 30 minutes to reach the 

adsorption/desorption equilibrium of MB molecules on the AgCl0.5Br0.5 nanoparticles. The 

solution was then illuminated with a collimated visible light source (350−750 nm, Xenon 

light source 300W- MAX-330, Asahi Spectra, Japan- Figure 1.2) while it was stirred at 

720 rpm (revolutions per minute). Aliquots of 1 mL solution were then taken out every 15 

minutes. To each aliquot was added 1 mL of water, followed by centrifuging the dispersion 

to remove the nanoparticles. UV-vis absorption spectrum of the collected MB solution was 

measured in a quartz cuvette with 10 mm path length on the Evolution 220 

photospectrometer. 

 

2.4.2.2. Methylene blue degradation 

The light absorption of these AgCl0.5Br0.5 nanoparticles in the visible region20 

enables them to behave as photocatalysts to decompose methylene blue (MB)31 dye 
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molecules under visible light illumination. The photocatalytic activity of the three 

AgCl0.5Br0.5 nanoparticles shown in Figure 2.5 are evaluated by illuminating the MB 

solutions containing different AgCl0.5Br0.5 nanoparticles with a light source, which 

produces collimated visible light in the range of 350 nm − 800 nm.  

 

Figure 2. 11 a) UV-Vis absorbance spectra of MB solution, which was mixed with a) 217 

nm nanocubes b) 57 nm spheres and c) 43 nm cubes taken at different times after initiation 

of photodegradation by visible light (400-750 nm) over a time span of 60 min. 

The solutions are first stored in the dark for 30 minutes to achieve the adsorption/desorption 

equilibrium of MB molecules on AgCl0.5Br0.5 nanoparticles. Once the solutions are 

illuminated, the characteristic absorption peaks at 663 nm and 605 nm, corresponding to 

the monomers and dimers of the MB molecules, respectively, continuously decrease in 

intensity with the time (Figure 2.11). 

 

2.4.2.3. Kinetics of photocatalytic decomposition 

The decomposition of the monomers is faster than that of the dimers. The reaction 

kinetics can be plotted in the natural logarithm of the ratio between the concentration of 
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the MB monomers (C, which can be calculated from the corresponding absorption spectra 

according to Beer-Lambert law) and the concentration of the MB monomers prior to the 

decomposition reaction (C0) as the function of the reaction time (t). As highlighted in 

Figure 2.12, the relationship exhibits a two-segmented linear dependence regardless of the 

photocatalysts, indicating the photocatalytic decomposition reaction follows the first-order 

kinetics:  

−
𝑑𝐶

𝑑𝑡
= 𝑘𝐶, 

where k is the rate constant. 

From the slopes of the fitted straight lines in above plot (Figure 2.12) the rate 

constants are determined to 0.023,0.023, 0.060 min–1 (k1) at the early reaction stage (1 min 

< t < 10 min), and 0.0049, 0.0083, and 0.0084 min–1 (k2) at the long reaction times (t > 10 

min) for the reactions with 57 nm nanospheres, 43-nm nanocubes, and 217 nm nanocubes 

as catalysts, respectively. The rate constants (k1) at the early reaction stage are more 

significant than those (k2) at the long reaction times, indicating the change of reaction 

environments/conditions with time. 

    At the initial stage (i.e., t < 1 min), MB decomposes much faster with the use of 

57 nm nanospheres and 217 nm nanocubes compared to using 43 nm nanocubes as a 

photocatalyst. Considering the higher absorption efficiency in 57 nm nanospheres and 217 

nm nanocubes than that in 43 nm nanocubes (Figure 2.2), it is reasonable to conclude 
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Figure 2. 12 The plot of ln (C/Co) vs. time for each sample.  

that the very initial MB decomposition kinetics is mainly determined by the number of 

photons absorbed in the AgCl0.5Br0.5 nanoparticles. Once the reaction is conditioned to 

reach the first-order reaction region, the rate constants become less dependent on the 

optical absorption efficiency of AgCl0.5Br0.5 nanoparticles. Instead, the short-time rate 

constants (k1) at t < 10 min are mainly determined by particle size and the long-time rate 

constants (k1) at t > 10 min are primarily influenced by particle shape. 

As summarized in Table 2.1, 57 nm nanospheres and 43 nm nanocubes exhibit 

similar short-time rate constants (k1, 0.023 versus 0.023 min−1), which are smaller than that 

of the 217 nm nanocubes (0.060 min−1). These results indicate that the increasing size of 

AgCl0.5Br0.5 nanoparticles is beneficial for photocatalytic decomposition of MB in the 

solution with a high concentration of dissolved O2. Besides the useful reactions responsible 

for MB decomposition, the excited electrons and holes can also recombine and be 
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Table 2. 1 Summary of the decomposition rate of MB in three-different time regions (t < 1 

min, 1 min < t < 10 min, and t > 10 min) with the synthesized AgCl0.5Br0.5 nanoparticles as 

photocatalysts 

 C1min/C0 Short-time rate constant, k1, 

at 1 min < t < 10 min (min−1) 

Long-time rate constant, k2, 

at t > 10 min (min−1) 

57 nm spheres 0.702 0.023 0.0049 

43 nm cubes 0.953 0.023 0.0083 

217 nm cubes 0.748 0.060 0.0084 

 

annihilated by surface defect traps on nanoparticle surfaces to lose their power for 

decomposing MB. Since smaller AgCl0.5Br0.5 nanoparticles exhibit relatively larger 

surface-to-volume ratios (e.g., 0.11 nm-1 and 0.14 nm-1 for 57 nm nanospheres and 43-nm 

nanocubes) than the 217 nm nanocubes with a surface-to-volume ratio of 0.03 nm-1, 

electron-hole recombination and annihilation become more competitive on small 

nanoparticles, leading to slower decomposition kinetics of MB. The comparable rate 

constants (k1) of 57 nm nanospheres and 43-nm nanocubes imply that the type of surface 

crystalline facets (determined by nanoparticle shape) plays a minor role when the solution 

contains a high concentration of dissolved O2. At longer reaction time when the 

concentration of dissolved O2 is low, the rate constant (k2) becomes shape-dependent but 

size-independent: both 43 nm and 217 nm nanocubes exhibit the very similar k2 (i.e., 

0.0083 and 0.0084 min−1) while the 57 nm nanospheres exhibit a lower k2 of 0.0049 min−1. 

These comparisons indicate that electron-hole recombination and annihilation on 

nanoparticle surfaces become less predominant when a low concentration of dissolved O2 
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is present in the MB solutions. In contrast, the type of surface facets associated with the 

shape of nanoparticles, which might influence surface reaction turnover frequency, 

becomes more important to determine the MB decomposition kinetics. {100} facets of 

AgCl0.5Br0.5 nanocubes is preferable for MB decomposition compared to {111} facets of 

AgCl0.5Br0.5 nanospheres. 
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CHAPTER 3 

3.SYNTHESIS AND CHARACTERIZATION OF NANOPLATES AND 

NANOSHELLS USING AgCl0.5Br0.5 AS A SACRIFICIAL TEMPLATE 

(Note: Content of this Chapter is adapted from the publications “Sasitha C. Abeyweera, 

Shea Stewart, and Yugang Sun, Silver Chlorobromide Nanocubes: A Class of Reactive 

Templates for Synthesizing Nanoplates and Nanocages of Silver Thiolates, MRS 

Advances, 2019, 4, 2087-2094” and “Sasitha C. Abeyweera and Yugang Sun, Anion 

replacement in silver chlorobromide nanocubes: two distinct hollowing mechanisms, 

Materials Chemistry Frontiers, 2020, 4, 524-531.” with permission.) 

 

3.1. Introduction 

Utilizing materials beyond their well-known properties adds more value for potential 

mass-scale applications. Silver halides were extensively studied for their optical properties 

depending on the composition, size, and morphology.1,2 Apart from its inherent properties 

as a light-absorbing material, the structural complexity and the physical dimensions in the 

nanoscale add more opportunity for these materials to be utilized in a range of applications 

where material design is crucial. As an example, Ag-silver halide hybrid nanostructures 

were synthesized by irradiating silver halide nanoparticles with visible light.3 In situ 

reduction of these Ag+ ions into metals were decorated as sensitizers around the 

nanostructures for enhanced performance. The initial morphological features of the silver 

halides remain after the conversion. Calzaferi et al. have shown AgCl as the  base material 

that is used to deposit a thin Au layer for enhanced photoactivity.4 The formation of Au 
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decorated AgCl shows a similar morphology as the initial AgCl structure exposing 

maximum Au sites without having large aggregates of Au in the solution. Thus, it shows 

the feasibility of the surfaces of these nanostructures to be used as nucleation sites of other 

materials and as a guide for their growth in the solution-phase. 

Fast kinetics of a precipitation reaction between metal ions and counter anions 

minimizes the controllability of the synthesis. Fast reaction kinetics can be reduced by 

minimizing local concentrations5 and material diffusion in the reaction medium.6 As an 

example, the precipitation reaction between silver and halide ions is controlled by tuning 

diffusion of ions in the solution.6 So, the required size and homogeneity were shown to be 

obtained (Chapter 2). Similarly, the silver-sulfur based compounds such as silver thiolate 

and silver sulfide show much lower solubility even compared to the silver halides due to 

the high stability of the Ag–S bond.7 In order to reduce the fast precipitation, concentrations 

of the precursors need to be reduced to ultra-low levels. Without advanced instrumentation 

and techniques, it is challenging to achieve such low concentrations in the wet chemical 

synthesis system due to lack of accuracy and consistency which affects the size and 

morphology of the synthesized nanostructures. Exploration of alternate strategies becomes 

essential to introduce structural features for the materials with fast reaction kinetics. 

 

3.1.1.Silver thiolates  

Two-dimensional (2D) metal-organic complex (MOC) nanostructures have recently 

attracted much interest due to their promising electronic and optical properties.8–10 

Different from the widely studied 2D materials including graphene,11–13 metal 
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dichalcogenides,14–16 boron nitrides17 and MXenes,18,19 compositions of MOCs can be 

easily tuned by using different organic molecules.  The well-known self-assembled 

monolayers (SAMs) of thiols on silver (Ag) and gold (Au) metal surfaces represent a class 

of pseudo-MOC layers supported on the metals.20 The size of the pseudo-MOC layers can 

be decreased to the nanometer scale by forming the SAMs of thiol molecules on the 

surfaces of Ag nanoparticles.21,22 Another class of self-assembled materials exist as 

bilayers that results in the reaction between silver and thiol molecules. 

The stoichiometric silver thiolate (AgSR) compounds were first reported by Dance 

and coworkers,23,24, which became attractive because of their intriguing properties and 

applications.8,25,26 As a class of self-assembled bilayers, these materials form a 2D-layered 

structure. Each layer consists of a middle slab of Ag and S atoms and organic tails of the 

thiol molecule protruding either side, perpendicular to the central plane. The number of 

groups is identical on both sides. These bilayers resemble the structure of self-assembled 

monolayers on a flat surface. (Figure 3.1) The organic groups show a well-ordered 

arrangement; thus, surface curvature is not prominent. The lateral growth of these layers 

solely depends on any supporting surface.27 Each layer stacks on each other without any 

interdigitation. Van der Waals forces adhere layers together with no inter-layer spacing. 

The interlayer-gap, thus, is determined by the length of the thiol molecule.21,24 

Either the solution-phase reactions or the physical deposition methods are potential 

routes for synthesizing AgSR. The solution-phase reactions involve the direct mixing of 

metal salts and thiols, followed by precipitation reactions.24 The geometry and dimensions 

of the resulting particles are usually challenging to control due to the fast reaction 
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Figure 3. 1 The schematic diagram of the crystal structure of layered AgSR (left) and the 

top view of the middle slab of one layer consisting of Ag and S atoms. 

kinetics.21,28 A physical deposition involves a thermal deposition of ultra-small Ag islands 

followed by reacting them with thiol vapor.27 The physical deposition usually requires an 

extreme reaction environment and a specialized reactor, hindering its full applications.29 

Despite the low controllability, solution-phase synthesis still represents the promising 

strategy for producing AgSR nanoparticles at a low cost. 

 

3.1.2.Silver sulfides 

Silver sulfide is a direct bandgap semiconductor, which shows the size and 

morphology-dependent optical properties30,31 and the high chemical stability.32 Based on 

the material design, silver sulfide nanoparticles have been a potential candidate for photo-

induced applications. Instead of the size and morphology of the nanoparticles, the 

introduction of hollow nature is at high interest due to their large surface and unique 

properties compared to the dense nanoparticles.33 Several synthesis methods are reported. 

One of these is a microemulsion method where the precursor ions held as a micelle at low 
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temperature.34 However, maintaining the morphology and uniformity is the key challenge 

for a reproducible synthesis. Thus, developing a template that can form the shell structure 

was sought to be a promising approach for obtaining desired sizes, uniformity with the 

ability to scale-up. 

 

3.1.3.Soft and hard templates 

Templates provide a physical guide for the materials to deposit similar to the shape 

of the particle. Templates can be divided into two categories. 1) emulsion micelles, trapped 

gas bubbles, can act as the core material which is referred to as soft templates. An additional 

step for the removal of these core materials is not necessary after the shell material has 

been deposited. The absence of robust nature and the tendency to deform easily results in 

non-uniform hollow nanostructures. Also, it is challenging to control the size and 

morphology since the template does not offer the ability to control their specific 

morphology.35 Hard templates provide a solid core on which shell materials can deposit. 

Metals and metal oxide nanoparticles, polymers, carbon, and silica, which can be given as 

examples. Control of the structure and morphology of these templates add an advantage 

over tuning the physical dimensions.36 However, it involves an additional step at the end 

of the synthesis to remove the template selectively by applying harsh conditions such as 

chemical etching or high temperature. Thus, self-templating methods in which the template 

is sacrificed during the chemical conversion benefits by removing the last additional step.37 

For a successful synthesis strategy, the appropriate templates need to be used to obtain 

phase pure and uniform hollow nanostructures. Thus, the choice and designing of an 
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appropriate template are crucial for the controlled synthesis of hollow structures mitigating 

the associated challenges. 

In this chapter, a novel approach was discussed for the synthesis of silver-sulfur based 

nanostructures with high controllability using uniform ternary silver chlorobromide 

nanocubes2 that serve as sacrificial templates to provide the nucleation sites and precursor 

Ag+ with a constant low concentration. The synthesis strategy was applied to synthesize 

hollow Ag2S and AgBT nanostructures in the ethanol medium at room temperature. Silver 

halide nanocubes were used as a sacrificial template that provided precursors and a physical 

guide for the shell materials to grow. The reaction parameters such as reaction time, 

precursor concentration, and the nature of the anion being reacted with silver ions influence 

the structure and morphology of the synthesis. Structural characterization shows complete 

conversion of silver halides into silver-sulfur based nanostructures, nanoplates, and 

nanoshells, which show potential applications as stable catalysts for photoinduced 

reactions. The stability of the hollow arrangement over the random arrangements of the 

nanoparticles was investigated using photocatalytic oxidation of benzylalcohol on silver 

sulfide. 

 

3.2. Experimental details  

3.2.1. Synthesis of silver chlorobromide nanocubes 

The synthesis of AgBT nanoplates started with the synthesis of AgCl0.5Br0.5 

nanocubes (NCs).6,38 In a typical synthesis, 2.5 g poly(vinylpyrrolidone) (PVP, Mw 

~55000, Sigma Aldrich) was dissolved in 12 mL ethylene glycol (EG, Fisher Chemical) in 
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a three-necked flask. To this mixture were added 10.2 mg NaCl (Fisher chemical) and 18.4 

mg NaBr (Acros Organics). The temperature was then increased to and maintained at 60 

0C. The reaction solution was purged with N2 to maintain an inert environment, and the 

flask was covered with aluminum foil to prevent light. After the salt powders were fully 

dissolved, 1 mL EG solution of 0.34 mol/L AgNO3 was added at a rate of 1 mL/min using 

an injection pump. The reaction continued for 2 h at 60 0C to complete the synthesis of 

AgCl0.5Br0.5 NCs. Magnetic stirring at a speed of 340 rpm was maintained throughout the 

entire synthesis. The NCs were then washed with ethanol and collected by centrifugation. 

The collected NCs were dispersed in 5 mL ethanol for further use. 

 

3.2.2. Synthesis of silver benzenethiolate nanoplates 

Adding 100 μL benzenethiol (BT) (99%, Acros Organics) with 19.9 mL ethanol 

formed 0.049 M BT solution. 1 mL of the stock dispersion of AgCl0.5Br0.5 NCs was added 

to 20 mL of the BT solution. Aliquots of 1 mL reaction solution were sampled at different 

times for characterization. 2 mL of ammonia (pH=13) was added to one aliquot to dissolve 

the unreacted AgCl0.5Br0.5 selectively. The same procedure was applied to the syntheses 

with different BT solutions of different concentrations, i.e., 0.987 M and 9.78 mM. The 

reaction time was 9 h. For different thiols, 0.5 mL aliquots of the stock dispersion were 

added to 20 mL of 0.049 M 4-Nitrobenzenethiol (NBT, 95%, Sigma Aldrich), 4-

aminobenzenethiol (ABT, 99%, Sigma Aldrich), and mercaptoethanol (ME, 99%, Acros 

Organics), and the reactions lasted 24 h. 
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3.2.3. Synthesis of Ag2S nanoshells 

A stock solution of 12 mM Na2S was prepared by dissolving 14.6 mg of Na2S9H2O 

(Sigma Aldrich) in 5 mL ethanol. A 100-μL aliquot of the Na2S stock solution was added 

to 1 mL of the AgCl0.5Br0.5 nanocube stock solution in a 2-mL Eppendorf centrifuge tube 

followed by prompt vortexing. The reaction lasted 10 minutes in the dark to ensure the 

complete transformation of the AgCl0.5Br0.5 nanocubes. The product nanoparticles were 

collected through centrifuging and washing cycles similar to that applied to the AgCl0.5Br0.5 

nanocubes. 

 

3.2.4. Characterization of nanoparticles 

Scanning electron microscopy (SEM) images were obtained with an FEI Quanta 450 

scanning electron microscope operating at the high vacuum mode. The SEM samples were 

prepared by drop-casting 5-μL aliquots of nanoparticle dispersions on clean silicon wafers 

with a size of 5 mm  5 mm, followed by drying in a vacuum desiccator in the dark. 

Backscattered electron images were recorded using a concentric backscattering detector 

equipped in the same SEM. X-MaxN 50 spectrometer equipped in the SEM was used to 

study energy-dispersive X-ray spectroscopy (EDS). X-ray diffraction (XRD) patterns were 

obtained with a Bruker D8 X-ray diffractometer consisting of Cu Kα (λ=0.154 nm) source. 

The XRD samples were prepared in a similar way of preparing the SEM samples except 

that more nanoparticles were deposited on the silicon wafers. The optical UV-visible 

absorption spectra of the nanoparticle dispersions were recorded using an Evolution 220 

photospectrometer (Thermo Scientific). 
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3.2.5. Evaluation of photocatalytic properties of nanoshells 

In this experiment, Ag2S nanoshells were used as it absorbs the visible light. In a 

typical experiment, 40 μL of benzyl alcohol (BAL, 99%, Acros Organics) and 100 μL of 

the Ag2S nanoshell stock solution were added to 3 mL of benzotrifluoride (BTF, 99%, Alfa 

Aesar) that was saturated with O2. The mixture was transferred to a 4-mL glass vial 

enclosed with a rubber septum. Light illumination was provided using a high-intensity LED 

illuminator (Fiber-lite MI LED B1, the wavelength of 350- 750 nm) at room temperature. 

Aliquots of 50 μL were taken out from the reaction dispersion at different times and 

analyzed using an Agilent 7820A gas chromatography (GC) equipped with a flame 

ionization detector (FID). Control experiments were done in the dark. The reference Ag2S 

solid nanoparticles were synthesized using the following procedure. 0.0773 g of AgNO3 

was mixed with 0.1044 g of thiourea (Sigma-Aldrich) in 15 mL of water. After the powders 

were dissolved completely, to the solution was added a 15 mL aqueous solution of 

cetyltrimethylammonium bromide (CTAB, 0.0422 g), followed by heating up to and 

maintaining at 160 0C for 1 hour in a microwave reaction vessel using a microwave reactor 

(Anton Paar, Monowave 300). 

 

3.3. Results and discussion 

3.3.1. Controlled synthesis of Ag-sulfur based nanostructures 

The reaction rate of forming AgBT from mixing Ag+ and BT even at room 

temperature is extremely fast because the solubility product (2.4 × 10–21 mol2L−2
 at 20 oC) 

of AgBT is significantly low,7 making it challenging to grow AgBT nanostructures in a 
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controllable way. Direct mixing of precursor ions in the stoichiometric ratio results in the 

aggregated morphology of AgBT, as shown in Figure 3.2.  

 

Figure 3. 2 (a) Typical SEM image and (b) XRD pattern of the AgBT particles synthesized 

from a direct mixing of an aqueous solution of AgNO3 and an ethanolic solution of BT. 

Although lowering the concentration of Ag+ and BT is helpful, preparing low concentration 

solutions with high accuracy brings a new challenge, and the low concentration precursor 

solutions cannot provide sufficient precursor to growing AgBT nanostructures to a desired 

dimension and quantity. In this work, AgCl0.5Br0.5 NCs with well-defined cubic geometry 

and dimensions are used as sacrificial templates to provide precursor Ag+ at an extremely 

low concentration and a constant supply rate. 

 

3.3.2. Characterization 

The morphological and dimensional differences of the hollow nanoshells of Ag2S 

and AgBT were characterized with SEM imaging. Figure 3.3 presents the SEM images of 

the template AgCl0.5Br0.5 nanocubes that have an average edge length of 157.6 nm (Figure 
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3.3a and 3.3b), the corresponding hollow nanoshells of Ag2S (Figure 3.3c and 3.3d), and 

AgBT (Figure 2e and 2f). 

 

Figure 3. 3 SEM images of (a, b) AgCl0.5Br0.5 nanocubes and the corresponding hollow 

nanoshells made of (c, d) Ag2S and (e, f) AgBT formed from the complete anion exchange 

reactions with Na2S and benzenethiol (HBT) solutions, respectively. The scale bar in (a) 

also applies to (d) and (g). The scale bar in (b) also applies to (e) and (h).  

Secondary electron images as shown in Figure 3.3, shows surface features since it 

predominantly originates from the surface atoms. However, the penetration depth can be 

varied from the material being images.  
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Figure 3. 4 (a, c, e) Backscattered electron SEM images and (b, d, f) TEM images of (a, b) 

the template AgCl0.5Br0.5 nanocubes, the corresponding (c, d) hollow Ag2S nanoshells and 

(e, f) hollow AgBT nanoshells. The scale bar of (a) applies to (c, e) and the scale bar in (b) 

applies to (d, f). The imaging contrast and dimensions of nanoparticles and nanoshells are 

highly consistent between the SEM and TEM images. The existence of small black dots 

with various sizes at the edges of individual AgBT nanoplates in the TEM image (f) 

indicates the possible damage caused in TEM characterization. 

As shown in AgBT, the voids and walls can be identified from the secondary 

electrons. In the case of Ag2S, the penetration depth is not significant enough to observe 

the contrast different at dense spots/areas in the cage structure. In this perspective, back-

scattered electrons were used to distinguish the sidewalls and the void at the core since the 

number of electrons which are back-scattered are high at the walls compared to the upper 
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wall of the nanoshell. TEM images of single nanostructures (Figure 3.4) provide further 

insight into structural details of the transformed Ag2S and AgBT compared to the dense 

AgCl0.5Br0.5. The contrast difference in Figures 3.4c and 3.4d compared to Figure 3.4b 

demonstrates the hollow nature and enables quantitative analysis on the sizes, which is 

further discussed in section 4.3.3. 

Together with the analysis of SEM images of Ag2S nanoshells (Figure 3.3), it can 

be seen that each wall consists of many Ag2S nanocrystals with an average grain size of 23 

nm. The backscattered electron images highlight the wall thickness of the nanoshells of 

27.9 nm (Figure 4h). On the other hand, the anisotropic in-plane growth of individual 

AgBT plates enlarges them beyond the edges of the template AgCl0.5Br0.5 nanocubes, 

consistent with the observations of the SEM images (Figure 3.3g and 3.3h). Each AgBT 

nanoplate has a uniform thickness throughout the entire plate and exhibits smooth surfaces. 

The formation of only one AgBT nanoplate on each surface of the AgCl0.5Br0.5 nanocubes 

indicates that the initial slow nucleation forms only one nucleus on each surface.  

The absence of XRD peaks of AgCl0.5Br0.5 (Figure 3.5a) in the XRD patterns of the 

product nanoshells (Figure 3.5b and 3.5c) confirms that the complete conversion of 

AgCl0.5Br0.5 nanocubes in to Ag2S and AgBT, respectively. The XRD pattern of the AgBT 

nanoshells exhibits a quintuplet of peaks that are different orders of reflection of the same 

lattice, confirming the layered crystalline structure of the AgBT nanoplates with an 

interlayer distance of 14.1 Å.. Morphological transformation of the cage structure can be 

clearly identified as the formation of new surface layers of AgBT and as a dissolution of 

core material leaving thick outer surface layers resulting respective nanoschells of AgBT 
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Figure 3. 5 The right column presents the XRD patterns of (a) the template AgCl0.5Br0.5 

nanocubes, (b) the hollow Ag2S nanoshells, and (c) the hollow AgBT nanoshells. The 

standard XRD pattern of monoclinic acanthite Ag2S (PDF# 14-0072) is presented at bottom 

of (c) as a reference. 

and Ag2S, respectively. As shown in Figure 5g-h, less dense areas are prominent during 

the conversion. However, the overall cage structure has not altered or destructed during the 

conversion. Thus, it can be seen that the direct conversion of AgCl0.5Br0.5 cages to Ag2S 

cages. The AgCl0.5Br0.5 nanocubes exhibit smooth surfaces. Although the cubic 

morphology remains, the polycrystalline Ag2S nanoshells exhibit rough and uneven 
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surfaces, which is ascribed to the fast precipitation reaction kinetics and the formation of 

high-density nuclei at the early heterogeneous nucleation stage. 

 

Figure 3. 6 UV-visible absorption spectra of dispersions of AgCl0.5Br0.5 nanocubes (black), 

hollow Ag2S nanoshells (red), and hollow AgBT nanoshells (blue). 

The completion of the conversion is further evident by the UV-visible spectra. The 

particles were dispersed in the ethanol medium, and the spectra were taken using the 

integration sphere mode, which eliminates any scattering caused by any particles in the 

solution. The anion solutions, BT, and Na2S is a transparent solution that does not show 

any absorbance in the visible region. After the reaction, the appearance of a peak centered 

at 363 nm which corresponds to the ligand to metal charge transfer of Ag-S coordination, 

shows the formation of AgBT complexes. Also, the absorbance at the visible region has 

reduced after the conversion indicates the absence of silver halide in the medium. Similarly, 

the formation of Ag2S shows an increase in the absorbance in the visible region. The peak 
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at 310 nm that corresponds to AgCl0.5Br0.5 is diminished after the complete conversion. 

(Figure 3.6) 

To further illustrate the conversion, the elemental distribution was determined after 

the conversion. The EDS mapping images (Figure 3.7) show the uniform distributions of 

both Ag and S elements in the Ag2S nanoshells. Hollow nature is not prominent from the 

elemental distribution due to the thick walls. AgBT nanoplates also show a similar 

distribution of Ag and S, which is consistent with the SEM image (Figure 3.8a). The carbon 

distribution provides additional support for the existence of the thiol molecules in the 

structure. 

 

Figure 3. 7 (a) SEM image of hollow Ag2S nanoshells, EDS element mapping of both (b) 

Ag (red), (c) S (green), and (d) the overlay of Ag and S spectra on the SEM image. 
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Figure 3. 8 (a) SEM image of hollow AgBT nanoshells and the corresponding EDS element 

mapping of individual elements: (b) Ag, (c) S, and (d) C. 

 

3.3.3. Controlling the nucleation 

Although the low concentration of Ag+ can be approximately maintained constant 

using the AgCl0.5Br0.5 NCs as a precursor, the reaction rate can be tuned by varying the 

concentration of BT, thus influencing the nucleation and growth kinetics of AgBT. 

Increasing the BT concentration by 20 times results in the formation of a large number of 

smaller AgBT nanoplates on each NC surface. The smaller AgBT nanoplates orient out of 

the NC surfaces and exhibit irregular shapes and sizes (Figures 3.9a, 3.9b). The complete 

reaction of the AgCl0.5Br0.5 NCs forms flower-like structures made of small AgBT 

nanoplatelets (Figure 3.9c). The difference of the AgBT nanoplates shown in Figure 3.9f 

and 3.9c indicates that a higher concentration of BT promotes nucleation of AgBT on the 
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AgCl0.5Br0.5 NC surfaces to form more nuclei with random crystalline orientations. 

Continuous reaction grows the individual nuclei into separated nanoplates, resulting in 

flower-like structures. In contrast, lowering the BT concentration by 5 times does not 

significantly influence the geometry of the AgBT nanoplates and nanocages, although the 

reaction rate becomes slower (Figure 3.9d-f). 

 

Figure 3. 9 SEM images of the products formed from the reaction of the AgCl0.5Br0.5 NCs 

with different concentrations of BT: (a-c) 0.978 M and (d-f) 9.78 mM, at different reaction 

times (a, d) 10 min, (b, e) 1 h, (c, f) 24 h. The scale bar in (a) also applies to (b-f). 

Therefore, an appropriate concentration of BT has to be chosen to achieve the reasonable 

reaction rate and to prevent the formation of multiple nuclei on each AgCl0.5Br0.5 NC 

surface, favoring the synthesis of AgBT nanoplates with well-controlled thickness and 

well-defined nanocages. 
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3.3.4. Controlling the growth 

 

Figure 3. 10 AgBT nanocages obtained by selectively dissolving the unreacted AgCl0.5Br0.5 

from the product of Figure 1c. The AgCl0.5Br0.5 cores reacted with ammonia to form soluble 

complex species. 

Since each side of the nanocubes forms separate plates, the integrity of those plates 

needs to be maintained by controlling the reaction at appropriate times. Uncontrolled 

growth results in thickening and an increase of lateral dimensions of individual plates. As 

lateral dimensions have become more extensive than the size of the nanocube surface, the 

cage structure tends to disintegrate into individual plates. By terminating the growth 

process at which the plates are grown enough to cover all the surfaces of the nanocubes, 

overall structural integrity can be maintained as a hollow nanocage.  

The reaction of AgCl0.5Br0.5 NCs and BT can be terminated at any appropriate time 

by separating the nanoparticles from the reaction solution through centrifugation, enabling 

the feasibility to control the growth of the AgBT nanoplates. The unreacted AgCl0.5Br0.5 

can be selectively dissolved by mixing the product nanoparticles with ammonia, leaving 
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AgBT nanocages constructed with nanoplates of desired thickness. The high stability of 

Ag-S interaction avoids the dissolution of Ag+ in the AgBT structure. Figure 3.10 shows 

an SEM image of the nanocages derived from the product formed at a reaction time of 30 

min, which is mixed with ammonia to remove the leftover AgCl0.5Br0.5 selectively. 

Although the lateral dimensions of AgBT plates in the structures are overgrown, the 

structural integrity has maintained to result in the hollow nanostructure. Reduced rate of 

conversion, which is attributed to the solubility-controlled conversion, is also influential in 

providing an appropriate time frame to terminate the reaction at the desired time of the 

reaction. 

 

3.3.5. Generalizing the strategy for other thiols 

The regulation of low concentration of Ag+ using the AgCl0.5Br0.5 NCs is feasible to 

extend this synthesis strategy to synthesize various silver thiolate nanoplates by choosing 

the appropriate thiol molecules as the reactant. For example, NBT, ABT, and ME have 

been used to react with the AgCl0.5Br0.5 NCs, forming nanoplates of different silver 

thiolates, i.e., AgNBT, AgABT, and AgME, respectively (Figure 3.11a-c). Similar to the 

AgBT nanoplates, all these nanoplates also exhibit layered crystalline structures that are 

consistent with the corresponding XRD patterns (insets, Figure 3.11a-c). The interlayer 

distance of the adjacent molecular silver thiolate layers, which can be calculated from the 

XRD pattern, exhibits a linear dependence on the length of the thiol molecules (Figure 

3.11d). The results highlight the versatility of this approach in synthesizing 2D silver 

thiolate (metal-organic) nanoplates with desirable interlayer distances. 
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Figure 3. 11 (a-c) SEM images (insets) and XRD patterns of the synthesized nanoplates of 

(a) silver p-aminobenzenethiolate (AgABT), (b) silver p-nitrobenzenethiolate (AgNBT), 

and (c) silver mercaptoethanol (AgME). (d) Dependence of the crystalline interlayer 

distances of different silver thiolates on the lengths of the corresponding thiol molecules. 

 

3.4. Morphology-dependent stability for catalytic reactions 

Hollow nanoshells of assembled small-size nanograins usually exhibit much higher 

colloidal stability than the freestanding nanocrystals with a size similar to the nanograins. 

The geometry of the hollow nanoshells exposes both the outer and inner surfaces, 

promoting applications requiring large surface areas such as photocatalysis. A model 

reaction, i.e., photocatalytic oxidation of BAL to BAD (benzaldehyde), is used to evaluate 
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the colloidal stability of the hollow Ag2S nanoshells (Figure 3.11a) and freestanding Ag2S 

nanocrystals (Figure 3.12b) under operation conditions.39–41 The results show that the 

hollow Ag2S nanoshells maintain the photocatalytic activity over 48 hours despite a slight 

drop at the long reaction time (Figure 3.12c).  

 

Figure 3. 12 High-magnification SEM images of (a) Ag2S nanoshells and (b) freestanding 

Ag2S nanoparticles (serving as controlled sample). (c) Time-dependent yield of BAD 

produced from the photocatalytic oxidation of BAL using the hollow Ag2S nanoshells as 

photocatalyst. (d) Comparison of the photocatalytic production of BAD using the hollow 

Ag2S nanoshells (□) and the freestanding Ag2S nanoparticles (•) as photocatalysts for a 

short reaction time. The reaction in the presence of the hollow Ag2S nanoshells in the dark 

was also studied for comparison (). 
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Figure 3. 13 XRD pattern of freestanding Ag2S nanoparticles that were used as a control 

experiment of photocatalysis. 

The rate decrease of the photocatalytic reaction could be attributed to catalyst 

deactivation after prolonged irradiation of light. In contrast, the photocatalytic activity of 

the freestanding Ag2S nanocrystals (XRD pattern is given in Figure 3.13) quickly drops to 

nearly zero (corresponding to the plateau of the blue curve in Figure 3.12d) after the 

reaction lasts 6 hours. The complete deactivation of the freestanding Ag2S nanocrystals in 

a short time is ascribed to their quick aggregation, highlighting the low colloidal stability 

of the Ag2S nanocrystals with small sizes (Figure 3.14). The enhanced colloidal stability 

of small nanocrystal domains with exposure to large surface areas represents one of the 

unique properties of hollow nanoshells. The results shown in Figure 3.12 justify the 

importance of synthesizing hollow nanoshells with controlled parameters for exploring 

unique properties and improving the performance of current applications.  
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Figure 3. 14 (a) SEM image and (b) EDS element analysis of the Ag2S nanoparticles after 

the use in photocatalytic reaction. The result of EDS analysis indicates that the atomic ratio 

of Ag to S still maintained at 2:1, consistent with the stoichiometric composition of Ag2S. 
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CHAPTER 4 

4. INVESTIGATION OF HOLLOWING MECHANISMS OF AgCl0.5Br0.5 

(Note: Content of this Chapter is adapted from the publications “Sasitha C. Abeyweera, 

Shea Stewart, and Yugang Sun, Silver Chlorobromide Nanocubes: A Class of Reactive 

Templates for Synthesizing Nanoplates and Nanocages of Silver Thiolates, MRS 

Advances, 2019, 4, 2087-2094” and “Sasitha C. Abeyweera and Yugang Sun, Anion 

replacement in silver chlorobromide nanocubes: two distinct hollowing mechanisms, 

Materials Chemistry Frontiers, 2020, 4, 524-531.” with permission.) 

 

4.1. Introduction 

Hollow nanostructures are of great interest because their unique geometrical 

configurations lead to properties different from their solid counterparts.1,2 For example, a 

hollow nanoshell exposes both the inner surface and outer surface to offer surface area 

much larger than that of a solid nanoparticle formed from the same amount of material. 

The enlarged surface area of hollow nanoshells is beneficial for applications requiring 

exposed surfaces such as catalysis3–5 and surface plasmon resonance.6,7 In addition to the 

exposed surfaces, the hollow interior spaces confined in nanoshells are useful for the 

development of controlled drug delivery,8–10 sensing devices,11,12 nanoscale reactors,13,14 

and electrode materials for electrochemical energy storage.15–18 

Synthesizing hollow nanostructures using sacrificial template nanostructures 

represent the most promising approach that has been widely adopted in the past decades, 

which can either transform into the materials of the resulting hollow nanostructures through 
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appropriate chemical reactions or serve as physical support to receive materials of the 

resulting hollow nanostructures.19–22 Chapter 3 demonstrated AgCl0.5Br0.5 nanocages as a 

promising template for synthesizing uniform hollow nanoparticles. The low solubility of 

silver halide was used to control the precursor concentration in the solution. And the 

solubility difference between silver halides and silver-sulfur containing compounds were 

demonstrated to be the driving force for the continuous conversion.  The materials with 

lower solubility product constant (Ksp) compared to that of silver halides are potential 

candidates that can be synthesized as the shell. Controllability and uniformity of 

AgCl0.5Br0.5 nanocages benefits for a morphology-controlled synthesis. 

Understanding the synthesis mechanisms is crucial to widening the capability of 

tuning the physical properties of the synthesized nanostructures. Typical mechanisms 

include nanoscale galvanic replacement reactions23 and Kirkendall process.24 Galvanic 

replacement reactions involve redox reactions of the sacrificial template nanostructures, 

which are usually composed of metals25 or metal oxides with varying oxidation states.26,27 

The nanoscale Kirkendall process is responsible for the formation of hollow nanoshells 

when the outward diffusion of the template nanostructure species is larger than the inward 

diffusion of the reactant species across the newly developed interfacial boundaries. During 

this process, the unbalanced diffusion of materials results in vacancy in the nanoparticles, 

which can further grow and coalescence to form hollow interiors in nanoparticles. The 

Kirkendall hollowing process can be triggered by a broad range of reactions including 

redox reactions28 and ionic exchange reactions.29 In a typical Kirkendall hollowing process, 

the initial reaction deposits a thin layer of the desired shell material on the surfaces of the 
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solid sacrificial template nanoparticles, creating interfacial boundaries to facilitate the 

following Kirkendall hollowing process. 

In that perspective, uniform ionic nanocrystals of silver chlorobromide (AgCl0.5Br0.5) 

with well-defined cubic morphology are studied as a sacrificial template to react with 

sulfur-containing reagents including sodium sulfide and benzenethiol. Due to the strong 

binding interaction between silver and sulfur, both sulfide and benzenethiol replace the 

halide ions, transforming the silver chlorobromide nanocubes to hollow nanoshells of silver 

sulfide (Ag2S) and silver benzenethiolate (AgBT), respectively. The hollowing 

mechanisms and the dimensionality of the hollow nanoshells are different when different 

sulfur-containing reagents are used. The difference of the hollow nanoshells were 

determined through the comprehensive analysis of the shell growth. The kinetics studies 

for the conversion of AgCl0.5Br0.5 to Ag2S and AgBT were studied using time dependent 

UV-visible absorption studies. The size of the replacing anions and the crystal stricture of 

deposition materials were overlooked to identify the governing factors for the mechanistic 

determination. Thus, systematic insight into the mechanisms and associated kinetics using 

in-situ characterization methods opens new arena for further controllability and 

generalizing the role of AgCl0.5Br0.5 as a sacrificial template for the synthesis of Ag-based 

hollow nanostructures. 

4.2. Experimental procedure 

4.2.1. Synthesis of hollow nanoshells 

The synthesis of AgCl0.5Br0.5 nanocubes was performed through a controlled 

precipitation reaction between Ag+ ions and mixed halide ions with [Cl−]:[Br−]=1:1.30,31 as 
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indicated in the experimental section in Chapter 3. Nanocubes with 160 nm in size were 

used for the following conversions for the size comparison. 

A stock solution of 12 mM Na2S was prepared by dissolving 14.6 mg of Na2S9H2O 

(Sigma Aldrich) in 5 mL ethanol. A 100-μL aliquot of the Na2S stock solution was added 

to 1 mL of the AgCl0.5Br0.5 nanocube stock solution in a 2-mL Eppendorf centrifuge tube 

followed by prompt vortexing. The reaction lasted 10 minutes in the dark to ensure the 

complete transformation of the AgCl0.5Br0.5 nanocubes. The product nanoparticles were 

collected through centrifuging and washing cycles similar to that applied to the AgCl0.5Br0.5 

nanocubes. In the synthesis of hollow silver benzenethiolate (AgBT) nanoshells, 1 mL of 

the AgCl0.5Br0.5 nanocube stock solution was mixed with 0.5 mL ethanolic solution of 0.49 

M benzenethiol (HBT, 99%, Acros Organics) in a 2-mL Eppendorf centrifuge tube 

followed by prompt vortexing. The reaction continued for 12 hours in the dark at ambient 

conditions. The product nanoparticles were collected through centrifuging and washing 

cycles similar to that applied to the AgCl0.5Br0.5 nanocubes. 

 

4.2.2. Kinetics and mechanistic studies of transforming AgCl0.5Br0.5 nanocubes to hollow 

nanoshells 

The transformation kinetics was probed using time-dependent UV-visible absorption 

spectroscopy. In a typical study, 40 μL of the AgCl0.5Br0.5 nanocube stock solution was 

added to a quartz cuvette containing 3 mL of ethanol. The solution was mixed thoroughly 

via air agitation using a glass pipet. With ethanol as the background reference, absorbance 

at a single wavelength that corresponds to the characteristic feature of resulting hollow 
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nanoshells made of Ag2S (490 nm) and AgBT (360 nm) was continuously recorded at 

appropriate time intervals depending on the reaction kinetics. The hollowing reactions were 

performed using either 40 μL ethanolic solution of 12 mM Na2S or 0.049 M HBT. The 

absorption spectra in the range of 250-600 nm were also obtained for the same procedure 

to track any noticeable changes. 

 

4.3. Results and discussion 

4.3.1. Structural evolution  

The AgCl0.5Br0.5 NCs also offer nucleation sites for forming AgBT to prevent the random 

homogeneous nucleation of AgBT in solution. The low solubility of silver halides exhibits 

a self-regulation capability to release Ag+ to the solution with a concentration determined 

by the temperature and the concentration of halide anions. Therefore, the low concentration 

of Ag+ in the reaction solution can be maintained constant until the silver halides are 

completely consumed. Such a continuous supply of low-concentration Ag+ ensures the 

precipitation rate of Ag+ and BT (C6H5SH) in a controllable manner to grow the AgBT 

(AgSC6H5) nanostructures by following the reactions: 

2 AgCl0.5Br0.5 ↔    2  Ag+ + Cl¯ + Br¯    (1) 

2 Ag+ + 2 C6H5SH  → 2 AgSC6H5 + 2H+   (2) 

Figure 4.1 presents the scanning electron microscopy (SEM) images of nanostructures 

formed from the mixture of AgCl0.5Br0.5 NCs (with an average edge length of 160 nm, 

Figure 4.1a) and BT at different reaction times. The geometry of the NCs is almost 
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Figure 4. 1 SEM images of (a) AgCl0.5Br0.5 NCs, and the product particles after the 

AgCl0.5Br0.5 NCs reacted with BT for different times: (b) 5 min, (c) 30 min, (d) 60 min, (e) 

2h, and (f) 9h. The concentrations of AgCl0.5Br0.5 NCs and BT were 0.00323 M and 0.0467 

M, respectively. The temperature was room temperature. 

 

intact after 5 min reaction (Figure 14.1b), but a new XRD peak corresponding to the (010) 

reflection of AgBT, which has a layered crystalline structure,32 emerges, indicating the 

initiation of AgBT formation (or nucleation) directly on the surfaces of the AgCl0.5Br0.5 

NCs. 

The continuous reaction forms AgBT nanoplates, which extend beyond the edges of the 

nanocubes due to the preferable anisotropic growth of the 2D AgBT nanoplates along with 

the structural anisotropy (Figure 4.1b and 4.1c). The anisotropic lateral growth terminates 

at 60 min because the low concentration of Ag+ near the AgCl0.5Br0.5 NC surfaces cannot 

support a long-distance diffusion to grow the AgBT nanoplates even larger. 

a b c 

d e f 

400 nm 
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Figure 4. 2 XRD patterns of the AgCl0.5Br0.5 NCs (black curve at 0 min) and the products 

formed from the reaction of the AgCl0.5Br0.5 NCs with BT for different times. Appearance 

of 5 peaks as a group highlights the layered crystalline structure of the AgBT nanoplates. 

The positions and relative intensities of the AgCl0.5Br0.5 reflections are presented at the 

bottom for reference.  

 Instead, further reaction preferably thickens the AgBT nanoplates until the AgCl0.5Br0.5 

NCs are completely consumed, forming nanocages (Figure 4.1d-4.1f). 



83 
 

Time-dependent XRD spectra (Figure 4.2) show the evolution of crystal structures 

of AgBT from the AgCl0.5Br0.5. Co-existence of (001) peak of AgBT and the (200) peak 

ofAgCl0.5Br0.5 the conversion provides further evidence that the silver halide nanocubes 

are directly converted to AgBT crystals as stacked plates. It does not form any intermediate 

or other structures. At the end of the reaction, AgCl0.5Br0.5 is wholly used as the peaks 

corresponding to AgCl0.5Br0.5 are diminished (after 9 hours). Since the crystal structure was 

not altered for three days in the presence of free-standing halide ions, the structure can be 

seen to be more crystallographically stable in the solution. These spectra were further used 

in the following section to analyze the growth kinetics, quantitatively. 

 

Figure 4. 3 (a-d) Backscattered electron SEM images of (a) AgCl0.5Br0.5 nanocubes and the 

corresponding products formed from the reaction between the AgCl0.5Br0.5 nanocubes and 

Na2S at different reaction times: (b) < 5 sec, (c) 15 sec, and (d) 1 min. The scale bar in (a) 

also applies to all frames. 

Figure 4.3 shows the SEM images captured at different times during the conversion 

of AgCl0.5Br0.5 with the edge length of 160 nm to Ag2S. Mainly, a similar kind of 
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conversion as stated above can be seen in this conversion as well. Since the reaction rate is 

much faster than that of AgBT, the images are lack of more detailed features. However, 

the partly filled nanocages in Figure c indicate the intermediate structure during the 

conversion. Also the number density of hollow nanostructures increases with respect to the 

time. The cubic morphology preserves throughout the conversion and any other 

intermediate morphology or structure is nor prominent. This provides evidence for the 

direct transformation of cubes to the hollow structures. Further insight into the conversion 

and associated kinetics are discussed in the coming sections in the chapter. 

 

4.3.2. Crystallographic evolution 

The peak width of the AgBT (010) reflection peak in the XRD pattern can be used to 

estimate the average size of the AgBT nanoplates according to the Scherrer equation33, as 

shown below. 

𝑇 =
𝑘 𝜆

𝛽𝑝𝑒𝑎𝑘 cos 𝜃
 

Where, T= thickness of the nanoplate, k= Scherrer constant, βpeak= full width at half 

maximum, and θ is the glazing angle. The peak width was used to calculate the thickness 

of the crystals formed on the silver halide nanocubes. 

The calculated results are given in the Table 4.1. The plot of the variation of plate thickness 

shows a steep increase of the average size in the initial 90 min (Figure 4.4), which is 

attributed to the fast nucleation of AgBT on the NC surfaces followed by the spreading of 
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 Table 4. 1 FWHM () and position (peak) of the AgBT (010) reflection peak shown in 

Figure 4.2, and the calculated nanoplate thicknesses (T) According to the Scherrer 

equation. 

 

 

  

 

 

 

 

 

 

 

 

 

 

the AgBT layers and extending them beyond the NC edges. Reflections of AgCl0.5Br0.5 

disappear after 9 h while the size of the AgBT nanoplates becomes constant, indicating the 

completion of the reaction.  

Time (min) FWHM (β) ( o ) θ ( o ) Nanoplate thickness (T) (nm) 

5 1.11064 6.1031 7.52 

30 0.66548 6.1848 12.55 

60 0.42203 6.2052 19.79 

90 0.36485 6.2052 22.89 

120 0.35742 6.2052 23.37 

180 0.35041 6.2256 23.84 

240 0.33751 6.2256 24.75 

300 0.32909 6.2256 25.38 

540 0.33855 6.24612 24.67 

1440 0.3336 6.2665 25.04 
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Figure 4. 4 Time-dependent variation of the full width at half maximum (FWHM, red dots) 

of the AgBT peak in the XRD pattern shown in Figure 4.2 and the calculated average 

crystallite sizes (black squares) according to the Scherrer equation. 

 

4.3.3. Determination of relative diffusion of ions during the synthesis 

Figure 4.5 compares the average size and size distribution of the nanostructures 

shown in Figure 4.1 in terms of their outer edge lengths and inner void edge lengths. 

Converting the AgCl0.5Br0.5 nanocubes to the hollow Ag2S nanoshells increases the outer 

edge length by 17.4 nm, i.e., from 157.6 nm to 175.0 nm. The average edge length of the 

interior voids of the Ag2S nanoshells is 119.2 nm, which is 38.4 nm smaller than the size 

of the template AgCl0.5Br0.5 nanocubes. Converting the AgCl0.5Br0.5 nanocubes to the 

AgBT hollow nanoshells increases the average lateral dimension from 157.6 nm to 189.2 

nm, corresponding to a mean thickness of 15.8 nm for individual AgBT nanoplates. In 

contrast, the average edge length of the inner void is 154.7 nm that is very close to the edge 
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length of the template AgCl0.5Br0.5 nanocubes, indicating the inward diffusion of anions 

barely occurs. The significant dimensional difference between the Ag2S nanoshells and the 

AgBT nanoshells confirms the hollowing mechanisms involved in the formation of these 

two types of nanoshells are different, i.e., the nanoscale Kirkendall process makes a 

contribution to the formation of hollow Ag2S nanoshells with thick walls but not to the 

formation of AgBT nanoshells. 

 

Figure 4. 5 Average edge lengths of the template AgCl0.5Br0.5 nanocubes, and the resulting 

nanoshells of Ag2S and AgBT. The edge lengths of the inner voids of the hollow nanoshells 

are also presented. The statistical analysis was performed using the corresponding SEM 

images as shown in Figure 2 and 4. 

 

4.3.4. Mechanistic explanation of the hollowing mechanisms 

The low solubility constants of silver sulfide (Ag2S with Ksp = 6.3 × 10–50 mol3·L‒3 

at 20 oC)34 and silver thiolates (AgBT with Ksp = 2.4 × 10–21 mol–2·L–2)35 usually drive fast 
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precipitation reactions between Ag+ cations and the corresponding anions in solutions, 

resulting in a difficulty to synthesize nanoparticles of Ag2S and AgBT in a controlled 

manner.  

 

Figure 4. 6 Schematic illustration highlighting the major steps involved in transforming 

AgCl0.5Br0.5nanocubes to hollow nanoshells of Ag2S (top) and silver benzenethiolate 

(AgBT, bottom). For clarity, different materials are coded with different colors: blue-

AgCl0.5Br0.5, green-AgBT, yellow-Ag2S. The arrows highlight the diffusion directions of 

various ions involved in the anion exchange reactions between the template AgCl0.5Br0.5 

nanocubes and the reaction solutions. The edges of the nanostructures of stage II and III 

are partially opened to portray the hollow geometry and wall thickness of the nanoshells. 

Slowing the precipitation reaction kinetics requires the concentrations of precursor 

ions to be extremely low at the micromolar or even nanomolar levels. The low 

concentrations make it challenging to supply enough precursor ions to synthesize 
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nanoparticles in the desired quantities. In this work, ternary silver halide nanocubes made 

of AgCl0.5Br0.5 are used as an alternative precursor that can provide and maintain 

freestanding Ag+ at a low concentration. The continuous release of Ag+ ions from the 

AgCl0.5Br0.5 nanocubes ensures the availability of precursor Ag+ ions to synthesize 

nanoparticles of Ag2S and AgBT in large quantities using Na2S and HBT as anion 

precursors, respectively. The reactions convert the precursor AgCl0.5Br0.5 nanocubes to 

hollow nanoshells of Ag2S and AgBT. Figure 1 compares the key steps involved in the 

conversion from AgCl0.5Br0.5 nanocubes to Ag2S and AgBT nanoshells.  

The AgX (X denotes the halide ions) crystals exhibit low values of Ksp (e.g., 1.8 × 

10–10 and 5.0 × 10–13 mol2·L–2 for AgCl and AgBr at 25 oC in aqueous solutions, 

respectively),34 resulting a low and constant concentration of Ag+ in a liquid solution at 

room temperature. When an ethanolic dispersion of the AgCl0.5Br0.5 nanocubes is mixed 

with a solution of either Na2S or HBT, a precipitation reaction is initiated on the surfaces 

of the AgCl0.5Br0.5 nanocubes (Stage I, Figure 4.6). Since Na2S can directly dissociate into 

freestanding S2− anions and Na+ cations in an ethanolic solution, the concentration of S2− 

in a Na2S solution is high to react with the available freestanding Ag+ at a high rate. 

The high-rate precipitation of Ag2S favors heterogeneous nucleation on the surfaces 

of the AgCl0.5Br0.5 nanocubes with the formation of high-density nuclei. The crystalline 

orientations of individual Ag2S nucleus are random because of the different crystalline 

structures of Ag2S and AgCl0.5Br0.5 (hexagonal lattice versus cubic lattice).31,36 Therefore, 

the growth of the nuclei in the following reaction results in the transformation of the 

AgCl0.5Br0.5 nanocubes into nanostructured Ag2S with polycrystallinity. In contrast, 

benzenethiol molecules only release freestanding benzenethiolate anions (BT−) with low 
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concentration in a solution because of the weak acidity of the HBT molecules. The reaction 

of the AgCl0.5Br0.5 nanocubes with benzenethiol slowly precipitates AgBT to nucleate on 

the surfaces of the AgCl0.5Br0.5 nanocubes, forming a low density of nuclei. Since AgBT 

crystals exhibit a layered structure consisting of parallel conjugated molecular layers,32 the 

AgBT nucleus on each surface of the nanocube prefers the anisotropic in-plane growth to 

form two-dimensional (2D) AgBT nanoplates. 

The layers of reaction products, i.e., Ag2S and AgBT, initially formed on the surfaces 

of the template AgCl0.5Br0.5 nanocubes, create boundaries between the sacrificial 

AgCl0.5Br0.5 solid phase and the liquid solution phase containing precursor anions. As 

reaction proceeds, the unreacted AgCl0.5Br0.5 underneath the product layers continuously 

releases freestanding Ag+ to precipitate with the precursor anions, accumulating more 

product materials on the outer surfaces of the nanoparticles to thicken the product layers 

and enlarge the lateral dimensions of the cubic nanoparticles (Stage II, Figure 4.6). The 

crystalline nature of the product layers and the size of the precursor anions determine 

whether solid-state anion exchange can occur across the product layers. The Ag2S product 

layers are ionic crystals, in which both halide anions (Cl– and Br–) and S2− anions can 

diffuse. However, the outward diffusion of halide ions is faster than the inward diffusion 

of S2− ions. This difference of ionic diffusion in the Ag2S layers is ascribed to the lower 

charge of halide ions (1 negative charge per halide ion versus 2 negative charges per sulfide 

ion) since the size of S2– anion (184 pm) is comparable to those of the Cl– (181 pm) and 

Br– (185 pm) anions.37 Both the unbalanced ionic diffusion and the continuous supply of 

Ag+ from the AgCl0.5Br0.5 nanocubes result in the formation of hollow shells of Ag2S. The 

inward diffusion of S2− cations across the Ag2S shells also thickens the Ag2S shells by 
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forming more Ag2S on the inner surfaces of the shells. The observed morphological 

transformation is consistent with the classic nanoscale Kirkendall hollowing process.19 

Hollow Ag2S AgCl0.5Br0.5 nanocubes are completely converted to Ag2S (Stage III, Figure 

4.6). The involvement of the Kirkendall process results in hollow interiors with sizes 

smaller than the size of the AgCl0.5Br0.5 nanocubes. In contrast, the AgBT product layers 

are molecular-type 2D sheets, which prevent the benzenethiolate anions with large size 

from penetrating the AgBT layers. This property eliminates the occurrence of the 

Kirkendall process in the reaction of the AgCl0.5Br0.5 nanocubes and HBT. Therefore, the 

transformation of the AgCl0.5Br0.5 nanocubes to hollow AgBT nanoshells is dominated 

only by the precipitation reaction between benzenethiolate anions and Ag+ cations released 

from the AgCl0.5Br0.5 nanocubes, which produces AgBT to deposit on the outer surfaces of 

the AgBT shells. The slow release of Ag+ from the AgCl0.5Br0.5 nanocrystals supports the 

continuous growth of the AgBT films, which extends the AgBT layers even beyond the 

surfaces of the AgCl0.5Br0.5 nanocubes due to the 2D layered crystalline structure of AgBT. 

The 2D layered structure prefers the growth along the side edges of the AgBT layers rather 

than their basal surfaces.32,38 When the size of individual layers is too large, the low 

concentration of available Ag+ cations cannot support their diffusion to the edges of the 

AgBT layers. Instead, the precipitation reaction of the available Ag+ cations and BT− 

anions then favors the deposition of AgBT on the basal surfaces of the AgBT layers, 

thickening the AgBT layers. Continuous reaction eventually transforms the AgCl0.5Br0.5 

nanocubes to hollow boxes, each of which is composed of six AgBT nanoplates (Stage III, 

Figure 4.6). Due to the absence of Kirkendall process, the AgBT nanoshells exhibit hollow 

interiors with dimensions similar to that of the template AgCl0.5Br0.5 nanocubes. 
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4.3.5. Reaction kinetics  

The chemical reaction kinetics of transforming the AgCl0.5Br0.5 nanocubes to hollow 

nanoshells were analyzed by the time-dependent UV-visible absorption spectroscopy 

because of the product materials of the nanoshells exhibit different absorption spectra from 

that of the template AgCl0.5Br0.5 nanocubes. For example, Ag2S shows an absorption peak 

centered at 490 nm corresponding to its direct bandgap39,40 while the absorption peak of 

AgCl0.5Br0.5 located at 312 nm (Figure 4.7).  

 

Figure 4. 7 UV-visible absorption spectra of dispersions of the AgCl0.5Br0.5 nanocubes (red) 

and the corresponding Ag2S hollow nanoshells (green). 

In the course of transforming the AgCl0.5Br0.5 nanocubes to the Ag2S nanoshells, 

the absorbance at 490 nm quickly increases to a plateau, indicating that a fast reaction 

consumes the template AgCl0.5Br0.5 nanocubes quickly. The fast reaction kinetics are 

ascribed to the synergy between the Kirkendall process and the precipitation reaction of 

freestanding Ag+ cations with high-concentration freestanding S2− anions. The reaction 

completes the transformation within ~5 seconds at an initial reaction rate of 0.066 s–1 under 

the experimental conditions (Figure 4.8).   
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Figure 4. 8 Time-dependent variation of optical absorbance at the wavelength of 490 nm, 

which corresponds to the characteristic absorption peak of Ag2S, in the course of anion 

exchange reaction between the AgCl0.5Br0.5 nanocubes and the Na2S solution. 

The characteristic absorption peak of AgBT, which increases as the reaction of the 

AgCl0.5Br0.5 nanocubes and HBT proceeds, appears at 360 nm (Figure 4.9a). The sharp 

absorption peak originates from the ligand-to-metal charge transfer. The time-dependent 

increase of the absorbance at 360 nm determines the initial reaction rate for forming AgBT 

nanoshells is only 0.000051 s−1 (Figure 4.9b), which is approximately 1300 times lower 

than that of forming Ag2S nanoshells. The slow reaction kinetics is consistent with the 

absence of Kirkendall hollowing process in transforming the AgCl0.5Br0.5 nanocubes to the 

hollow AgBT nanoshells. The lower concentration of available freestanding BT− anions is 

also responsible for the slow reaction kinetics. The comparison of reaction kinetics 

highlights the importance of precursor anions in determining the morphology and 

dimensions of the product hollow nanoshells that are synthesized through anion 

replacement reactions using the template AgCl0.5Br0.5 nanocubes. 
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Figure 4. 9 (a) A series of UV-visible absorption spectra of the AgCl0.5Br0.5 nanocubes 

before (black curve) and after reaction with HBT for varying times. (b) Time-dependent 

variation of optical absorbance at 360 nm, the absorption peak position of AgBT, during 

the anion exchange reaction. 

 

4.3.6. Influence of the strength of Ag-S bond on reaction kinetics 

Conversion kinetics and the morphological evolution depend on the solubility of the 

product, which determines the bonding capability of the sulfur atom and the metal. Stronger 
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binding between the thiol and the Ag+ ions results in faster reaction kinetics influencing 

the growth of nanoplates into a specific morphology. As an example, substituents such as 

an amine group on the benzene ring influence increasing the electron density on the 

conjugated sulfur atom compared to the unsubstituted benzenethiol molecule.35 Thus, the 

formation of AgABT is relatively faster than the formation of AgBT under similar reaction 

conditions and concentrations resulting in plates with random morphologies growing on 

silver halide nanocubes (Figure 4.10a). First-order kinetics was assumed for the formation 

of silver thiolates as thiolate concentrations kept relatively high relative to the Ag+ ion 

concentration. The plots of ln (A) vs. time (Figure 4.10) show a quantitative comparison 

between the reaction kinetics that is influenced by the corresponding thiol molecules. The 

reaction mechanism involves two different reaction kinetics; fast initial rate followed by 

slow growth similar to the discussion in section 4.3.5. However, the differences in the 

reaction rate determine the binding affinities between Ag and the thiol molecule. For 

example, the amino group at the para position in the benzene ring shows the positive 

inductive effect and positive conjugate effect at the sulfur, p-aminobenzenethiol shows 

high electron density, thus, stronger binding with the metal canter compared to that of 

benzenethiol.35 As a result, p-ABT molecule shows ~1.7 times higher reaction rate with 

the Ag+ compared to that of BT molecule. The fast reaction rate tends to compromise the 

controlled growth of silver thiolate plates affecting the overall morphology. This can be 

the reason for the structural differences caused by different thiols, as observed in section 

3.3.6. The fine-tuning of the solubility and the stability of silver and sulfur bonds can be 

utilized for isntroducing the structural complexity of each silver thiolate. 
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Figure 4. 10 Plot of ln (A) vs. time for the formation of (a) AgABT and (b) AgBT. The rate 

of the reactions at the initial and later stages are indicated on each graph. 
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CHAPTER 5 

5. SYNTHESIS OF POROUS Ag NANOSTRUCTURES FROM SILVER 

BENZENETHIOLATE NANOPLATES AS AN EFFICIENT CO2 REDUCTION 

CATALYST 

(Note: Content of this Chapter is adapted from the publication “Sasitha C. Abeyweera, Jie 

Yu, John P. Perdew, Qimin Yan, and Yugang Sun, Hierarchically 3D Porous Ag 

Nanostructures Derived from Silver Benzenethiolate Nanoboxes: Enabling CO2 Reduction 

with a Near-Unity Selectivity and Mass-Specific Current Density over 500 A/g, Nano 

Letters, 2020, 20 (4), 2806-2811. DOI: 10.1021/acs.nanolett.0c00518.) 

 

5.1. Introduction 

As the energy requirement of the human race increases, more attention was directed 

on various energy sources. Mostly fossil fuel, coal, nuclear power, and renewable energy 

sources were utilized to address the energy demand all around the world. Based on the 

statistics from the International Energy Agency (IEA) 2017, 82% of the total energy was 

produced by burning several kinds of fossil fuels, including crude oil, coal, and natural 

gas.1 The popularity of fossil fuels, which mainly consist of hydrocarbons, is due to their 

high energy density and stability. Also, they are relatively easy to transport and store during 

the use.  

Even though it appears promising for each economy of the countries, the associated 

issues have imposed concerns on the changes in the environment that affects life on earth. 

As an example, the burning of fossil fuel results in CO2 as a by-product that emits into the 
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atmosphere. Excessive emissions over a long time accumulate this CO2 in the atmosphere 

relative to the amount that the natural carbon cycle can maintain. Even though there is a 

debate on the exact effect of accumulated CO2, it is accepted that the CO2 can increase the 

atmospheric temperature affecting glaciers meltdown, global weather patterns, and other 

environmental issues.2 

Alternate solutions to avoid the accumulation of CO2 were extensively studied. 

Capturing and sequestering excess CO2 beneath the earth’s surface is one approach. 

Another promising strategy is to convert them into other useful chemicals that do not affect 

the greenhouse effect directly.3–5 Thus, the carbon can enter the carbon cycle without being 

accumulated in the atmosphere. Nature provides an example for the conversion of 

atmospheric CO2, photochemically, into chemicals such as glucose and other derived 

products.6 Similarly, the research focus has directed to explore other methods for reducing 

CO2 into other chemicals. These approaches can be divided into four main categories, 

which are electrochemical, thermochemical, biochemical, and photochemical reductions. 

The thermochemical method relies on the conversion of CO2 under high temperature and/ 

or high pressure. As an example, the formation of methanol from syngas requires under 

high temperature and pressure with even with the industrial catalysts (Cu/ZnO/Alumina).7 

Since such processes need high energy input to drive the reactions.8 Photochemical and 

biochemical reduction reactions mainly mimic nature. Photosynthetic reaction centers and 

specific organisms are employed to capture and convert CO2 into useful chemicals.9 

However, these methods suffer low conversion efficiencies, which is much lower than the 

accumulating CO2 amount. 
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5.1.1. Electrochemical CO2 reduction 

Electrochemical methods rely on electrical energy that drives CO2 reduction 

reactions. The energy needed for the electrochemical CO2 reduction reaction (CO2RR) can 

be obtained using natural energy sources such as solar, wind, and hydropower. Even though 

these sources of energy are intermittent, CO2RR is a promising alternative strategy to store 

 

Figure 5. 1 World energy production in percentages based on the energy source. Adapted 

from the IEA 2017.1 

these surplus energies into the chemical bonds.4 Since renewable energy is harnessed in 

the form of electrical energy, the electrochemical method can be coupled with any of the 

natural sources. Another advantage is that these reactions can be performed under mild 

reaction conditions so that the energy cost can be minimized. Thermodynamically, the CO2 

reduction reactions show relatively low energy change (Table 5.1). However, the kinetic 

barrier associated with elementary steps increases the overall energy need for a complete 

reaction. Thus, the overall efficiency of CO2 conversion becomes low. Designing catalysts 
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that can further minimize activation energy and introduce specific reaction pathways for 

the conversion of CO2 into value-added products is a critical requirement to utilize CO2RR. 

CO2 reduction mechanisms and rate-limiting steps were extensively studied to identify and 

mitigate activation energy barriers in the CO2 reduction reactions. Based on the widely 

accepted mechanism, the initial reduction occurs by a transfer of an electron to the stable 

CO2 molecule, which is referred to as the CO2 activation step.    

CO2  +   e → CO2¯ 

Table 5. 1 Thermodynamic potentials of CO2 reduction reactions in the aqueous medium 

at room temperature. All potential is indicated relative to the standard hydrogen electrode 

(SHE). 

Cathode reaction pH 0 pH 7 

1  2 H+ + 2 e ↔ H2  0 -0.41 

2  CO2 + 2 H+ + 2 e ↔ HCOOH  -0.17 -0.58 

3 CO2 + 2 H+ + 2 e ↔ CO + H2O  -0.10 -0.52 

4 CO2 + 6 H+ + 6 e ↔ CH3OH + H2O  0.02 -0.40 

5 CO2 + 8 H+ + 8 e ↔ CH4 + 2 H2O  0.17 -0.25 

6 2 CO2 + 12 H+ + 12 e ↔ C2H4 + 4 H2O  0.08 -0.34 

7  2 CO2 + 14 H+ + 14 e ↔ C2H6 + 4 H2O  0.14 -0.27 

8 2 CO2 + 12 H+ + 12 e ↔ C2H5OH + 3 H2O  0.08 -0.34 

 

An abstraction of electron causes the CO2 molecule to be bent from its linear geometry, 

causing a minimum electron transfer rate.10 This reaction is a highly unfavorable reaction 
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which requires –1.9 V (vs. SHE) potential.11 Following the above electron transfer step, 

several concerted electron and proton transfer steps involving until the reaction proceeds 

to its final product. Even though each step associates with their activation energy barriers, 

it is accepted that the low efficiency of the CO2 electro reduction is mainly due to the highly 

unfavorable initial activation step. Thus, the stabilization of CO2¯ intermediate was broadly 

discussed as it enables increasing overall CO2 reduction efficiency. 

The development of materials for CO2 reduction focuses on improving conversion 

efficiency and selectivity. The efficiency depends on the stability of the intermediates. 

Catalytic surface or the reaction medium that stabilizes the CO2¯ anion can reduce the 

energy required to perform the conversion. Another major challenge is to improve 

selectivity towards a specific CO2 reduction product in the electro reduction process. 

Different reaction pathways that involve multiple electron transfer steps result in a number 

of products causing low product selectivity. Also, the high energy input in the system 

compared to the thermodynamic potential can trigger multiple reactions pathways resulting 

in multiple products. The additional separation step that may require to purify the products 

brings economic disadvantage. As an example, CO is proposed to be one of the main 

products, which can be either desorbed or further reduced on the surface. Catalysts that 

have weak binding energies with CO favors the desorption of CO much quicker once it is 

formed in the system before it gets further reacted. Thus, the catalyst inhibits the formation 

of other CO2 reduction products showing high selectivity towards CO formation.12 In an 

aqueous medium, the formation of H2 along with the CO2 reduction is widely observed to 

hinder the product selectivity.13 
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Several conditions can affect to signify competitive HER, which can be unfavorable 

for the CO2 reduction process. Most studies suggest that the surface adsorbed H produces 

H2 as the potential required for HER is lower than the CO2 reduction reactions.14 

Furthermore, the reaction parameters such as pH, temperature, reactant and product 

concentration, the extent of mixing of precursors, and the material design influences the 

extent of competitive HER.13,15,16 However, this reaction can be advantageous based on the 

desired product.17 As an example, a controlled amount of hydrogen production can be 

beneficial when syngas (CO and H2) is the desired product.18 Additional tunability of the 

ratio between CO and H2 can be achieved with the appropriate bias potential and the nature 

of the catalytic material. Use of appropriate catalysts that mitigates competitive reactions 

and favors a single reaction pathway would be beneficial for efficient and selective CO2 

reduction. 

 

5.1.2. Metal catalysts 

Metals show distinct catalytic properties for electrochemical reduction of CO2. Based 

on the end products, the metals are categorized into three main categories as summarized 

in Figure 5.2, which is reported to have distinct reaction pathways.   

One reaction pathway is the formation of formate from the CO2 reduction. Usually, 

metals such as Pb, Sn, Hg, and In show high selectivity for the formation of formic acid. It 

is proposed that the reaction mechanism starts through the initial CO2 activation step.17,19 

Thus, the activation barrier of –1.9 V applies to the overall conversion. The *CO2¯ (* 

denotes the surface adsorbed species) intermediate then reacts with a proton from the 



106 
 

aqueous medium forming *HCOO¯ intermediate. The catalyst surface should show the 

activity towards the CO2 absorption and hydrogen absorption to show preferential  

 

Figure 5. 2 Overview of the widely accepted CO2 reduction pathways towards specific 

products that categorize the metals, based on their primary product in an aqueous solution. 

n denotes the number of electrons. 

selectivity towards HCOOH formation. Reaction mechanisms can be slightly different 

based on the way the CO2 molecule interacts with the surface. Computationally, it has been 
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demonstrated that the CO2 molecule can bind with the two oxygen molecules to the surface, 

and surface adsorbed H can reduce CO2. 

Although this reaction mechanism does not support the formation of *CO2¯ intermediate, 

the surface activity towards abstraction of H remains the main feature for their selectivity 

towards formate formation.17,20 

Another leading product is CO. The reaction pathway starts with the CO2 

activation, which is the rate-determining step of the total conversion. In an aqueous 

medium, a proton can attack the *CO2¯ radical and form *COOH intermediate. After 

concerted electron and proton transfer, the *COOH intermediate results CO on the surface, 

removing OH as H2O. The stability of the reaction intermediates influences for the 

selectivity and also the efficiency of the catalyst. Metals such as Au, Cu, Ag, Zn, and Ni 

shows moderate binding energies for the *CO2¯ intermediate with high CO2 redcution 

current density.21 However, the binding energy of CO with the surface is another factor for 

the product selectivity. Au, Ag, and Zn metals show weak binding with the CO molecule. 

Thus, CO will easily desorb once it is formed on the surface giving high selectivity for CO 

formation.22 

The metal surfaces that shows high binding energies with CO promotes the further 

reduction of CO into higher carbon products such as C1 or C2 hydrocarbons and alcohols. 

The conversions involve multi-electron transfer steps, which result in the total conversion 

is kinetically less favorable even though the thermodynamic potentials are more positive 

than other reactions, as indicated in Table 1.1. Similar to the above cases, this conversion 

also goes through the CO2 activation step, followed by the formation of *CO.23 As the 

number of steps increases, each conversion takes different routes affecting the selectivity 
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among other C1 and C2 products. For example, it is proposed to form *CHO intermediates 

on the Cu surface by reducing *CO, after several hydrogenation steps.24 This continues 

further, to form CH4, CH3OH, C2H4, C2H5OH, and other multi-carbon products. The 

stability of both intermediates become crucial for enhancing efficiency for the direct 

conversion of CO2 to hydrocarbons and alcohols.25  

 

5.1.3. Physical and chemical properties of the metals 

Nanostructured metals represent a class of promising catalysts of eCO2RR depending 

when their binding affinities towards CO2 and CO (the common intermediate) are 

appropriate.26,27 In general, strong binding of CO2 on the catalyst surface favors electron 

transfer from the catalyst to the adsorbed CO2 molecules, facilitating the dissociation of 

the strong C=O covalent bonds that exhibit bond energy of 532 kJ in one mole of 

freestanding CO2 molecules (or 5.52 eV in one CO2 molecule28). Therefore, 

electrochemical injection of electrons into adsorbed CO2 molecules still requires a negative 

bias as large as –1.9 V even in the presence of a catalyst.3,11 Such a large negative potential 

can easily drive hydrogen evolution reaction (HER) in protic solutions (e.g., aqueous 

solution) to compete with eCO2RR, dramatically reducing the Faradic efficiency of the 

eCO2RR.29 The inefficient electrical-to-chemical energy conversion represents one of the 

major challenges in eCO2RR, which demands the assistance of high-performance eCO2RR 

catalysts with optimal designs. Moreover, an ideal catalyst should exhibit a high mass-

specific activity to be cost-effective and sustainable, in particular for the catalyst made of 

precious metals.30,31 One straightforward strategy is to expose a large surface area by 

engineering the geometry and 3D architecture of the nanostructured metal catalysts.32,33 
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For example, monolithic porous silver (Ag) films with interconnecting nanosized pores 

have been demonstrated to exhibit large surface area and stable eCO2RR performance.34,35 

Lu et al. selectively dissolved Al from a Ag-Al alloy film to synthesize a porous Ag film, 

which presented a mass-specific activity of 0.2 A/g towards eCO2RR.36 Daiyan et al. 

synthesized polycrystalline porous Ag structures through galvanostatic deposition of Ag 

precursors and plasma activation of Ag foil at low temperature, and the porous Ag 

exhibited mass-specific activities of 2.84 A/g.37 Although the high-density nanosized pores 

in the Ag films enable the exposure of large-area surfaces, the small lateral dimension of 

the pores limits the diffusion of CO2 molecules to the Ag surfaces and the diffusion of 

product CO molecules always from the Ag surfaces, leading to a difficulty to fully benefit 

the large Ag surfaces particularly in thick films. 

This chapter discusses the synthesis of a new class of porous Ag nanostructures with 

pores that exhibit two levels of length scales to favor both the exposure of large Ag surfaces 

and the diffusion of reaction species to the Ag surfaces. The synthesis relies on the direct 

electrochemical reduction of nanoboxes of silver benzenethiolate (AgBT) that have been 

reported in our previous work.38,39 The resulting hierarchical three-dimensional (3D) 

porous structures exhibit nanosized pores on the scale of 10 nm and submicron hollow 

interiors on the scale of 160 nm, which are more like nanocages in morphology. The 

presence of the submicron hollow interiors promotes the diffusion of reactive species in 

the course of eCO2RR, further increasing the current density of electrochemical reduction 

up to ~500 A/g in an aqueous solution. The thiolate species in the precursor AgBT 

nanoboxes can spontaneously adsorb on the surface of the resulting Ag nanocages to 

influence the adsorption/desorption of reactive species, thus altering the selectivity towards 
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eCO2RR. The HER process is significantly suppressed to improve the Faradaic efficiency 

of eCO2RR up to 94% with CO as the sole product. Such a simultaneous control over 

porosity and surface chemistry in metal nanostructures shed light on designing and 

synthesizing high-performance catalysts towards eCO2RR with superior selectivity and 

mass activity. 

 

5.2. Experimental procedure 

5.2.1. Synthesis of silver benzenethiolate (AgBT) nanoboxes 

The synthesis started with the preparation of ternary silver halide (AgCl0.5Br0.5) 

nanocubes by following the procedure reported elsewhere.40,41 In a typical preparation of 

AgCl0.5Br0.5 nanocubes, 2.5 g of PVP was first dissolved in 12 mL of EG in a 50-mL three-

necked flask with the assistance of vigorous stirring. To this solution was added 10.2 mg 

of NaCl and 18.4 mg of NaBr powders. The solution was purged with nitrogen gas and 

then a nitrogen blanket maintained the inert atmosphere above the solution. The flask was 

covered with an aluminum foil to prevent any possible undesirable light-induced reactions. 

The solution was then heated up to 60 oC and maintained at this temperature until all salts 

were dissolved. 1 mL EG solution of 0.34 mol/L AgNO3 was added to the warm solution 

at a rate of 1 mL/min using a syringe pump. Mixing AgNO3 with halide ions triggered the 

precipitation reaction to form AgCl0.5Br0.5 nanocubes. The reaction lasted 2 hours to ensure 

the completion of nanocube growth. The nitrogen atmosphere, the temperature of 60 0C, 

and magnetic stirring of 300 rpm (with a stir bar of 19.1 mm × 9.5 mm) were maintained 

throughout the entire synthesis. The product solution was transferred to a 50-mL centrifuge 
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tube, following by the addition of 20 mL of ethanol. The solution was then sequentially 

vortexed and centrifuged at 6000 rpm for 20 min. The supernatant was discarded, and the 

nanocubes settled at the bottom of the centrifuge tube were re-dispersed in 20 mL of 

ethanol. The new dispersion was centrifuged again at 6000 rpm for 10 min. The recovered 

nanocubes were dispersed in 5 mL of ethanol for preparing AgBT nanoboxes. A solution 

of thiophenol (0.049 M) was prepared by mixing thiophenol and ethanol at 1:200 (V/V) 

ratio. 15 mL of the thiophenol solution was then added to the dispersion of AgCl0.5Br0.5 

nanocubes, following by vortexing for 2 min. The dispersion was placed in the dark for 24 

h to complete the transformation of the AgCl0.5Br0.5 nanocubes to AgBT nanoboxes. 

 

5.2.2. Material characterization 

Scanning electron microscopy (SEM) images were obtained using a FEI QUANTA 

450 scanning electron microscope. Each SEM sample was prepared by placing one droplet 

of ethanolic dispersion of nanoparticles on a piece of silicon wafer. The droplet was then 

dried in a fume hood at ambient condition and in the dark. Energy dispersive X-ray 

spectroscopy (EDS) and imaging were performed in the same microscope with the X-MaxN 

50 spectrometer (Oxford instruments). The SEM images of Ag nanostructures on glassy 

carbon electrodes were taken by directly placing the electrodes in the SEM microscope. 

The same samples were also characterized by XRD using a Bruker D8 diffractometer with 

a Cu Kα (λ=1.540 Å) target. The 2θ was set in the range of 3−70 degrees, and the scan rate 

was 0.4 degree/min. Transmission electron microscopy (TEM) images were obtained using 

a JEOL JEM-1400 electron microscope. The sample of electrochemically reduced AgBT 

was prepared by adding an ethanol drop on to the electrode of reduced AgBT followed by 
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exfoliation of material directly using a TEM grid. Thermogravimetric analysis (TGA) was 

performed using TA Instruments Hi-Res 2950 Thermogravimetric analyzer to determine 

the decomposing temperature of AgBT. The Fourier transform infrared (FTIR) 

spectroscopy was studies with the use of Thermo Scientific Nicolet iS5 FTIR spectrometer 

equipped with Thermo Scientific iD5 attenuated total reflectance (ATR) accessory 

 

5.2.3. Electrochemical measurements 

In a typical characterization, 5 mL dispersion of the AgBT nanoboxes prepared in the 

previous step was centrifuged at 6000 rpm. The collected AgBT nanoboxes were then 

washed with copious ethanol, followed by centrifugation. The clean AgBT nanoboxes were 

dispersed in 1 mL of ethanol, forming an ink of precursor for preparing the eCO2RR 

catalyst. An aliquot of 20 μL of the ink was then loaded onto a freshly polished glassy 

carbon electrode with a size of 0.9 cm  0.9 cm (i.e., 0.81 cm2 in area). The ink was dried 

for 30 min in a vacuum oven set at 60 °C. This electrode was used as the working electrode 

in a homemade three-electrode cell connected to a CHI 604E electrochemical workstation. 

A Ag/AgCl electrode immersed in a saturated KCl aqueous solution was used as the 

reference electrode and a Pt wire as the counter electrode. The electrochemical cell was 

composed of two compartments separated with a Nafion 115 (DuPont) membrane, which 

allowed the permeation of ions but prevented the diffusion of gas molecules. The purchased 

Nafion membrane was pretreated by soaking a piece of 4 cm × 4 cm sheet in DI water for 

4 hours followed by soaking it in hot water at 80°C for 1 hour. The working electrode and 

reference electrode were placed in one compartment and the counter electrode in the other 

compartment. Both compartments were filled with 0.1 M KHCO3 aqueous solution, which 
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was purged with high-purity CO2 for 30 min. Applying –1.2 V (vs. RHE) bias to the 

working electrode reduced the AgBT nanoboxes to Ag nanocages on the glassy carbon 

electrode. The reduction lasted until 2 coulombs of charges were passed through the cell, 

ensuring the complete transformation of the AgBT nanoboxes to Ag. An additional 30-min 

purge of CO2 was applied to remove any possible gaseous products (e.g., CO, H2) that were 

formed in the course of electrochemical reduction of AgBT from the electrochemical cell. 

The compartment containing the working electrode was then sealed while the CO2 flow 

was continued above the electrolyte solution to maintain constant saturation of CO2 in the 

electrolyte. Linear sweep voltammetry (LSV) was performed from 0 V to −1.2 V (vs. RHE) 

at a scan rate of 10 mVs−1. In a quantitative measurement, the CO2 flow was stopped, 

ensuring all reduction products to be in the electrochemical cell compartment. The 

electrochemical reduction was carried out by applying an appropriate potential until 0.5 

coulomb or 1.0 coulomb of charges passed through the electrochemical cell. The entire 

procedure was repeated for the measurement at a different potential by freshly preparing 

the catalyst with the fresh precursor ink. The potential values reported in the manuscript 

were calibrated to the values against the RHE according to  

 

Potential (V vs. RHE) = Applied potential (V vs. Ag/AgCl/sat. KCl) + 0.199 V + 0.0592 × 

pH. 

 

5.2.4. Analysis of the products generated from the electrochemical reduction 

In a typical analysis of the electrochemical reduction products, 100 L of gas was 

sampled using an airtight syringe from the headspace of the compartment containing the 
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working electrode. The gas sample was analyzed using a Agilent 7820A gas 

chromatography (GC) system equipped with a thermal conductivity detector (TCD). The 

GC peak areas of CO and H2 were used to calculate the partial current densities and 

Faradaic efficiencies of individual products. The quantitative analysis was calibrated with 

the standard gases (Scott Mini-Mix). Nuclear magnetic resonance (NMR) spectroscopy 

was used to analyze the liquid products formed and dissolved in the electrolyte. A sample 

was prepared by adding 0.500 mL of the electrolyte in a NMR tube. To the NMR tube was 

added 0.200 mL of 5 mM Dimethylsulfoxide (DMSO) solution dissolved in deuterated 

water that served the internal standard. 

 

5.2.5. Quantifying the mass of the catalysts 

The amount of materials used for catalytic reactions were calculated using 

inductively coupled plasma (ICP) atomic emission spectrometer (AES). 100 μL of the ink 

(AgBT dispersion in ethanol) was digested by adding 400 μL of conc. HNO3 in a 15 mL 

disposable centrifuge tube (Fisherbrand). After the complete digestion, the solution was 

diluted by adding DI water up to the total volume becomes 14.00 mL. Then the dispersion 

was thoroughly mixed, and quantitative data were obtained using ICP-AES instrument. 

  

The concentration of Ag+ in the prepared dispersion = 15 μM 

Amount of Ag+ in the prepared dispersion   = 15 μM  ×  14.00  ×  10-3 L  

       = 0.21 μmol 

Amount of Ag in the ink which was used for preparing 3D porous Ag nanostructure catalyst  

  = 0.21 μmol  ×  (20 μL / 50μL)  
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= 0.084 μmol  

Mass of Ag catalyst on the electrode   = 0.084 μmol  ×  107.87 gmol-1 

       = 9.06 μg 

 

5.3. Results and discussion 

5.3.1. Synthesis of porous Ag 

  

Figure 5. 3 SEM images of (A) AgCl0.5Br0.5 nanocubes and (B) as-synthesized AgBT 

nanoboxes assembled on a Si substrate, and (D) XRD patterns of the AgBT nanoboxes and 

AgCl0.5Br0.5 nanocubes. 
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Nanoboxes made of AgBT nanoplates has been successfully synthesized through the 

controlled chemical transformation of AgCl0.5Br0.5 nanocubes with an average edge length 

of 160 nm (Figure A1) in the presence of thiophenol, as reported in chapter 3. Each hollow 

box is constructed from an assembly of six rigid AgBT nanoplates interconnected 

orthogonally (Figure 5.3B). The XRD pattern of the AgBT nanoboxes exhibits a quintuplet 

of peaks corresponding to different orders of reflection of the same lattice, which indicates 

 

Figure 5. 4 (A) High-magnification SEM and (B) TEM images of a typical sample of the 

as-synthesized 3D porous Ag nanostructures by applying 2C charge applying a potential 

of –1.8 V. 
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the AgBT nanoplates are crystallized in a layered crystalline structure42 with an interlayer 

distance of 14.1 Å (Figure 5.3). 

The unique 3D box-like geometry of the assembled AgBT nanoplates makes them 

represent a class of ideal precursor for the formation of 3D Ag nanostructures with 

maximally exposed surfaces. Such large open surfaces are beneficial to many applications, 

such as electrochemical catalysis of CO2 reduction. We have transformed the AgBT 

nanoplates to 3D porous Ag nanostructures on glassy carbon electrodes through in-situ 

reduction of the AgBT nanoplates by applying a negative potential in an electrochemical 

cell (Figure 5.4A). For example, passing 1 C electrons at −1.2 V (vs. RHE) through a glassy 

carbon electrode coated with the AgBT nanoboxes fully reduces the AgBT nanoboxes to  

 

Figure 5. 5 XRD pattern of the 3D porous Ag nanostructures that were prepared from 

electrochemical reduction of the AgBT nanoboxes. The pattern well matches the standard 

XRD pattern (red bars) of face-centered cubic Ag crystal, indicating that the AgBT 

nanoboxes were completely reduced to Ag. 
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metallic Ag nanostructures following the reaction, 

Ag(C6H6S) + e− → Ag +  C6H6S−. 

The XRD pattern of the resulting structures on the glassy carbon electrode solely 

corresponds to the reflections of crystalline Ag with face-centered cubic lattice (Figure 

5.5), confirming the complete conversion of AgBT nanoplates to metallic Ag.  

On a glassy carbon electrode covered with a thick layer of AgBT nanoplates,  

 

Figure 5. 6 SEM images of the AgBT nanoboxes on a glassy carbon electrode (A) before 

and (B) after reduced by flowing different amounts of electrons: (B) 0.5 C, (C) 1 C, and 

(D) 2 C in an electrochemical cell. The applied potential was -1.2 V (vs. RHE). The scale 

bar in (A) also applies to (B-D). The scale bar in (A) applies to all images. 
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electron transfer through the AgBT nanoplates is relatively inefficient because of the 

semiconductor nature of AgBT crystals. Therefore, the electrochemical reduction of AgBT 

nanoboxes starts from the nanoplates in contact with the glassy carbon surface to form 

metallic Ag adhering to the glassy carbon electrode. The highly conductive Ag serves as 

an electron pathway to guide the electrons to the AgBT complexes at the immediate 

vicinity of the Ag in the continuous reduction, extending the metallic Ag nanostructures 

above the glassy carbon surface. The preference of electron flow in Ag leads to the 

formation of reticulated Ag nanostructures after the AgBT nanoplates are completely 

reduced (Figure 5.6). In this solid-state conversion, the metallic Ag atoms are unlikely to 

diffuse freely. As a result, the exclusion of benzenethiolate ions (BT−) from the AgBT 

nanoboxes results in nanoscale pores in the resulting Ag nanostructures that still preserve 

the 3D box-like geometry (see SEM image in Figure 5.4A). 

Both the 3D box-like assembly and the mesoporous geometry ensures to expose the 

maximum Ag surfaces to the electrolyte in the electrochemical cell. The transmission  

 

Figure 5. 7 SEM image and corresponding EDX mapping spectrum of electrochemically 

reduced AgBT on glassy carbon electrode showing silver and sulfur compositional 

distribution. (Ag- yellow and S- Blue) 
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electron microscopy (TEM) image of a fraction of the Ag nanostructures clearly shows that 

the pore/ligament size is around 10 nm and all the ligaments are interconnected (Figure 

5.4B). Some of the excluded BT− ions in the course of electrochemical reduction can be 

re-adsorbed onto the Ag surfaces exposed to the electrolyte solution, which is confirmed 

from the energy-dispersive x-ray spectroscopy (EDS) characterization (Figure 5.7) and 

Fourier transform Infra-red (FT-IR) spectrum (Figure A7). 

 

5.3.2. Electrochemical CO2 reduction 

 

Figure 5. 8 H-type electrochemical cell used to perform CO2RR. 

The 3D porous Ag nanostructure in-situ derived from the electrochemical reduction 

of AgBT nanoboxes can serve as active catalyst for CO2RR. The CO2RR has been carried 

out using a homemade H-type cell (Figure 5.8) at ambient temperature and pressure. In the 
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cathode compartment, an aqueous solution of 0.1 M KHCO3 is saturated with CO2 and 

gently stirred to promote the diffusion of both reactant and product species. The 

polarization plot of the catalyst in CO2-saturated electrolyte shows more than one order 

increase in current compared to that measured in N2-saturated electrolyte (Figure 5.9). 

 

Figure 5. 9 Polarization plots of the electrodes covered with the 3D porous Ag 

nanostructures of Figure 1C in (red) N2-purged and (black) CO2-saturated 0.1 M KHCO3 

aqueous solution. The linear scanning rate of the applied potential was 50 mV/s. 

  Gas chromatography (GC) analysis of the gas (typical spectrum is shown in Figure 

A2) and nuclear magnetic resonance spectroscopy (NMR) characterization of the 

electrolyte (Figure A3) reveal that the product of cathodic reactions contains only CO (from 

CO2RR) and H2 (from HER). In the absence of CO2 in the electrolyte, the current is 

dominated by HER on the electrode surface. The comparison indicates that the porous Ag 

nanostructures exhibit a highly selective catalytic activity toward CO2RR in the presence 

of sufficient CO2. The current onset potential (i.e., at which a measurable current start to 
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generate) shifts from −0.45 V (vs. RHE) to −0.15 V, further confirming that the as-

synthesized porous Ag nanostructures favor catalyzing CO2RR rather than HER.  

 

Figure 5. 10 (A) Faradaic efficiency of CO formation through eCO2RR as a function of the 

applied cathodic potential. (B) Mass-specific current density for (blue) eCO2RR to form 

CO, (red) HER to form H2, and (black) total electrochemical reduction reactions. The 

narrow stripe covering all the data points of H2 formation highlights that the formation rate 

of H2 is independent of the applied cathodic potential.  
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As shown in Figure 5.10A, the selectivity towards eCO2RR exhibits a Faradaic efficiency 

(FE) up to 96% for the formation of CO and an area-specific current density as high as 6.0 

mA/cm2 at a potential of −1.03 V (vs. RHE) (Figure 5.10B). In contrast, the competitive 

HER shows a much less current density of only 0.25 mA/cm−2. It is interesting that the 

production rate of H2 (corresponding to the current density) remains almost independent of 

the applied potential while the production rate of CO dramatically increases at high 

overpotentials (i.e., more negative potentials).  

 

Figure 5. 11 Area-specific current density of eCO2RR using the 3D porous Ag 

nanostructures of Figure 5.4 as catalyst. 

Therefore, the increase in FE toward eCO2RR with the applied overpotential presented in 

Figure 5.10A is ascribed to that the 3D porous Ag nanostructures of Figure 5.4A become 

more active to catalyze the electrochemical reduction of CO2 to CO at a more negative 

potential (i.e., higher overpotential). The 3D porous Ag nanostructures shown in Figure 

5.4A exhibit two levels of porosity, i.e., smaller pores on the order of several nanometers 

derived from reduction of AgBT to Ag and larger hollows on the order of hundreds of 
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nanometers inherited from the box geometry of the original AgBT nanoboxes. The 

existence of both smaller pores and larger hollows opens more surface sites for eCO2RR 

and benefits fast diffusion of reactant and product species to/away from the Ag surfaces, 

enabling high mass-specific current densities (Figure 5.11). For instance, the mass-specific 

current density for eCO2RR to CO reaches 435 A/g as the FE of forming CO becomes 94% 

at potentials of −0.85 V (vs. RHE).  Upon increasing the overpotential further, the mass 

efficiency further increases without reaching a saturated limit even at a potential of −1.03  

 

Figure 5. 12 (A) Area-specific current densities and (B) Faradaic efficiencies of forming 

individual species using the bare glassy carbon electrode. 
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V, at which the mass-specific current density for CO formation is 502 A/g, corresponding 

to a FE of 96%. To our knowledge, this represents the highest mass-specific current density 

for selective eCO2RR toward CO formation on Ag catalysts (Table 5.1). It is worthy of 

note that the current density usually drops at high overpotentials due to the limitation of 

mass diffusion as witnessed in the previous work (references in Table 5.1). In contrast, this 

limitation is alleviated in 3D porous Ag nanostructures of Figure 5.4 due to their unique 

hierarchical porosity, resulting in a continuous increase in current density with cathodic 

potential even up to −1.03 V (vs. RHE). 

Although we have tried to load enough nanoparticles to fully cover the glassy 

carbon electrode, there is still a possibility to have a fraction of glassy carbon electrode 

surface exposed to the electrolyte, contributing to CO2RR. The control experiment using 

the bare glassy carbon electrode exhibits an activity toward electrochemical reduction 

reactions, which is significantly different from that covered with the 3D porous Ag 

nanostructures. The bare glassy carbon surface favors HER and the corresponding current 

density increases dramatically with the cathodic overpotential (Figure 5.12). Despite the 

possibility of reduction of CO2 to CO at high cathodic overpotential, the corresponding FE 

on the bare glassy carbon electrode is still below 10% in the range of applied potential. The 

difference of HER current density on the bare glassy carbon electrode and that covered 

with the 3D porous Ag nanostructures as a function of the applied cathodic overpotential 

(i.e., significant variation for Figure  5.12A versus almost constant for Figure 5.11) 

excludes the possible contribution of uncovered glassy carbon to electrochemical reduction 

for the electrode of Figure 5.4A. Therefore, the inertness toward HER at high cathodic 
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potentials for the 3D porous Ag nanostructures shown in Figure 5.4 represents their unique 

property compared to other types of Ag catalysts.   

The catalytic inertness of the 3D porous Ag nanostructures toward HER is most 

likely ascribed to their surface chemistry, i.e., modification with the re-adsorption of BT− 

ions that are squeezed out in the course of electrochemical reduction of the AgBT 

nanoboxes. In contrast, the AgBT nanoboxes can be thermally decomposed in an inert 

atmosphere of N2 to form Ag nanoparticles with the release of diphenyl disulfide (C6H5S)2 

into the gas atmosphere, avoiding the re-adsorption of BT− ions on the Ag surface. As the 

AgBT crystal melts at high temperature (above 300 oC, based on the TGA given in Figure 

A4), the box-like geometry deforms into aggregated particles with irregular geometries and 

broadly distributed sizes (Figure 5.15A). The EDS analysis confirms the absence of S in 

the aggregated Ag particles (Figure 5.14). Such S-free Ag nanoparticles exhibit a lower 

catalytic activity toward CO2RR,  

 

Figure 5. 13 Faradaic efficiencies of CO2RR on thermally reduced AgBT. 
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showing a maximum FE of only 82% (Figure 5.15B), far below the unity. Due to the lack 

of porosity in the thermally reduced Ag nanoparticles, the maximum mass-specific current 

density for CO generation at –1.05 V (vs. RHE) is only 3.3 A/g (Figure 5.15C), which is 

more than two orders lower than that measured from the 3D porous Ag nanostructures of 

Figure 5.4. The area-specific current density of producing CO can still reach a high level 

of 2 mA/cm2 by loading the thermally reduced Ag nanoparticles onto the electrode (Figure 

5.13). Different from the 3D porous Ag nanostructures shown in Figure 5.4, the CO2RR 

product on the thermally reduced Ag nanoparticles shown in Figure 5.15A contains both 

CO and CH4 at high cathodic overpotentials (Figure 5.15C). Formation of CH4 indicates  

 

Figure 5. 14 EDS spectra of (black) the 3D porous Ag nanostructures formed from 

electrochemical reduction of the AgBT nanoboxes and (red) the aggregated Ag 

nanoparticles formed from thermal reduction (or thermal decomposition) of the AgBT 

nanoboxes at 350 oC in N2 atmosphere. The absence of S peak for the thermally reduced 

Ag nanoparticles indicates that thermal process prevents the re-adsorption of thiophenol. 

Two spectra were offset vertically for visual clarity. 
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Figure 5. 15 (A-C) Characterization of the Ag nanoparticles formed from thermal 

decomposition of the AgBT nanoboxes. (D-F) Characterization of the citrate-capped Ag 

nanoparticles directly synthesized from colloidal chemistry. (A, D) SEM image, (B, E) 

Faradaic efficiency (FE) of forming individual product species through electrochemical 

reduction reactions using the Ag nanoparticles as catalysts. (C, F) Mass-specific current 

density responsible for forming individual product species. 
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that the adsorption of CO molecules on the clean Ag surfaces of the nanoparticles of Figure 

5.15A is stronger than that on the 3D porous Ag nanostructures decorated with BT− ions. 

The stronger adsorption of CO intermediate molecules enable them to be further reduced 

to CH4 molecules before they leave the Ag surface. The increased production rates of CH4 

and H2 at high cathodic overpotentials indicate that the clean Ag surfaces become more 

catalytic active toward HER. The difference in the product and FE of CO2RR between the 

electrochemically reduced 3D porous Ag nanostructures and the thermally reduced Ag 

nanoparticles highlights that the surface-adsorbed BT− ions can suppress HER. 

It is well known that chemical functionalization of a metal surface influences 

adsorption of reactive species and electron transfer at the metal/electrolyte interface.43,44 

Such surface modifications usually alternate the kinetics and selectivity of electrochemical 

reactions, as witnessed by the variations of current density and FE of individual products. 

For example, colloidal Ag nanoparticles capped with citrate ions (Figure 5.15D) exhibit a 

low FE of ~50% for CO formation and a high HER activity (Figure 5.15E). The thermally 

reduced Ag particles and the citrate-capped Ag nanoparticles exhibit mass-specific current 

density for CO2RR much lower than that obtained using the 3D porous Ag nanostructures 

as catalyst (Figure 5.15C, F). The surface capping species usually act as a physical barrier 

to prevent CO2 adsorption and electron transfer from Ag nanoparticles to the adsorbates. 

The Tafel plots in Figure 5.16 shows electron transfer kinetics on the citrate-capped 

Ag nanoparticles is suppressed compared to that on the clean Ag surfaces of thermally 

reduced Ag nanoparticles (230 mV/decade versus 186 mV/decade for Tafel slope). On the 

other hand, the 3D porous Ag nanostructures adsorbed with BT− ions (~4.8% in molar ratio 

of S/Ag) exhibits a mostly similar electron transfer kinetics towards the CO formation 
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compared to the thermally reduced Ag nanoparticles, indicating that the surface adsorption 

of BT− ions does not act as a physical barrier to hinder the electron transfer from the metal 

to CO2 molecules. Moreover, the adsorbed BT‒ ions do not significantly influence the 

supply kinetics of adsorbed CO2 molecules since it is mainly determined by the diffusion 

of CO2 to the Ag surface rather than the adsorption strength of CO2 on the Ag surface. In 

contrast, the surface modification with BT‒ ions promote desorption of CO molecules and 

suppresses the HER 

 

Figure 5. 16 Plots of overpotential (η) as a function of current density of forming CO using 

different eCO2RR catalysts: (black, squares) 3D porous Ag nanostructures shown in Figure 

5.14, (red, dots) clean Ag nanoparticles shown in Figure 5.15A, (blue, triangles) citrate-

capped Ag nanoparticles shown in Figure 5.15D.  

The amount of the catalyst can be increased by choosing a substrate with a large 

surface density for potential commercial applications. Figure A6 A shows the AgBT 
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deposited on the carbon cloth consisting of carbon fibers woven into a fabric that has 

extended surface compared to the flat glassy carbon surface. The SEM images in Figure 

A6b shows the carbon fibers covered with porous Ag after the electrochemical reduction, 

which are similar to the porous structures deposited on the glassy carbon surface. The as-

synthesized 3D porous Ag nanostructures are stable in the course of continuous 

electrochemical reduction (Figure A5). These initial results show the feasibility of 

employing the catalysts in mass-scale for practical applications by providing a large and 

conductive substrate. 

 

5.3.3. Theoretical calculations 

To provide more in-depth information on electrochemical processes at the 

microscopic level, first-principles calculations have been performed using density 

functional theory (DFT) and the projector augmented wave (PAW) method as implemented 

in the Vienna ab Initio Simulation Package (VASP).45 The meta-GGA SCAN density 

functional,46 which is known to predict accurate geometries and energies of diversely 

bonded systems including metallic and van der Waals bonds, is used to evaluate the 

molecule adsorption on metal surfaces. A 221 Monkhorst-Pack k-point mesh and a plane 

wave basis set with an energy cut-off of 520 eV are used. The calculations of molecule 

adsorption are performed in 44 supercells of Ag (111) surfaces in order to minimize the 

effect of adsorbate-adsorbate interaction. Four atomic layers of Ag are simulated with the 

geometry of the bottom layer fixed to mimic the bulk property. A vacuum distance of 14 

Å is imposed to avoid the interlayer interactions. Atomic structures are relaxed until the 
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final force exerted on each atom is less than 0.02 eV/Å and the change in total energy is 

less than 10−4 eV. Dipole corrections are included for all the surface slab calculations.  

It is well known that the hydrogen adsorption free energy (GH*) is the most 

important factor for describing the HER activity in acidic solutions.47 While in alkaline 

solutions, besides the thermodynamic free energy GH*, the kinetic barrier for water 

dissociation represents another factor that may govern the overall reaction rate. The 

material design can be achieved by a balance between the water dissociation and the 

relative H*/OH* adsorption free energies. When benzenethiolate (C6H5S−) ions adsorbed 

on Ag surface (i.e., the surface of the 3D porous Ag nanostructures shown in Figure 1), the 

adsorption free energy G for hydrogen varies and is computed as GH* = EH* – 1/2EH2 – 

E*, where EH*, EH2, and E* are the total energies of the adsorbed system, the gas phase 

species, and the surface, respectively. For hydrogen adsorption, we include the zero point 

energy and vibration entropy corrections as adopted in Ref. 47. 

Calculations with the RPBE functional shows that GH* on a Ag (111) surface 

modified with BT− is around 0.56 eV. The result indicates that the existence of BT− ions 

weakens the binding of hydrogen. The calculations based on the SCAN functional46 give 

rise to a GH* of 0.31 eV on the Ag (111) surface, which represents a slightly stronger 

binding of hydrogen. With the SCAN functional, the molecule favors the bridge site of the 

Ag (111) surface, where the S atom forms bonds with two Ag atoms with a total binding 

energy of 0.8 eV (entropy correction not included, Figure 5.17). Our calculations show 

that, after the modification of Ag (111) surface with BT‒, H atom that is initially placed 

close to the BT molecule tends to be adsorbed on the S atom with GH*  of 0.44 eV. The 

bond formation between hydrogen and S introduces a charge transfer from hydrogen to 
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Figure 5. 17 (A, B) Calculated structure of BT− adsorbed on the Ag(111) surface, indicating 

the S atom binds to two Ag atoms through a bridge configuration.  (C, D) Preferred 

adsorption of H on the BT−-modified Ag(111) surface, indicating H binds to S rather than 

Ag. (A, C) top view and (B, D) side view. 

sulfur and subsequently the removal of a bond between the molecule and the Ag (111) 

surface (Figure 5.17C, D). This weaker binding is reflected by the elongated S-Ag bonds 

after hydrogen binding. As a result, GH* increases to 0.44 eV for hydrogen binding on the 

molecule-adsorbed surface. With the surface modification of BT-, the ΔGH* for a H 

adsorbed on the Ag (111) surface that is far away (i.e., >6.0 Å) from the S atom increases 

to 0.34 eV. This overall increase in ΔGH* for the BT-modified Ag (111) surface is 

responsible for the observation of HER suppression using the 3D porous Ag nanostructures 
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(with adsorbed BT‒) of Figure 5.4B compared to the aggregated Ag particles with clean 

surfaces shown in Figure 5.15A. It is worthy of pointing out that the intermediate-range 

van der Waals interaction, present in SCAN but not in the other tested density functional, 

is needed to yield a qualitatively correct picture.  

We compared calculations using both the RPBE functional and SCAN functional. 

Calculations with the RPBE functional shows that GH* on a Ag (111) surface is around 

0.56 eV, which is consistent with the results in the literature.47 The calculations based on 

the SCAN functional give rise to a GH* of 0.31 eV on the Ag (111) surface, which 

represents a slightly stronger binding of hydrogen. Moreover, the meta-GGA functional 

SCAN can capture a large amount of intermediate-range van der Waals interaction, which 

is crucial for accurately determining the adsorption configurations of the benzenethiolate 

ions (C6H5S−). For instance, due to the lack of van der Waals interaction, RPBE incorrectly 

predicts that the molecule desorbs from the surface after hydrogen adsorption. Therefore, 

the calculations using the SCAN functional have been used to compare the H adsorption 

on clean Ag surface and the benzenethiolate-modified Ag surface. 
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CHAPTER 6 

6. DESIGNING Ag-Cu BIMETALLIC SYSTEM FROM SILVER HALIDE 

NANOCUBES 

 

 Introduction 

After the initial reports from Hori et al., more studies have been done to explore CO2 

reduction on metals due to their unique catalytic properties.1,2 As an example, metals such 

as Pb and Sn reduce CO2 into HCOO¯ at low overpotential. Noble metals such as Au and 

Ag show high catalytic activity for the conversion of CO2 into CO at a low to moderate 

overpotential. Furthermore, Cu metal shows a unique performance in reducing CO2 into 

high energy-density products, hydrocarbons, and alcohols.3,4 However, these 

transformations are associated with various challenges. Even though CO2 reduction 

reactions have low equilibrium free energy change, the initial CO2 activation step (the 

formation of COO¯ intermediate) was found to be a highly unfavorable reaction step in the 

reaction pathway.5 Thus, the efficiency of overall conversion becomes low as it requires 

more energy to overcome the initial kinetics barrier for the formation of any product. Also, 

these CO2 reduction reactions (CO2RR) associate with several reaction pathways which 

makes it challenging to target particular products with a high yield over the other products. 

Various approaches for material design have been reported aiming high efficiency and 

selectivity of the metal catalysts, with the support of theoretical studies on the surface 

energy aspects. Most commonly, materials in the nanoscale were used to increase the 

surface area per unit volume or the unit mass of material. Specific facets, surface defects, 

and low coordination sites were introduced to stabilize reaction intermediates.6 Surface 



140 
 

properties determined by capping agents and any surface functionalization can also play 

an essential role in interacting with the reactants and intermediates. According to the 

reported work by Y. J. Hwang et al., change in the valence state of Ag by introducing sulfur 

into the Ag catalyst can stabilize the CO2 reduction intermediates reducing the overall 

overpotential.7 Density functional theory (DFT) calculation also provided an energetic 

aspect of the stabilization of intermediates. Furthermore, it was demonstrated that the 

product specificity on the Cu surface could be enhanced by modifying the catalyst with 

sulfur.8 Exposing specific facets where reactant molecules interact strongly was shown to 

minimize the activation energy barrier for the CO2RR. 

The bimetallic systems formed by incorporating different metals shows modified 

properties towards CO2RR with respect to their single metal entities.9 Commonly, alloys 

modify the electronic structures which determine the stability of specific intermediates, 

favoring the reaction mechanism to perform towards specific pathways with high 

efficiency.10 The geometric arrangement of the atoms in the catalyst can show the distinct 

properties of the single metallic entities which contribute simultaneously to specific 

product formation. Several bimetallic catalysts have been explored, in that aspect, to 

enhance the efficiency and selectivity of the electroreduction of CO2. P. Yang et al. has 

demonstrated the electronic and geometric effect of the Au-Cu bimetallic system on 

stabilizing intermediates (COOH*) with optimum binding strength with CO for enhanced 

efficiency and selectivity towards formation of the product (CO).11 The composition of the 

catalyst determines the relative contribution of each metal for the synergistic effect of the 

catalyst. Similar phenomena were reported with the Ag and Cu2O bimetallic system, where 

the geometric arrangement of the Ag and Cu2O metals in the catalyst promotes coupling of 



141 
 

CO2 reduction intermediates such as *CH and *CO, which are formed on Cu and Ag sites, 

respectively. As the bimetallic boundaries support such coupling reactions, the product 

specificity was shown to enhance the formation of C2 products at the geometric boundaries 

compared to their monometallic counterparts.12 Additionally, Cu metal has incorporated 

with other metals such as Zn and Ni for CO2 reduction studies.13,14 Based on these related 

studies, it was suggested that the novel synthesis strategies which design the geometric 

features could tune catalytic properties of a bimetallic system directing towards increased 

efficiency and selectivity. 

In this chapter, a novel approach was demonstrated to design a bimetallic system that 

contains nanoscale Cu domains on the Ag metallic surface by the electrochemical reduction 

of Ag-Cu-ABT composite plates. The synthesis strategy offers a way to tune the 

composition between Ag and Cu, which determines the number of boundaries between two 

metals. With the elemental ratio of 1:1 between Ag-Cu, the bimetallic system showed 48% 

selectivity for ethanol formation by electrochemical reduction of CO2 in an aqueous 

medium at a moderate overpotential (–1.4 V vs. RHE). The synergistic effect of both Ag 

and Cu metals in the catalyst was determined based on the CO2 reduction performance of 

individual entities. The Ag rich catalyst surface was highly active for the formation of CO 

intermediates, and the Cu rich surface was active for the formation of CH intermediates. 

The geometrical feature obtained by designing Ag and Cu metals closer to each other 

increased coupling reactions between respective intermediates were attributed to the 

enhancement of the selectivity for the ethanol formation. Control experiments were 

conducted to further confirm the importance of the catalytic design other than the existence 

of these metals separately. Material characterization and the respective CO2 reduction 



142 
 

performance were comprehensively analyzed to understand the underlying phenomena of 

the material design. This work provides a strategy for rational design for the Ag-Cu 

bimetallic system, which shows enhanced selectivity for ethanol formation and 

demonstrates its potential to be developed as a sustainable catalyst for environmental 

applications. 

 

 Experimental methods 

First, silver chlorobromide (AgCl0.5Br0.5) nanocubes were synthesized as the 

procedure reported in Chapter 2. The obtained precipitate was dispersed in 4 mL of ethanol 

for further use. An ethanolic solution of 0.049 M 4-Aminobenzenethiol (ABT) was 

prepared for the synthesis of silver aminobenzenethiol (AgABT). 20 μL of the above 

collected nanocubes were mixed with 2.5 mL of 0.049 M ABT in a 2 mL glass vial. After 

allowing 30 minutes for complete reaction, 200 μL of 0.05 M ethanolic Cu(NO3)2 was 

added dropwise while the solution was stirring at an appropriate rate. The reaction was 

completed in 5 minutes. Silver-copper aminobenzenethiol were separated by 

centrifugation. The precipitate was further washed by re-dispersing in acetone, followed 

by centrifugation. After removing excess reactants, the precipitate was taken for 

characterization and electrochemical reduction. 

 

6.2.1.Material Characterization 

Scanning electron microscopy (SEM) images of the Ag-Cu-ABT nanoparticles and 

the nanostructures after electrochemical reduction were obtained from FEI QUANTA 450 
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scanning electron microscope. The Ag-Cu-ABT samples were prepared by depositing 5 μL 

aliquot of the dispersion on a clean Si wafer surface. The reduced nanostructures as the 

following procedure were imaged on the same glassy carbon electrode. The elemental 

composition and elemental distribution of the nanostructures were determined by the 

energy-dispersive X-ray spectroscopy (EDS) using the X-MaxN 50 (Oxford instruments) 

mounted on the same SEM. Samples for X-ray diffraction measurements were prepared by 

depositing 10 μL of the Ag-Cu-ABT dispersion on the silicone surface, followed by drying 

in a vacuum. XRD pattern was recorded using the Bruker D8 Diffractometer equipped with 

a Cu Kα (λ= 1.54 Å) target.  

 

6.2.2.Electrochemical characterization 

The electrochemical CO2 reduction was done using a home-built H-type cell. Anode 

and cathode compartments were separated using a Nafion 115 (DuPont) membrane to 

avoid the exchange of any metal ions, dissolved gasses, and molecules. A 0.1 M aqueous 

KHCO3 was used as the electrolyte. Half of the volume of the cathode compartment was 

filled with the electrolyte, and CO2 was saturated by purging high purity CO2 gas 

(99.999%) for 30 minutes. Pt wire and Ag/AgCl/sat. KCl electrode was used as the counter 

and the reference electrode, respectively. A glassy carbon electrode with the catalyst was 

used as the working electrode. To prepare the electrode, 10 μL of prepared Ag-Cu-ABT 

dispersion was drop cast on a polished and cleaned glassy carbon surface (1 cm × 1 cm). 

Then, it was dried in a vacuum oven at 50 0C for 5 minutes. Another 10 μL aliquot of the 

catalyst dispersion was added on the same glassy carbon surface and was dried in the 

vacuum oven for 30 minutes. After setting up the cell, 10 cycles of cyclic voltammograms 



144 
 

(CV) were run to reduce and stabilize the catalyst. Then, an additional 0.5 C of charge was 

passed by applying a potential of 1.2 V (vs. RHE) to reduce the catalyst to its metallic form 

completely. After the formation of the catalyst, the electrolyte in the cathode compartment 

was replenished with fresh 0.1 M KHCO3 and purged with CO2. After completely closing 

the cathode compartment, chronoamperometry was performed on the catalyst at different 

fixed potentials. The potentials recorded vs. Ag/AgCl/sat. KCl reference was converted 

into the vs. RHE using the following equation. 

Potential vs. RHE = potential (vs. Ag/AgCl/sat. KCl) + 0.199 V + 0.059 × pH 

 

6.2.3.Product analysis 

Gaseous phase products were quantified by injecting the headspace gas into a Agilent 

7820A gas chromatography (GC) system equipped with a thermal conductivity detector 

(TCD). The liquid products were detected by nuclear magnetic resonance (NMR, Bruker 

AVANCE AV III 400) spectroscopy. For the quantification, 400 μL of the electrolyte was 

mixed with 200 μL internal standard, which is 5 mM of dimethylsulfoxide (DMSO, 99.9% 

Acros organics) solution prepared using D2O. Corresponding faradaic efficiencies (FE) 

towards each product were calculated using, 

FE (%) = 
amount of each product in mols × number of electron moles per reaction × F 

amount of charge passed
 × 100 

Where F is the faradaic constant (96485 C mol–1). 
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 Results and discussion 

6.3.1. Synthesis of Ag-Cu bimetallic nanostructure 

The fabrication strategy of the Ag-Cu-ABT precursor for the synthesis of bimetallic 

nanostructures comprises of two main steps: formation of silver aminobenzenethiolate 

(AgABT) nanoplates followed by deposition of copper aminobenzenethiolate (CuABT) 

domains on the nanoplates. 

 

Figure 6. 1 AgABT nanoplate synthesized using silver halide nanocubes, and the inset 

shows the magnified image of AgABT structures. The scale bars of both images represent 

200 nm.  (b) The XRD pattern of the nanoplates. 
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In this process, AgCl0.5Br0.5 nanocubes were reacted with the ABT. Silver halide provides 

an ultra-low concentration of Ag+ cations based on its low solubility product constant in 

the reaction medium (Ksp of AgCl = 1.77 × 10−10 and Ksp of AgBr = 5.35 × 10−13 mol2 ·L−2  

 

Figure 6. 2 (a) SEM image and (b) backscattered image of Ag-Cu-ABT. (c) shows the 

enlarged image taken from TEM of a Ag-Cu-ABT plate. 
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in the water at 20 °C).15 Lower solubility product of AgABT (2.8 × 10-22 mol2 ·L−2)16 than 

the solubility constants of silver chloride drive this conversion reaction for a complete 

formation of AgABT. In this synthesis, AgCl0.5Br0.5 nanocubes with the lateral dimension 

of 160 nm were used. The surface of the cube acts as a heterogeneous nucleation site and 

physical support for the nanoplates to grow. The ultra-low concentration of Ag+ ions 

reduces the number of nucleation sites that controls single nucleation on each surface.17 

Due to the dynamic equilibrium between silver halide nanoparticles and soluble Ag+ ions, 

the precursors were continuously supplied with a low concentration in the presence of 

silver halides. The physical guide provided by the silver halide nanocubes is beneficial to 

avoid randomized morphologies and excessive aggregation compared to the case where the 

precursors were directly mixed with each other. Providing excess ABT in the reaction 

mixture, the reaction continues until the AgCl0.5Br0.5 nanocubes are entirely consumed and 

are converted into AgABT nanoplates. Figure 6.1a shows the plate geometry with smooth  

 

Figure 6. 3 XRD pattern taken at a scan rate of 0.1 degrees/sec. Peaks marked ▼ represents 

the reflections from AgABT and * represents the reflections from (00k) planes of CuABT. 
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surfaces. The XRD pattern (Figure 6.1b) of the product shows the complete conversion of 

silver halides into the layered AgABT crystal structure.18 Remaining ABT in the reaction 

solution then reacts with Cu2+ ions upon the addition of Cu(NO3)2 to form CuABT 

precipitate. The SEM image of Figure 2a-b shows small deposits on the AgABT plate 

structure, showing a rough surface. Furthermore, the crystal structure was characterized 

using XRD. Figure 6.3 shows the corresponding reflections from the (00l) planes of 

AgABT and the (001) planes of CuABT.19 Thus the formed domains on the AgABT surface 

can be attributed to the formation of CuABT. The absence of any peak shift relative to the 

XRD spectrum of pure AgABT layered structure further demonstrates the absence of any 

alloy formation. AgABT plates act as heterogeneous nucleation sites for Cu-

aminobenzenethiolate (CuABT) nanoparticles, which forms more nuclei on the supporting 

surface. The elemental profile along the line across the nanoplate provides further evidence  

 

Figure 6. 4 EDS line-scan mapping of Ag-Cu-ABT showing the Ag (green), Cu (blue), and 

S (red).  
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of the presence of Ag and Cu elements that are distributed uniformly. The high penetration 

depth of the electron beam reflects more electrons from the underneath surfaces resulting 

in the increase of the number X-ray photons emitted from where plates are condensed.  

The metallic structure was obtained by electrochemical reduction of the Ag-Cu-

ABT precursor, which is deposited on a glassy carbon electrode surface. A high reduction 

potential (-1.2 V vs. RHE) was applied to reduce the metal thiolates to their respective 

metals (as indicated in the following reactions) using an H-type electrochemical cell. The 

excess charge was passed through the electrodes to ensure complete reduction of metal 

thiolates to respective metals. 

 

Figure 6. 5 (a) SEM image of Ag-Cu bimetallic system after reducing Ag-Cu-ABT 

electrochemically, with an atomic ratio of Ag:Cu=1:1, (b) and its enlarged TEM image. 
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Ag(C6H6S) + e− → Ag +  C6H6S−.  

Cu(C6H6S) + e− → Cu +  C6H6S−.  

The electrochemically reduced structure shows random morphologies which are 

shown in Figure 6.5. The SEM image indicates an aggregated structure with rough surface 

features. The plate morphology was mostly destroyed since the plates were stacked on the 

glassy carbon surface and do not show well-arranged standing plate-like structures. 

Electron percolation can induce structural deformations along with excessive gas formation 

(H2) during the electrochemical synthesis process. TEM images show more insight into the 

structure and the surface features (Figure 6.5b). The underlying materials have scatted 

dense particles, which are 10 nm average in size. However, the sizes and shapes are 

randomly distributed, and significant phase separation is not visible. The elemental analysis 

and crystal structure analysis was carried out to characterize the structure further.  

This solid-state conversion does not involve significant diffusion of materials 

during the reaction, which can result in phase separation of metals. The EDS mapping of 

the above sample in Figure 6.2 shows the even distribution of Ag and Cu throughout the 

scanned area confirming the uniform distribution of Ag and Cu elements throughout the 

structure (Figure 6.6d-f).  Line scan profiles were obtained for a sample with excess 

Cu(NO3)2 where small domains of Cu can grow into larger domains of Cu on the AgABT 

surface so that the elemental distribution can be readily identified with a detectable 

sensitivity (Figure 6.6a-c). The images show that the Cu particles are distributed on the Ag 

base structure. Along with the electron images shown above evidence of the existence of 

the Ag-Cu bimetallic structure. 
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Figure 6. 6 (a) SEM image of Ag-Cu bimetallic nanoparticle and the (b) Ag and, (c) Cu 

elemental distribution along the line drawn in yellow. The (e), and (f) show the elemental 

distribution of Ag and Cu, respectively, of the reduced Ag-Cu nanoparticles in the SEM 

image (d). 

The XRD pattern of electrochemically reduced materials on the glassy carbon 

surface (Figure 6.7) shows the peaks corresponding to the reflections from Ag and Cu 

crystal planes. Absence of the peaks which are corresponding to the initial thiolate 

complexes evident for their complete conversion to the respective metals. The reduction of 

metal-thiolates can be realized, as discussed in Chapter 5. Depositing a thick layer of Ag-

Cu-ABT on the glassy carbon substrate resists electron transfer to the solution with the 

high applied potential. So, the electrons flowing through the conducting surface initially 

reduces the materials in contact with the surface. The highly conductive metals 

preferentially guide the electron percolation to the thiolate complexes at immediate vicinity 

to continue reduction until all the precursor is converted to its metallic form. Along with 
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the SEM images and the elemental distribution, the analysis of the crystal structure 

provides evidence of the existence of phase-separated metals without the formation of any 

alloy or intermetallic structure. 

 

Figure 6. 7 XRD pattern of Ag-Cu bimetallic system after reducing Ag-Cu-ABT structure 

shown in Figure 6.5, electrochemically. (The reference patterns of Ag (red-solid lines) and 

Cu (Blue-dotted lines) nanoparticles were indicated in the bottom x-axis). 

 

6.3.2.Electrochemical reduction of CO2  

The bimetallic system of Cu modified Ag shows high selectivity for higher carbon 

products from electrochemical CO2 reduction. All electrochemical experiments were 

conducted in a home-build H-type cell with an air-tight cathode compartment, which 

enables to analyze of the gaseous products quantitatively. Cathode compartment was 

freshly filled before each CO2 reduction experiment, and the electrolyte was saturated with 

CO2.  A proton exchange film (Nafion N117) was used to separate anode and cathode 

compartments while facilitating ionic conduction to complete the circuit. The membrane 

isolated any liquid products formed in the electrolyte from being migrated into the anode 
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compartment. The electrolyte was quantitatively analyzed by the NMR for liquid products. 

The CO2RR was carried out at potentiostatic conditions within –0.65 V to –1.4 V range. 

Variety of products including multi-carbon products were resulted after the 

electroreduction. Out of those, ethanol formation shows nearly 48% faradaic efficiency 

with a current density above 3 mA/cm2 beyond more negative potentials than –1.25 V. 

Other hydrocarbons from CO2RR, including CH4 and C2H4 shows an increase in the 

efficiency along with the increase of reduction potential. 

 

Figure 6. 8 (a) Faradaic efficiency and (b) current density for the products of CO2RR on 

Ag-Cu (1:1) bimetallic system shown in Figure 6.5. 

Variation of relative amounts of products provides further insight into the activity 

of the bimetallic system towards improved selectivity as the potential sweeps towards more 

negative values. The efficiency of CO, which also acts as an intermediate in the CO2RR 

pathway, shows the minimum efficiency compared to the other reduction products within 

the tested potential range (Figure 6.8a). Based on both the faradaic efficiencies and 

corresponding current density plots, variation of CO amount can be correlated with the 

formation of further reduced products from CO.20 As an example, the results show less 
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than 10% of faradaic efficiency for CO throughout the tested potential range. Initially, the 

CO and CH4 can be seen as dominating CO2 reduction products, which indicate the 

formation of *COO– intermediates and *CH intermediates giving separate products. As the 

reduction potential increases, CH4 formation efficiency drops slightly, which can be 

attributed to the consumption of CH intermediates. Constant CO efficiency and formation 

of ethanol at the same potential window (–0.80 V to –0.95 V) further indicates the 

consumption of CO and CH intermediates dimerization of CH and CO intermediates to 

form C2 products. Overall faradaic efficiency of CO shows volcano type behavior in the 

tested potential range. The decrease in CO faradaic efficiency can be realized due to two 

factors. First, efficient mass transport can be a crucial influence on the formation and 

release of products during the catalytic surface. Low mass transport efficiency can increase 

competitive HER, which is not significant in this system (red curve in Figure 6.8). The 

other factor can be the consumption of CO and coupling of intermediates during the 

CO2RR. The current density of ethanol formation shows a steep increase at the potential 

where CO formation decreases (–1.1 V). Also, at higher negative potentials, the formation 

of CH4 and C2H4 products increases. The results suggest that the activity of the bimetallic 

system shifts towards the formation of CHO intermediates with the expense of formed CO 

at as reduction potential increases. The competitive HER shows significant contribution at 

lower overpotentials against CO2 reduction. However, surface H can be beneficial for the 

formation of hydrogen-containing products as potential sweeps more negative values.11 

The above results led to further investigations of the role of CO, which was assumed 

to be a leading factor for promoting C-C coupling in the reaction system by tuning the Ag 
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Figure 6. 9 (a) Current densities and (b) faradaic efficiencies of each product obtained from 

the bimetallic system with Ag:Cu=2:1. 

content of the catalyst.12 Since Ag is well-known for its high activity for CO formation,21,22 

Ag rich precursor was reduced electrochemically to obtain the composition Ag:Cu=2:1 of 

the bimetallic system that it promotes the formation of more CO than the previous case. 

The results shown in Figure 6.9 indicate high activity for CO formation as the Ag amount 

increases. However, the formation of other C1 and C2 products was at the minimum level 

(figure 6.8a). Also, it requires higher reduction potential such ass more than 0.3 V to obtain 

ethanol compared to the overpotential required by the Ag:Cu=1:1 system. Thus, the results 

suggest that sufficient Cu sites also play an essential role in the reduction of CO towards 

the formation of CH intermediates and higher carbon products. 

We performed an additional control experiment with CuABT to justify the role of 

the Cu for electrocatalytic CO2 reduction. However, after the electrochemical reduction, 

the Cu metal shows low faradaic efficiencies and current densities for the formation of 

other single and multi-carbon products, including ethanol (Figure 6.10). Competitive HER 

is dominated on the polycrystalline Cu surface compared to the bimetallic system. Also, 
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the Cu shows a significant amount of CH4 formation. Even though the formation of CO 

shows a continuous increase, the overall efficiency is minimum compared to the CH4 

formation. Thus, the results support that the Cu surface promotes the formation of CH  

 

Figure 6. 10 (a) SEM images of Cu nanostructures obtained from the electroreduction of 

CuABT, (b) faradaic efficiencies of each product obtained from the electroreduction of 

CO2 as a function of applied reduction potential, and (c) corresponding area-specific 

current densities. 
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intermediates without showing a significant contribution to C-C coupling reactions. 

Although CO is a common intermediate as reported in other studies,23–25 the desorption of 

CO from the Cu surface is shown to be less favorable. Furthermore, the continuous increase 

of CO, along with the increase of reduction potential further supports that the CO is not 

being consumed during the CO2 reduction process for other reaction pathways, such as C-

C coupling reactions which produces ethanol. Overall, the results further confirm that the 

importance of catalytic design and the synergistic contribution between Ag and Cu for the 

formation of C2 products. 

We further investigated the synergistic effect of both metals for CO2RR having 

them in the same glassy carbon surface without specific design, as depicted in Figure 6.11. 

Instead of having Cu metal particles on the Ag surface, the metals are physically separated 

on the glassy carbon surface minimizing bimetallic boundaries on the catalyst. As depicted 

in Figure 6.10, AgABT and CuABT were deposited on either side of the glassy carbon 

support, by dividing the surface vertically into half. Electroreduction was done similar to 

the mentioned procedure to obtain respective metals. The results show significant H2 

formation over the CO2 reduction products in which ethanol was also absent. Moreover, 

the maximum CO2 reduction faradaic efficiency is slightly below 40%, and 17% out of that 

makes CO as the primary product. More importantly, the variation of CO faradaic 

efficiencies and current densities do not show volcano-type behavior as observed in the 

bimetallic system, which can be attributed to the lack of catalytic design to promote 

efficient CO2 reduction. 

Continuous increase (Figure 6.11c-d, red curve) of CO can be attributed to the 

activity of Ag that reduces CO2 into CO on the catalytic surface and it releases from the  
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Figure 6. 11 SEM images of electrochemically synthesized (a) Ag and (b) Cu 

nanostructures which are physically separated on the same electrode (The dark square of 

the middle schematic represents the surface of the glassy carbon surface and the orange 

and blue area indicate positions where Ag and Cu nanostructures are dropcast.) (c) 

corresponding area-specific current density, and (d) faradaic efficiencies of all the products 

with respect to the applied potential. 

glassy carbon surface without being consumed or further reduced. Both Ag and Cu can be 

active for the reduction of CO2 into hydrocarbon products at higher reduction potentials. 

However, the results suggest that the contribution of Ag can be minimum since the CO 

current density shows a continuous increase. Acting as a single metal catalyst, Cu can only 

form hydrocarbons with minimum efficiency compared to the bimetallic catalyst. These 

results confirm that the specific catalytic design is vital to increase selectivity for C2 

products. 



159 
 

 References 

1 Y. Hori and S. Suzuki, Bull. Chem. Soc. Jpn., 1982, 55, 660–665. 

2 Y. Hori, K. Kikuchi, A. Murata and S. Suzuki, Chem. Lett., 1986, 15, 897–898. 

3 S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld, S. Horch, B. Seger, I. E. 

L. Stephens, K. Chan, C. Hahn, J. K. Nørskov, T. F. Jaramillo and I. Chorkendorff, 

Chem. Rev., 2019, 119, 7610–7672. 

4 D. D. Zhu, J. L. Liu and S. Z. Qiao, Adv. Mater., 2016, 28, 3423–3452. 

5 W. Wang, S. Wang, X. Ma and J. Gong, Chem. Soc. Rev., 2011, 40, 3703–3727. 

6 F. Yu, P. Wei, Y. Yang, Y. Chen, L. Guo and Z. Peng, Nano Mater. Sci., 2019, 1, 60–

69. 

7 C. Kim, H. S. Jeon, T. Eom, M. S. Jee, H. Kim, C. M. Friend, B. K. Min and Y. J. 

Hwang, J. Am. Chem. Soc., 2015, 137, 13844–13850. 

8 T. Shinagawa, G. O. Larrazábal, A. J. Martín, F. Krumeich and J. Pérez-Ramírez, ACS 

Catal., 2018, 8, 837–844. 

9 Y. Xu, L. Chen, X. Wang, W. Yao and Q. Zhang, Nanoscale, 2015, 7, 10559–10583. 

10 E. L. Clark, C. Hahn, T. F. Jaramillo and A. T. Bell, J. Am. Chem. Soc., 2017, 139, 

15848–15857. 

11 D. Kim, J. Resasco, Y. Yu, A. M. Asiri and P. Yang, Nat. Commun., 2014, 5, 4948. 

12 S. Lee, G. Park and J. Lee, ACS Catal., 2017, 7, 8594–8604. 

13 Y. Feng, Z. Li, H. Liu, C. Dong, J. Wang, S. A. Kulinich and X. Du, Langmuir, 2018, 

34, 13544–13549. 

14 L. Dai, Q. Qin, P. Wang, X. Zhao, C. Hu, P. Liu, R. Qin, M. Chen, D. Ou, C. Xu, S. Mo, 

B. Wu, G. Fu, P. Zhang and N. Zheng, Sci. Adv., 2017, 3, e1701069. 



160 
 

15 D. Ebbing and S. D. Gammon, General Chemistry, Cengage Learning, 2016. 

16 D. Wang, Flotation Reagents: Applied Surface Chemistry on Minerals Flotation and 

Energy Resources Beneficiation: Volume 1: Functional Principle, Springer Singapore, 

2016. 

17 S. C. Abeyweera and Y. Sun, MRS Adv., 2019, 4, 2087–2094. 

18 I. G. Dance, K. J. Fisher, R. M. H. Banda and M. L. Scudder, Inorg. Chem., 1991, 30, 

183–187. 

19 N. Sandhyarani and T. Pradeep, J. Mater. Chem., 2001, 11, 1294–1299. 

20 Y. Wang, D. Wang, C. J. Dares, S. L. Marquard, M. V. Sheridan and T. J. Meyer, Proc. 

Natl. Acad. Sci., 2018, 115, 278–283. 

21 Q. Lu, J. Rosen, Y. Zhou, G. S. Hutchings, Y. C. Kimmel, J. G. Chen and F. Jiao, Nat. 

Commun., 2014, 5, 3242. 

22 W. Deng, L. Zhang, H. Dong, X. Chang, T. Wang and J. Gong, Chem. Sci., 2018, 9, 

6599–6604. 

23 X. Nie, M. R. Esopi, M. J. Janik and A. Asthagiri, Angew. Chem. Int. Ed., 2013, 52, 

2459–2462. 

24 K. P. Kuhl, T. Hatsukade, E. R. Cave, D. N. Abram, J. Kibsgaard and T. F. Jaramillo, J. 

Am. Chem. Soc., 2014, 136, 14107–14113. 

25 Y. Hori, R. Takahashi, Y. Yoshinami and A. Murata, J. Phys. Chem. B, 1997, 101, 7075–

7081. 

 

 

 



161 
 

CHAPTER 7 

7. BRIEF SUMMARY, FUTURE WORK, AND RESEARCH IMPACT 

 

This chapter summarizes all the findings of the dissertation research elaborated in 

the above five chapters with the remarks of future work as potential opportunities for this 

research. Based on the results and possible directions, the broader impact on the community 

from this work will also be discussed. 

The overall theme of this dissertation focuses on synthesizing functional 

nanostructures for high-performance catalysts. Unique morphologies of the structures 

benefit improving their functionalities. Even though there are several reported methods, 

the necessity arises to explore novel materials with enhanced properties that can diversify 

their use in potential applications. The effort to simplifying complex synthesis strategies is 

another crucial factor in implementing the process. Reproducibility and ability to scale up 

adds more advantages to the synthesis strategies. The availability of these strategies and a 

comprehensive understanding of the underlying chemistries of their formation would open 

a new arena for exploring tremendous opportunities. 

Silver-based semiconductors and metals show unique properties which can be 

utilized for various applications. Distinct material designs and the availability of synthesis 

approaches enable further exploration. Silver halides show extraordinary light absorption 

properties, which were used for photographic applications. Alloying and well-defined 

synthesis methods of nanoscale particles with specific morphologies can expand their 

applicability for various other forms. Also, the inherent physical properties such as low 
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solubility can be used to control the Ag+ and halide ions in a solution at very low 

concentrations. Lack of understanding of the influence of reaction parameters and 

appropriate nanoparticles hinder further investigation for potential applications.  

Chapter 2 investigates the controllability of size and morphology of silver halide 

nanoparticles for reproducible synthesis. An uncontrollable fast reaction is controlled by 

limiting the diffusion of precursors in the solution using a high viscous medium for the 

reaction. By adjusting the viscosity, the nucleation and the growth processes were 

separated for homogenous particle distribution. With regards to the former, the diffusion 

of reaction species in high-viscosity solutions becomes vital to influence the nucleation of 

forming nanocrystals when the corresponding reaction is fast. Magnetic stirring is usually 

used to improve the diffusion of reaction species, thus affecting nucleation/ growth kinetics 

involved in the formation of nanocrystals. When an EG solution of AgNO3 is injected into 

a viscous EG solution containing NaCl, NaBr, and PVP to trigger the fast precipitation 

reaction for forming AgClxBr1–x nanocrystals, controlling the stir rate represents a facile 

and effective way to manage the nanocrystal nucleation process rationally. At low stir rates, 

nucleation of AgClxBr1–x nanocrystals starts before the injected AgNO3 solution is diffused 

to distribute in the reaction solution uniformly. The high local concentration of AgNO3 

leads to the formation of a high number of nanocrystal nuclei, resulting in AgClxBr1–x 

nanoparticles with small sizes. Increasing the stir rate can help diffuse the injected AgNO3 

solution quickly and lower the local AgNO3 concentration for nanocrystal nucleation, 

leading to a reduction in the number of nanocrystal nuclei and increasing the nanoparticle 

sizes accordingly. When the stir rate is high enough (400 rpm), the injected AgNO3 solution 

can uniformly diffuse in the reaction solution before the nucleation process starts. As a 
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result, the size of the AgClxBr1–x nanoparticles is barely influenced by stir rates higher than 

400 rpm. In addition, the AgClxBr1–x nanoparticles formed at high stir rates exhibit uniform 

cubic morphology, while those formed at low stir rates exhibit rounded quasi-spherical 

morphologies. Tuning the magnetic stirring rate provides a simple but powerful approach 

to rationally control nucleation and enable the synthesis of AgClxBr1–x nanoparticles with 

controlled sizes and morphologies, which provide unique platforms to correlate their 

optical properties with their size and morphology directly. Other factors that affect the 

solution viscosity are also influencing the synthesis.  The relatively low viscous polymer, 

which is 40000 molecular weight PVP helps efficient dispersion of precursors before the 

nucleation, whereas high molecular weight PVP (55000 Da) can induce the opposite effect. 

Careful control of the dispersion of ions determines the size and morphology of ternary 

silver halide nanoparticles with a constant composition. 

 Chapter 3 presents a strategy for controlling fast precipitation kinetics of AgBT 

employing silver halide nanocubes. This chapter provides the applicability of silver halide 

nanocubes as a template and a precursor for the controlled synthesis of silver-sulfur based 

hollow structures, AgBT and Ag2S. Lowering the precipitation reaction kinetics to a 

manageable level requires to decrease the concentration of precursors (either Ag+ or the 

anion) to an extremely low level (e.g., pM-nM) but maintain a constant supply. The ternary 

silver chlorobromide nanocrystals represent a class of unique reactants providing a constant 

supply of low concentration of Ag+ that is determined by the low solubility product and the 

concentration of halide anions in the reaction solution. The lower solubility of sulfur-

containing silver salts (e.g., AgBT and Ag2S) compared to the silver halides governs the 

reaction between AgCl0.5Br0.5 nanocubes and sulfide and benzenethiol. The silver 
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chlorobromide nanocrystals also provide nucleation sites for forming AgBT nanoplates and 

Ag2S nanoshells, further improving the synthesis controllability. For example, using 

AgCl0.5Br0.5 NCs as a class of unique sacrificial templates leads to the successful synthesis 

of AgBT nanoplates and Ag2S nanoshells with well-controlled geometry and dimensions. 

This strategy has been demonstrated to be a general method for synthesizing nanoplates of 

different silver thiolates using the appropriate thiols. The availability of well-defined and 

scalable synthesis approaches provides the opportunity to explore their novel properties for 

potential applications. 

Chapter 4 systematically demonstrates the hollowing mechanisms that involve 

AgCl0.5Br0.5 nanocubes to form silver-sulfur based hollow nanostructures. The size of 

sulfur-containing anions and the crystalline structure of nanoshell materials represent two 

crucial factors in determining the hollowing transformation mechanism, which influences 

the physical dimensions of the nanoshells and kinetics of the anion replacement for the 

hollowing process. For instance, due to the similarities in crystalline nature between 

AgCl0.5Br0.5 and Ag2S with the comparable sizes of S2− and halide ions, the transformation 

follows nanoscale Kirkendall effect where the outward diffusion of halide ions and the 

inward diffusion of S2− occur across an initial Ag2S shell layer. The differences in charge 

between halide ions and S2− ion (i.e., −1 versus −2) leads to the faster outward diffusion of 

halide ions compared to the inward diffusion of S2− ions. Net outward diffusion of mass 

leaves a hollow core. In contrast, the initial molecular-type AgBT shell layer hinders 

inward diffusion as AgBT forms a continuous layer. Also, the larger BT− anions minimizes 

any exchange of ions with the core halide anions, further preventing the Kirkendall process. 

The absence of the Kirkendall process in the reaction with HBT gives much slower reaction 
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kinetics than the transformation of Ag2S. Collectively, the hollowing mechanism 

influences determining the physical dimensions and morphology of hollow Ag2S and 

AgBT. A thorough understanding of various hollowing mechanisms and associated 

kinetics benefit the controlling of hollowing processes. The developed methods can utilize 

as a simple and scalable approach for the template-based synthesis of well-defined hollow 

nanostructures with desirable properties.  

Hollow AgBT nanoshells constructed from the ordered assembly of AgBT 

nanoplates that possess 2D layered crystalline structures have been successfully 

demonstrated to be a unique class of precursor for synthesizing porous Ag nanostructures 

with multiple-scale porosities through in-situ electrochemical reduction in Chapter 5. The 

as-synthesized porous Ag nanostructures exhibit 3D hierarchical channels for the 

electrochemical reactive species to efficiently diffuse toward (and away from) their large-

area surfaces, which can significantly benefit their application in catalysis. Using the 3D 

porous Ag nanostructures as electrochemical catalyst achieves the highest mass-specific 

current density (i.e., over 500 A/g) of producing CO from electrochemical reduction of 

CO2 with a near-unity of FE (i.e., 96%). DFT calculations confirm that the adsorption of 

BT− ions on the Ag surface places the crucial role to minimize the binding of hydrogen on 

Ag surface, suppressing the competitive HER process even at high cathodic overpotentials. 

The as-synthesized 3D porous Ag nanostructures are stable in the course of continuous 

electrochemical reduction. These characterizations shed light on the design and synthesis 

of high-performance catalysts for selective reduction of CO2 by using the appropriate 

transformation of precursor nanostructures.  



166 
 

Chapter 6 demonstrated that the design of bimetallic nanostructure prepared by 

incorporating Cu into Ag shows the enhanced selectivity towards the formation of C2 

products from electrochemical CO2 reduction. The synthesis strategy involves the 

formation of Cu-ABT domains on the AgABT nanoplates that undergo solid-state 

conversion (electrochemical reduction) into respective metals with minimum diffusion and 

phase separation. We found that the bimetallic system of Ag-Cu shows enhanced 

selectivity for the formation of ethanol through electrochemical CO2 reduction compared 

to their monometallic counterparts. In the comparison of the faradaic efficiencies, the 

bimetallic system with Ag: Cu = 1:1 atomic ratio demonstrated 48% of ethanol formation 

at -1.25 V potential. The synergistic effect of both metals was shown to contribute to the 

enhanced activity. Cu actively forms CH intermediates, which would be beneficial for 

providing reaction intermediates. With the help of previous theoretical studies, the 

experimental evidence supports that the introduction of Ag catalyzes the formation of CO, 

which is consumed by the catalyst for further reduction towards C-C coupling reactions. 

Results further suggest that a Ag-Cu catalyst with well-dispersed Cu domains on the Ag 

surface is crucial for enhancing selectivity for ethanol formation instead of having a smaller 

number of physical boundaries between Ag and Cu. Overall, the novel synthesis strategy 

for the formation of Ag-Cu bimetallic nanostructures demonstrates a promising approach 

to design a bimetallic system with tunable elemental ratios. The synergistic effect of both 

Cu and Ag leads to the enhanced performance of electrochemical CO2 reduction with 

improved selectivity for ethanol formation. 

Throughout this research, we have shown that the properties of the material are mainly 

determined by their unique design. Thus, developing various approaches have become a 
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high priority. As silver halides have shown a promising template, the solubility dependent 

synthesis methods can be further extended to synthesize hollow structures of other low-

soluble silver salts. The addition of structural diversity, such as the use of spherical 

morphology or cubes with different sizes, would add more controllability on the properties 

of the hollow nanostructure. The same phenomena can be applied using hard templates 

with other complex morphologies. As the synthesis method does not require additional 

controllability with reaction parameters, the strategies can be potentially scalable for mass-

scale applications.  

We believe that the research direction would have a broader impact on material 

design and selective catalysis. Although this thesis does not discuss the origin of the 

selectivity of the Ag-Cu bimetallic system, deep understanding would be an interesting 

starting point to develop a high-performance catalyst for electrochemical CO2 reduction. 

The expectation is that the bimetallic boundaries promote the dimerization of C1 

intermediates. As a result, it can show high selectivity for ethanol formation. Thus, it would 

be promising to develop a strategy to increase the synergistic effect of both Ag and Cu at 

an optimum level. As hypothesized in Chapter 6, the increase of bimetallic boundaries can 

benefit tuning the product selectivity. Adjusting the composition of the metals in the system 

would be an approach. Also, the sizes of the Cu domains can be reduced, which leads to 

the formation of excess particles on the silver thiolate nanoplates. As shown in Chapter 5, 

it would be worthy to reveal the effect of surface adsorbed thiols towards catalysis. 

Energetics of the intermediates may be different based on the surface features and 

functionalities, where theoretical calculation would be an appropriate approach to gain 

more insight quantitatively. Using the same phenomena used for the synthesis of the Ag-
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Cu bimetallic system, other metals can be introduced to the silver thiolate plates by 

heterogeneous nucleation. Interestingly, the expected research would demonstrate the 

potential for mass-scale implementation as functional materials. 
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APPENDIX A 

SUPPLEMENTAL FIGURES FOR CHAPTER 5 

 

 

 

Figure A1  SEM image of AgCl0.5Br0.5 nanocubes. 
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Figure A2 GC chromatograms of a typical gas sample taken from the eCO2RR product and 

the commercial reference gas mixture that was used for qualitative and quantitative 

analysis of the gas product. 
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Figure A3 1H NMR spectrum of the electrolyte after eCO2RR. The broad peak centered at 

4.6 ppm corresponds to water in the electrolyte and the sharp CH3-S peak originates from 

the internal standard, DMSO. The blowup inset indicates the absence of any coupling of 

methyl groups and functional groups, which implies the absence of possible liquid products 

of eCO2RR (e.g., methanol, ethanol, etc.). 

 

Figure A4 TGA plot of the AgBT nanoshells. 
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Figure A5 (A) Time-dependent area-specific current density at a ‒0.75 V (vs. RHE). (B) 

Stability of cyclic voltammetry (CV) curves after 10,000 cycles. The 3D porous Ag 

nanostructures of Figure 5.4 were used as the catalyst. The characterization was performed 

using the CO2-saturated 0.1 M KHCO3 (aq) electrolyte. The scan rate of applied potential 

was 1 V/s for CV measurement. 
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Figure A6 (A) SEM image of as-synthesized AgBT nanoplates placed on carbon cloth, and 

(B) after passing 5 C current applying 1.2 V (vs. RHE) potential. 
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Figure A7 The ATR-FTIR spectra of the porous Ag (red curve) and ethanolic solution of 

BT (blue curve).  

The observation of peaks corresponding to the aromatic C=C stretching (1575, 1474, and 

1436 cm–1) and aromatic C-H stretching (2918 and 2850 cm–1) confirms the presence of 

BT molecules on the Ag surface of porous Ag nanostructures. Peaks corresponding to the 

thiol molecule are indicated by the dotted lines. Other peaks of the blue curve correspond 

to the ethanol, which was used to dilute BT. Peaks centered at 1087 and 1044, 3329 and 

1732 cm–1 are attributed to the CH, O-H stretching and C-O stretching of the residual 

ethanol, respectively. 
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