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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 asiawaitble
for the costeffective 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 ‘pghformance catalysts were
discussed with their respective synthesis strategies, structural evolution, and structure

related properties.

Initially, we synthesized welllefined silver chlorobromide (Agé€ABro.s)
nanostructures investigating the effectsvafious 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 surfeaetswasinvestigated towards photocatalytic
activity performing methylene blue degradation on AgBitoswith different sizes and
morphologies, under visible light. Then, the ability to use these AB€ls nanocubes
were investigated as a reactaed sacrificial template for the synthesis of nanoplates and
nanoshells. As an example, fast precipitation reaction betwetantigoenzenethiol (BT
) results in an uncontrollable growth leading to aggregated structures. The low solubility
and the planesurfaces 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. Timéependent microscopic and spectroscopic measurements showed the



structual 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 inveing, that depends on the anion being exchanged. The degree of
nucleation and the crystal structure of sitgaffur compounds determined the relative
diffusion of ions leading to their overall size and morphology. The hollow morphology was
shown to have igher 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>Gectroreduction. Furthermore, the
strategy was extended to design bimetallic nanostructures with enhanced bimetallic
boundaries where selectivity of ethanol formation from,@ctroreduction 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 synthesisf nanastructures with rational desigexhibitunique properties
which can bedeveloped fowvariouspotential applicationsinvestigatingand exploring
novel approachef®r the synthesis afhaterialswhosecatalyticpropertiesare determined
by theirmorphology,specialarrangementand surfaceharacteristicarethe mainfocus
of this thesis.The fundamerdl understanding omaterialscan beused as the bmsto
expandandinvestigate newhorizors beyondtheirinherent properties arttiér traditional
use.The success oflesigninganddeveloping materialin this perspective asaided by
extensiveunderstandingvhichresulted fronvariousmaterial characterization techniques,
in situ measurements of particle grondindperformance evaluatioifhe broader impact
of this illustratedwork in detail can beused totune and improve theroperties of the
materialsfor their use as photatalystsand electrocatalgts In this thesisa controlled
synthesis o$ilver halidewasinvestigatedandseverhapproachewerediscussedo obtain
functional nanomaterials with enhanceatalytic properties Other thanconfining to the
traditional applications of silver halidesjghihesis research shows tteategiesutilizing
physical properties and paramestén favor of designing derived other sil4ased

catalysts

This thesigontainsseverchapters which describe tharious aspect aftilizing silver
halides depending on their chemical and physical propertsapterone providesan

introduction and aroverview of catalysis and nanomateriads the motivatiorfor this



research.Recent developments of designing materials in nanoscale and associated
propertiestowards catalytic performance were elaborated as the background information

for the reader.

Chapter wo, through chaptersix, brings thethesis research with thdetailed
justificationof the structurgproperty relationshigrirstly, chaptetwo demonstrateawell-
defined synthesis o$ilver chlorobromide namparticlesand theinfluence ofreaction
parameterdor their structural determinationAlso, it starts with the reported synthesis
approaches to improve the phgmeity and uniformity Theuniqueness of theorphology
and characteristic surfastructureswverediscussedowards determining their properties
with the ghotocatalytic performanc€hapterthreediscusses the applicability edspective
morphologies of silver halides asckass ofsacrificial temphite. A well-known physical
property which islow solubility of silver halideswas utilized to drive transformation
reactiongto form silver halides to other silv@ontaining semiconductor$he structural
evolution wasextracted from insitu measuremes during the conversiomand was
discussedreveaing the role of silver halides iline with addressing challeng@spose
from reported synthesis strategi@ie 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 tat of silver sulfide nangrainswith randomaggregats

Chapterfour providesa comprehensive discussion of tanversionrmechanismsn
whichsilver halide nanoparticlexct as reactive templatis theformation ofsilver-sufur
based structureSize of the exchanging anions, crystal structures, and physical parameters

such as alubility constants determine the hollowing processes that lead to the specific



dimensions and morphologies of the final partiéls.a continuationin chapterthree 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 electroche@1@ reduction. Eicient
mass transporasattributedto improved masspecific activityandimprovedselecivity

for theformation of CO.

Chaptersix is focused on enhancinthe selectivity of CO, electroreduction by
introduchng another metal to thegfsurfaceNovel synthesistrategy was demonstrated to
achieve this taskising the above silvehiolate platesResultssupported e underlying
hypothesisfor the product selectivty. The electrochemical characterization and>CO
reduction performance etv near 50% formation of ethanol as the composition of Ag: Cu
at 1:1 ratio.This chapter discusses the performamicthe synthesized bimetallic structure

in link with the possible future direction of the research.

The final chapter provides aummay of the mainfindings anddraws conclusions.
Along with the understanding of this thesis resedtwbhroadeimpactis elaboratedvith

the promise oéxpanding the research area

1.2. Introductionto catalysis

Catalysis iswidely applied to various aspects of dayday life. Nature provides
examples as biological processes that use enzymes to accelerate biochemical reactions at

body temperatureMostly, the chemical processes involviedvarious industries such as



petroleum, phariceutical and other chemical manufacturing sectase catalysts to

reducetheenergy requiremesto driveunfavorablechemicalreactions economically.

Instead of thermodynamic factorthie reactions require additional energy input to
overcome the actation energy barrier tdrive the reaction from reactants to productse
catalysts introduce alternative reaction pathways where the activation energy is seduced
that the required energy to overcome the barrier is minimideass, theeaction perforra
faster without the expense of the catalyst for the reaction. For example, the decomposition
of hydrogen peroxide needs 57 kJ/nawid it can perform 2000 times faster in the presence
of iodide and performs around #0times faster in the biological system at room

temperature in the presence of enzymes

1.2.1. Heterogeneous catalysis

Catalysts can be separated into two main categoxigieh are homogeneous and
heterogeneous. Homogeneous catalysts are in the same physical state as the reactants.
Physical separation ohé catalyst and the products and reactants becomes challenging
using physical methods such as centrifuging and sieving. Biological enzymesn
example of a homogeneous catalyEhis issue can be overcometiwihe 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 readilyouitfurther purification for
further useGlobally, the market of heterogeneous catalysis was estimated at around USD

25 billion and is anticipated to grow significantlifhus, exploring material and material



designs with enhanced properties were extensively stutlesithesignainly 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) suafds@ption of
the reactants, (3) conversion of reactants to products and (4pti@saf the produst
from the surfacas depicted in figure 141 The approach ofxtending the surface relates
to reducing the size of &éhcatalytic materials as they show a relatively larger surface to
volume ratio compared to their bulk particke3he reduction of particle size also
accompanies the introduction of surface defeetsch were shown to have high catalytic
activity. Modification of surface energies and surface features are other benefits of
nanoscale particketowards efficientcatalysis. The development ofnaterialsin the
nanoscale with desirable features tkatdistinct from their bullscale materials as

extensively overlooked

«¥
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@0 — 00

Figure 1.1 Schematic diagram showing timeain steps involving in a heterogeneous
catalytic surface. The numbers follow the (1) diffusion, (2) adsorption, (3) conversion, and

(4) desorption steps.



1.3. Particles in nanosaal

Particles in nanoscale, commoyillye nanomaterialfhiavebecomeanemergingfield
for the pastcouple of decadeim varous disciplinessuch as in chemistf/medicine’®
material engineering!! energy storage and conversid® and environmental
remediatior:'* Mainly, nanoscaldocuseson exploring novel propertighatarelacking
in macroscale materiate utilize in realworld applicationsin that perspective, material
design and synthesis, stabilizatiorof particles and characterizationwere the basic
approachesowardsdevelopingthe novel arendor numerous opportuniti€’S.Growth of
thefield is evident as nanomaterialee in use irpracticalapplications It is conthuingto
grow further with technological advan¢cesdthe availability of a broad rangsynthesis

approachethat adds more controllability and variety of structural feattfres

The rancscale isdefinedwhenthe length scaldalls in the nanometerange 10°
m. In the material synthesisijanomaterialsare defined inseveral wayshat suit the
particularfield of studyor theresearch The smple definition is thematerials whose
physial length falls between-1.00 nm isreferred to as nanomateridlslowever, these
boundaries of dimensions can\miedwhenconsideing the properties oimaterials As
the particlesize becomes smathe surface to volume ratio increases. For example, the 1
€ m s pdughly expases 1% of the total atoms. 100% of the atom can be utilized when
the particle becomes 1 nm in siZéhe increase of surface atoms increases theatbver
surface energyOther physical propertiesuch as melting pointlensity and refractive
indexof the material deviate from thropertiesof the bulkscale!’ Further reduction of

dimensions confines the electron movements altering the electronic prop€hiies



nanoscale materials camecisely be defined athe regimewhereopticd and eleatical

propertiesof the materiathange depending on the size and morphotdgy.

Developing reliable and economical synthesis approaches wehe aighest
interestin exploring diverse properties of the materidlazo main synthesis approaches
can be given based on how the final nanostructure is derived from the initial pre@rsor;

bottomup synthesis method and (2) tdpwn synthesis method$as depicted in Figure

1.2
> 103 Macroscopic materials
€ Top-down strategy
r
L
7
c
g
Bottom-up strategy
~ 1010 Atoms/molecules

Figure 1.2 Schematic representation of tdpwn and bottorup synthesistrategiesith

respect to thehanges in length scale.

Both strategies havbeir inherenadvantages arnchallengesThe bp-down synthesis
method involves breakindown a bulk material until its lateral dimension falls iie
nanometer scale. Lithographiechniqus can be given asxamplesThe method offers
high controllability at the expense of advanced and specialized instrumenfalion.
contrast, thdottomup synthesis method involvdse formationof particles bycombining

the building bbcks, atomsmoleculesor complexeswith each other in a reaction medium



As anexamplemixing Ag* and Cl ionsundergo a gecipitaton reaction to fornmeaction
products?® Atoms or product moleculescombine resulting in larger particlesas a
precipitatein the reaction mediunT.he solutiorbased bttom-up synthesisnethodoffers
a high degree of reproducibility and controllability However, the approach relies on
controlling reaction kinetics which is achieved bytuning reactionconditions and
parametersThe gability of the particless another concern dse nanoscale particles show
high surface energy antbnd to continue aggregatingnto large particles.A better
understandingf the mechanisms and influencing paramepensgs a way togain insight

at each step dhesynthesis proceds improvesynthesistrategies

1.4. Bottomup synthesis: mechanisms

Two main mechanisms are in place to describe nanoparticle nucleation and growth.
The classical model, which is widely known ash e A L a M@ explairsotitee |
mechanism imolving nucleation followed by growtht Initially, homogeneousucleation
wasassumedo formwhen the concentration tfie precursoreachedo a supersaturated
level (stage Il in figurel.2). This processs alsoknownasi b ur st namdfdmesat i on o
clusters of atoms witha critical size. Critical sizés determiné by the energy barrier
imposed by bothfree energies of bomy (favors formation of nucleiandinterface free
energy (disfavors formation of nucleff In a reaction medium having precursor
compoundssupersaturatiois assumed to be the driving force to overcomditleenergy
barrier and triggersthe formation of nuclei with critical size.The dissolved precursor
concentration drops in the solution below the supersaturation leseklog were removed

from the reaction solution as aggregateAs the supersaturatias not further supported,
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theprocess moves to tlggowth step wherghe nucleigrow into larger particlegstage Il
in Figurel.3). The gowthstepis spontaneous ardepends on the diffusiaf precursors?
The main featuresof this modelarg the critical sizeof the nucleidividesthe nucleation
and growth stepandhomogeneous nucleatideads to theparticles withmonodispersed

sizedistribution?*

Concentratiorat the supersaturatiatetermires the particlsizeand homogeneityA
solution having a high concentration fecursors reaches the supersaturation fast and
formsalarge number of nuclei in the solutio@nce the concentratn drops below after
the supersaturatiothe 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 lowerrthat of the previousase. Remaining precursor ions,

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

* Rapid-self nucleation

Growth

Concentration of solute

I o, m

v

Reaction time

Figure 1.3 Nucleation and growth processes and corresponding concentration variation

according to the Llder model.



a large number of nuclei exist in the solution. However, in both cases, the homogeneity of

the particles is not influencesincethe nucleation and growth steps aredkd.

Finke and Watzkyformulatedanothermechanismwhich wouldfit better forthe
synthesis of some metal nanoparticles such, & lindRu2® This models also proposed
to have two stepthatinvolve nucleationandgrowth The nucleation step is mustower
and continuouswhich is distinct from brg nucleation.The gowth of these nucleco-
occurs asthe deposition of atoms/ precursors on theface of nuclecontinuesThis is
referred to as autocatalytic growthis relativdy fast ands not soléy depend on diffusion.
More importantly,the nucleation and growth steps are not completely separated in this
model compared to the LaMer mod&However, it isessentiato fit the experimental data

to explainthe formatiormechanisms using these modaisvith modified nodels

1.5. Rational design of nanomaterials

The designof nananaterials focuses owarious aspectsfaenhancing the existing
propertiesof the materials towards catalytic reactioiitiose are, (1) synthesizing the
materials in nanacale, (2) introducing nxamum surface active sites, (3) stabilizing active
sites in the reaction medium, and (4) improving the accessibility of the activé’ Sites.
reduction of size becomes a common appro@cimaximizing the catalytic surface.
Rational designs that expose specific surfaces towards catalytic reactions benefit reducing
activation energiesHowever, the stacking daheseparticles on each other avoids the
availability of active sites for catalytic reactiorifius, nanoparticles wernmmobilized

and arranged on physical support to expose maximum catalytic sitesexaétient
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dispersibiity. As an example, mesoporous silica was used as physical support to isolate Ru
metal nanoparticles for selective hydrogenation of @Jormate?® Similarly, the nature
of the nanostructures and their arrangesm&imth as the dense, hollow or other geometries

were extensively studied.

1.5.1. Solid nanopatrticles

/ O
- — @

Figure 1.4 Types of nanostructures based on their dimensionality and the structural

arrangement.

Collective of atoms ira solutionarrange as a small cluster seetlich grows as a
solid particlewith different sizes and morphologid§igure 1.4) Size becomes critical
when exposing more active surfae This was the fundamental idea of reducing the size
of structures into theanometer scale where nanoparticles show enhanced stefaiessl
properties such as catalysis, surface plasmon resonance, photoluminescence distinct from
the bulk counterpartAs a further advancemente idea ofisolating single atoms for
catalytic reations are also hypothesized amgbortedn several studie€mploying every
single atom is the idea of reducing the size so that the maximum sadtaege sites will

be available for potential applicatiortdowever, 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 adispersiommediumor a 3dimensional space without being aggregated.

The surface charge on the nanoparticle surfaabilizes particles against being
aggregatiorwhen it is dispersed in a polar solvent or in an ionic solvEmese charges
can be developed due to the physical adsorption of charged molecules, preferential
adsorption of ions, accumulation of electrons at the surface, or dissociatibargéd
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 solutiot¢lpadistribution
depends on the Coulombic or electrostatic faregsch affect the inhomogeneity of the
particle distribution and the Brownian motion and entropy factioas determine the
homogeneity of the dispersioHowever, the electrostatic regidn 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 measurenietsharge of the
nanoparticle attracts ions with opposite charges immediate oektetsurface. 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 otheltneg 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 betweeniglas.

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.
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Mainly, large molecules such as polymers (poly(vinylpyrrolidone) (PVP), &ogchain

thiols, and quaternary ammonium salts (cetyltrimethylammoritomide(CTAB), etc.)

are attached on to the almost entire surface around the particle such that the organic tail
extend to the solution. Bsemoleculesact aghestericbarrie's against the particles come
closer to each otheAlso, the affinity of the polymer chains with the surrounding solvent
promotes dispersing the particles in the solution meditra steric effect is much useful

in stabilizing the dispersions having higloncentrations 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 geometiand 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 a§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 surfacé area).
Also, the {110} facet of the G®. was reported to have active Twmites 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 catalysgs.
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1.5.2. Hollow geometries

Hollow geometries form a shell having inner and outer surfaces accessible for the
surrounding mediumMainly, the hollow nanoparticlebenefits of having extended
surfaces as it expos#se newinterior surfacewhich is much similar in size to treuter
surface®! The material density becomes less with the absence of the inner core. Thus, these
particles show less weight and optically more transparent than solid nanocilistss.
structures also show distinct optical, electricalagretic, catalytic and mechanical
properties depending on the sigkapeand compositiod? Shell thicknessthe porosityof
the shell and surfacdeaturesare the additionalunctionalitiesthat 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 sectiorHbwelver, gven
that the inital structure does not collapse during the catalytic reaction, the inner surface
provides active surface available for catalytic reactidridoving beyond the hollow
nature, the structural complexity of the shell material adds more functionalities to the
nanostructure. Porosity, composition, sogfdeatures, 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®¥ 2 which has its outcomes and drawbacks. Temjilased synthesis methods
are one of the promising approaches that are widelgtaddor a range of materialsThe
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 structure
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suitable to introduce the required morphological complexity of the resulting hollow

nanostructures.

1.5.3. Materialarchitecture

Material design in the 3D spacanalsobe used to expose surface throughout the
desired reaction®\s examples, structural complty can be introducethroughextended
surfaces through a hierarchical arrangementf the nanostructuréé®® Isolaing
nanoparticles such that mosttbkir surface isaccessiblecan beachievedby arranging
themusingsupported surfaéor introducing porosit}. Unlike aggregated nanoparticles,
theyprovidealarge number o€atalytically active siteavailable for reactant8:*! As the
size of pores anfleatures of the interconnected network becomes smaller, most of the
material carbe converted into the surface atgmwich are the potential catalytic sites. It
reducesmaterial consumptioto accomplish the same amount of catalytic conversions
Even thoud) theequivalent nanoparticles showatvely higher surfacarea,aggregation
or the stacking them togethieinder theexposed surface to the reactioRarthermoreas
interconnectedhannelghatform the porous structure show betdctronic conduatity
compared to that of assembly of separate nanopartithess, the resistance due to the
electron transfer can be minimizad dectrocatalytic and photocatalytic reactions

performed on the porous surfefe.

The natures of thestructurearranged in the 3D space also determine rtfass
transport which is an essential feature for efficient catalygishanced mass transport

avoidsany hindrancef accessin@ctive sites by theeactants and desorbitige products
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The &posed curved surfags anotheradvantage as it introducesveralstep sitesAlso,

it is observedhat atoms in thestep siteqthe curvedsurface with unsatisfiedvalency
activates the reactants and retéon intermediated by reducing the overall energy barrier.
As anexanple,CO, molecules can bereferentiallyactivatedby these step sites in the Ag
nanostructureby decreamg theactivation energy ofhe ratedetermining step® So that
the efficiencyand selectivity towards specific prodgctan be increasedlhus, it is

essential to havarational design of the catalyst for enhanced performance.

1.6. Silver halides for material symesis

Silver-based materials have inherent optical and electronic prop&ffiashich can
be further enhanced by introducing different material designd architectures.
Controlling fast reaction rates of the formation of these sihased nanostructures is the
key approach to introduce unique designs in the nandSaderequired. 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 inhomogerieitjowever, a lack of understanding of
reaction parameters that influence the morphologigsarfuct particles hinders the well
defined and reproducible synthesis. Second, controlling precursor concentration at a
minimum level can reduce the reaction kinefftslowever, 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 fosyththesis of new materials

can be employed to obtain different material designs for potential applic3tioask 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 Agl) have unique physical and chemical propEfrties,
which can be utilized as a precursor to des@moussilver-based material structures. The
low solubilities of silve 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 morpblogies based on the different compositions and crystal structures of binary
silver halides. For example, AgCl and AgBr show rselit crystal structure with cubic
morphology. Alloying these halides each other affects the nucleation ridte sfnthesis
based on their solubilitief\lso,due tothevu r t zphaseer ba met ast abl e zi
phaseof Agl,*® alloying AgCl or AgBr with | favorsadaptingnanocrystals to theurtzite
lattice and hexagonal prismatic shap&@hese morphological features can be used as
template for the synthesis of novel architectures of sthased materials. Furthermore,
silver halides can provide precursors of Z&md halide ions with ultralow concentrations
due to their low solubilities. Such low concentrations, which are clugtigrio achieve
precisely using conventional methods, can be maintained until silver halide precipitate is
present in the solution. Thus, the development of-defined synthesis strategies and
understanding governing reaction parameters towards thetfomuod 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 structuriatures of silvebased materialssing weltdefined silver

17



chlorobromide nanocrystals due to their wadfined and tunable morphologies. Initially,

the influence of reaction parameters was investigated towards determining particle
morphologies. Then thglver 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

electrocatalyticdeactions.
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CHAPTER 2

TERNARY SILVER HALIDES: SYNTHESIS AND

CHARACTERIZATION

(Note: Content of this Chapter is adapted from the publicati®disitha C. Abeyweera
and Yugang SumTernary silver chlorobromide nanocrystals: intrinsic influence of size and
morphology on photocatalytic activitiMaterials Chemstry Froniers, 2017, 1, 1534
154, m@Pasi t ha CKowsalyeDd) Rasamamnd Yugang Sunlernary
silver halide nanocrystaj#\ccounts ofChenical Resarch 2017 50, 7, 175417610 with

permission)

2.1. Introduction

Silver halide crystals (e.g., AgCIl, AgBr, and Agl) have been widely used in
photography, one of thenportantdiscoveries, for several centuries since light irradiation
converts silver halides to dark metallic sil¥eThe emerging of nanoscience enables the
nanometesized silver halide crystals tbe uséul as antimicrobial agent$® water
oxidation catalyst® and photocatalysts fa@nvironment remediatioh® Alloying two
types of silver halide crystals into ternary silver halide crystals gain additional
controllability over their optical properties=or examplesilver halidesaretransparent in
the 0.6~ 20 um rangand widely useds thecritical componerg of optical fibers m the
mid-infrared (IR) region. Varying theClI:Br ratio in silverchlorobromide(AgCIlBriix)

crystals can easily tune their refractive index, and this tunability makesBygcan ideal
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class of materials in the fields of IR optical signal processing-fipgcal communication,

opticalwaveguiding and targeteghotothema therapy?

The excellent and tunable transparency of ABGIx in the midIR region enablethe
AgClBriix fibers with taperedtips, which are coupledwvith scanning neafield optical
microscoly (SNOM), to imagechemical and biologicaamples that are either placed in
air or immersed in water in the spectral rangg-@ 5 ®¥hThe corresponding spatial
resolutionis determinedby theapexsize of the AgGBri.x fibers at the tapered endhich
can be improved by attachng AgCIxBrix nanoparticls with controlled sizeand
morphology. Due to the reduced sizgroperties of ternary silver halide nanoparticles can
be easily tunetly doping withforeign species compared to their bulk counterparts and the
corresponding binary nanoparticles, leading to applications with enhanced perfotfmance.
However, thesuccesstil 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 variedlena@ompositions. Phase
separation of binary halides affects the tumiformity and broad size distribution of the
final synthesis. The most successful strategy relies gueasopitation of Cl and Br ions
with Ag* ions by avoiding phase separation theds to form AgX (X=Cl or Br)
nanocrystals with neaniform composition$®!°® 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 toad@haseure synthesiddowever, the resulting

AgClBrix 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 overeaction kinetics?®

Based on the nderstanding fothe nucleation of growth processes involved in the
formation of AgC}Br1ix nanocrystalst was shown aucessful approach faynthesizing
AgClBrix nanocubes with various compositions in ethylene alyoedium?®2 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,8gGdand diffusion rate of
ionic species, which enables #ecellentseparation and contrability over the nucleation
and growth of AgGBr1.x nanocrystals.

Properties of ternary silver halide nanoparticles depend on their size, morphologies and
composition. Based on the'@r' ratio, the light bandgap can be vari€dhe changes in
absorbane exhibit different photocatalytic performance as a function of tHéB€l
ratios 2° Despite the great success in synthesizing ppase AgCkBrix nanocrystals and
evaluating the dependence of their photocatalytic activity oBClratios!® the influence
of surface crystalline facets and size, which determines recombination rate and migration
distance of excited charges, of AgBh;x nanocrystals on their photocatalytic activity has
not been investigated yet due to the lack of appropriateBgfl nanoparticles.

In this chapter the synthesis of Agriix nanocubes with different sizes and same
sized nanocrystals with different morphologwesre discussedhile 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 Ag@Briix nanocrystals with ifferent parameters even when the

reactants are the same. By simply tuning the stir rate, we have successfully synthesized
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AgClosBros nanoparticles with different morphologies and sizes, which exhibit different
optical absorption coefficients in the \o& spectral region. Using photocatalytic
decomposition of methylene blue (MB) as a model reaction, the influence of size and
morphology of the AgGlsBro.s nanoparticles on their photocatalytic responsesblean

studied

2.2. Experimental section
2.2.1. Synthesismethodof AgClo.sBro.s

Coprecipitation method in high viscous solvent was useytinesze AgCh.sBro.s
nanocage’ In this synthesis10.3 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 5nL threeneck flask. PVP serves as the capping agent to stabilizethe as
grown AgCLBri-x nanocrystals. The mixture was then heated t6068nd the temperature
was maintained until all powders are dissolved under vigorous magnetic stirring (with a
stir bar of 19.1 0.5 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 AgADos
Organics) at an injection rate of 1 mL/min using a syringe pump. The stir rate was
maintained throghout 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 Agand halide ions. The flask was fully wrapped with aluminum foil to
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prevent the possible influence of light no the reactions. ¢t s nanoparticles with

varying sizes and morphologies were synthesized with different stir rates.

2.2.2. Characterization techniques and sample preparation

Scanning electron microscopy (SEM) iges were acquired using a FEI quanta
400F scanning electron microscope operating under high vacuum. The quantitative
elemental analysis using enerdigpersive Xray spectroscopy (EDS) was carried out
using XMaxN 50 detector from Oxford instruments mouhiato the SEM. Samples for
imaging and EDS analysis were prepared by -dagiing the washed nanoparticle

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

X-ray diffraction (XRD) patterns were collected using a Bruker D&ypowder
di ffractometer with Cu KU target (& = 1.
of 209 80° at a scan rate of 0.5 degrees ‘miBamples for XRD were prepared by
depositing a drop of dispersion of nanopatrticles on a Si wafer to folickaaher followed
by drying in an ovenA Malvern Zetasizer particle size analyzer was used to measure the
hydrodynamic size/size distribution and zeta potential of the &€ s hanopatrticles,
which were prepared by mixing 0.10 mL of each reactioatsol 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 mheft¢action solution with 1.5

mL of water.
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2.3. Factors affecting size and morphology

Revealing the reaction conditions for a wad#fined synthesis is crucial for

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

Figure 2.1 SEM images of synthesized Ag@Bro.s nanocubes using stirring speed of a)

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

enables to provide threquiredconditions 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 obtainhomogeneousucleation before the growth st&pWell-separated
nucleation and growth stepssultin uniform size distribution in the narszale synthesis.

Since mixing the Agions and halide ions is critical for determining precipitation reaction
kinetics, diffusion of precursor ions needs to be facilitated by adjusting mechanical
stirring?® which is analogous to the adjusting solvent viscosity. Theaséthat influences

the diffusion of ionic specie¥ represents an efficient parameter to tune nucleation and
growth kinetics of forming AgGBri-x nanocrystals, leading to the formationtefnary
silver halide nanocrystals wittlifferent sizes and morphologies while maintaining the

same composition.

2.3.1. Stir rate dependence synthesis

Figure 2.1 compares SEM images of the ABGl x nanopatrticles synthesized from
the reaction containing halidenions with CI/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 tistir 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 AgNO
solution cannoguickly disperse and uniformly mix with the halide anions at low stir rate,
resulting in a very high concentration of Agns locally. The localized high cation
concentration leads to a fast nucleation with the formation of more nuclei, based on which

the resulting AgGBr1-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 disperstidgs and alleviate the locally high
concentration of Agions in the nucleation process, which leads to the formation of less
number of nuclei and larger Ag®lri-x nanoparticles correspondingly. Figure 2.1b and
2.1c present SEM images of the nanopawisinthesized 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 sumiform distribution of Ag ions in the
reaction solution also accounts fdret somehow nconiform size of the AgGBri-x
nanoparticles (Figure 2.4@. When the stir rate is higher than a critical value (i.e., 200
rpm), the injected AgN®solution can instantaneously mixed with the halide solution to
promote nucleation in the wheoreaction solution, leading to the formation of more nuclei
and smaller AgGBri-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 AgCIBri-x nanoparticles become smaller in size. It is worth pointing atittigh

stir rate is beneficial for synthesizing AgBi1-x nanoparticles with uniform size and cubic
morphology due to the uniform mixing of reaction ioRgyure 2.1e and 2.1f present the
SEM images of the samples synthesized at 600 rpm and 800 rpminghbeir high
morphological and dimensional uniformity with average sizes of 39 nm and 42 nm,
respectively. The influence of stir rate on the size of ABG!x nanoparticles is
summarized in Figure 2.2, revealing a volcéyyoe dependence that consistdwariation

of hydrodynamic particle sizes.
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Regardless of the stir rate, thesamthesized AgGBri-x nanoparticles exhibit the
very similar XRD patterns in terms of peak numbers, peak positions, peak symmetry, and
relatively peak intensity (Figure 2,3pdicating the same composition and faeatered

cubic (f.c.c.) lattice of AgGBri-x nanoparticles. The peaks centered at284.%, 45.2,

= I‘ 3 3

100 200 300 400 500 600 700 800
Stir rate (RPM)

Figure 2.2 Size distribution of synthesized nanocubes usiifigrent stirring speeds.

Vertical lines show the size distribution of each sample.

56.2, and 65.9 correspond to the (111), (200), (220), (222) and (400) reflections while
reflections of other crystalline planes (e.g., (311), (331), (420), (422)) aaly baserved.

The absence of diffraction peaks of either AgCl or AgBr crystals confirms the formation
of ternary AgCIBri-x alloy nanocrystals. Using the intplanar distance determined from
the (200) reflection peak position, the valuexoin AgCIxBri-x nanoparticles can be

cal cul ated accor di valges bfoareWengdosedd®5 fdr allwhe T h e
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nanoparticles shown in Figure 2-faconfirming that the stir rate does not influence the

composition and crystalline structure of gymthesied AgCkBri-x nanoparticles.

“ “200 RPM

Intensity

Figure 2.3 XRD pattern of synthesized nanocubes using different stirring spEseltop
and bottom axes show standard XRD patterns of AgCl (JCPDS-4858%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 ternary silver
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halides are formed. For simplicity, the composition of thsyaghesized nanoparticles

shown in Figure 2.1 is denoted as AgéBrosin the following content.

Figure 24 Elemental mapping of the 24in cubes of AgGlsBro.susing energy dispersive

X-ray scattering method

2.3.2. Influence of the PVP withdifferentmolar 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 sutfectamtrol
the size of the nanoparticles. PVP is used to stabilize the particles in the solution phase by
introducing astericbarrier between each nanoparticle. Also, as molecular weight increases,
the chain length of the polymer increases, impartigy kiscosity to the reaction medium.

With the support of high mechanical stirring (500 rpm), the addédohg disperse faster

in the medium with low viscosity than that of the high viscous medium. The mechanical
stirring rate kept constant in both expeents 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 stepyell-dispersedorecursorsesultin more nuclei which can grow as

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

Figure 25 SEM images of synthesized Ag@Bro.s nanocubes using (a) Mw~ 40000 PVP
(and 4x enlargednage as inset for clarity) (b) Mw~ 55000 PVP. (The scale bars represent
1 em). The insets schematics with relative

(The relative scale bars in the insets can be used for comparison purposes.)
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different nudeation stages and size variation. Similarly, hifigh viscous medium does not
efficiently disperse the precursaesultingrelatively less number of nuclei compared to

the above case. With tlsameamount of material, fewer nuclei grow into relativelygler
nanoparticles as shown kigure2.5b. Regardless of the average molar mass of PVP, the
cubic shape of the nanopatrticles is maintained in both samples suggesting that the
preferential binding of PVP on the (100) facet remains unchariRegardlesof the
stabilizing effect, PVP with fixed other reaction conditions shows the influence sizthe

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

for the synthesis of weltllefinednanocubeslong with the stir rate

2.3.3. Effect of relatively excess Ag/halide precursors

In a typical reaction, Agto halide ratio is chosen to have 1:1 in the reaction mixture
since any excess reactants affect the size, morphaaggomposition. As EG can act as
a reducing agent, unreadt 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 viitbgrarshape, which
shows strong absorbance of light (Figure 2.6b) in the visible regioyparedo that of

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

On the contrary, darge excess of halides in the reaction mixtym®motes the
formationof more nuclei and smaller patrticles (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 tfreemationof Br rich ternary silvehalide nanopatrticles.
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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 betwesslithghase

b _ —— AgX with
more Ag” added
—— AgX

Absorbance

400 600 800
Wavelength (nm)
Figure 2.6 SEM image®f a) synthesized silver halide nanoparticles with highlfsdide

ratio, b) U\Visible spectra of the above sample (black curve). For the comparison

purpose, the absorbance spectrurteoiary silver halidés given (red curve).

and the soluble ion&Vith the presence of excess Br ,"Ageferentiallyprecipitates as
AgBr than AgCI 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
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Figure 2.7 SEM images of synthesized nanopatrticles with low Hajideratio.

solubilizes and reprecipitates as AgBr phase other than exchanging CI with Br in the
same crystal. These factors to avoid fienationof phase pre AgCLB1ix 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 witplase.

The halide ratio, which determines the compositibthe ternary silver halide nanocube,
can be adjusted by keeping tim¢al amount constant. In the typical reaction procedure, a
slightexcess of halide (0.36 mmol) is used compared to the amount ¢0 8% mmol) in
order to facilitate its total consyption in the mixture while maintaining atmost 1:1 ratio
between Ag: halideions. 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 compogional control, the understanding and controlling of dipersion of
precursor ions in terms of controlling diffusion plays a significant rotéetermining the

size and morphology at specific halide composition.

The size and morphology of AgfsBros depend on several factors where

nucleation and growth steps are carefully control@mprecipitation between silvand
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Figure 2.8 (a) Comparison oKRD spectra ofassynthesizedind separated silver halide
nanoparticles and the same sample after adding excess Br . (b) Enlarged (200) peak of
both samplesThe standard XRD patterns of AgBr (JCPDS ne0¥49) and AgCl (JCPDS

no. 851355) are plotted with sticks at the bottom an tespectively, to serve as a reference.

halide iscontrolled 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 stegen 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. Mdganical 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 aeduling in relatively smaller particles. o
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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, sufficiesgedsion, 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 @aemperature. 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 CI /Br , the size of AgGEBro.scan be tned 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 Aganform Ag on synthesized Ag&4Bros particles and can
influence the composition. So that, the defined ratio between Ag, CI and Br can be used
to synthesize phagaure ternary silver halides and the extent of dispersion of ions can be

used to tune the zand morphology while keeping the fixed composition.

2.4. Characterization of AgX nanopatrticles: optical properties

2.4.1. Size and morphology dependent optical properties

As the composition ofhe AgCb.sBros nanoparticless 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 furkiperienents on evaluating
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Figure 2.9 Relative spectral irradiance of the Xe light source andWiB/absorbance
spectra of synthesized nanoparticles dispersed in water. All absorbance spectra are taken
using integration sphemode which account®r any scattering that can occur from the

particles.

sizedependent optical and photocatalytic properties. The integration sphere is used to
obtain each absorbance measurement to eliminate the influence of the scattering of
light.2?® 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 sutiaced fcets.
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 spotgan 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} f&cets.

Nanocubes with larger sizes exhibit stronger absorptiorttigesmaller 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 phass with surfaces
mainly bounded by {111} facetexhibit stronger absoripin than the nanocubes with a
slightly smaller size (43 nm for nanocubes versus 57 nm for nanospheres). The
comparisons highlight thatlargevolume of individual AgQ sBro s nanoparticles benefits
absorption efftiency acoss the whole visible spectredgion regardless of nanoparticle
morphology. In the range of short wavelengthQ®85 - 450 nm), the absorption of 57
nm nanospheres is stiger than that of 217 nm nanocubes, while the order is switched in

the range of long wavelength (>450 nm). This panson implies that exposing {111}
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facets is feasible to enhance the absorption of A¢BZds 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 natioclgademonstrate 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
AgClo.sBros nanoparticles was added to 15 mL aqueoligtisn 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 Ag8b snanoparticles. The
solution was then illuminated with a collimated visible lightirce (350750 nm, Xenon

light source 300WMAX-330, Asahi Spectra, Japarigure 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. bINs absorptiorspectrum 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 AgzBros nanoparticles in the visible regidn
enables thento behave aghotocatalgts to decompose methylene blue (MB)ye
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molecules under visible light illumination. The photocatalytic activity of the three
AgClo.sBros nanoparticles shown ifigure 2.5 are evaluated by illuminating the MB
solutions containingdifferent AgCb.sBros nanoparticles with a light source, which

produces collimated visible light in the range of 350-n8D0 nm.
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Figure 2.11 a) UV-Vis absorbance spectra of MB solutjevhich was mixed with a) 217
nm nanocubes b) 57 nm spheres and c) 43 nm cubes taken at different times after initiation

of photodegradatioby visible light (408750 nm) over a time span of 60 min.

The solutions are first stored in tthark for30 minutego achieve the adsorption/desorption
equilibrium of MB molecules on AggkBros 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, getsgely, 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 raetween the concentration of
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the MB monomersQ, which can be calculated from the corresponding absorption spectra
according to BeeLambert law) and the concentration of the MB monomers prior to the
decomposition reactionCf) as the function of theeaction time t). As highlighted in
Figure 2.12, the relationship exhibits a taegmented linear dependence regardless of the
photocatalysts, indicating the photocatalytic decomposition reaction follows therflest

kinetics:

wherek 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" (kif) at the early reaction stage (1 min
<t< 10 min), and 0.0049, 0.0083, and 0.0084' iikp) atthe long reaction timeg ¢ 10
min) for the reactions with 57 nm nanospherespdBnanocubes, and 217 nm nanocubes
as catalysts, respectively. The rate constaksat the early reaction stage are more
significant than thosekf) at the longreaction 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
photocaalyst Considering the higher absorption efficiency in 57 nm nanospheres and 217

nm nanocubes than that in 43 nm nanocubes (Figure 2.2), it is reasorarieltnle
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Figure 2.12 The plot of In C/Co) vs.time for each sample

that the very initial MB decomposition kinetics is mainly determined by the number of
photons absorbed in th&gClo.sBro.s nanoparticles. Once the reaction is conditioned to
reach the firsbrder reaction region, the rate constants become less depe&mdéms
optical absorption efficiency of Ag&dBros nanoparticles. Instead, the shbme rate
constantgk:) att < 10 minare mainly determined by particle size and the lomg rate

constantgki) att > 10 min are primarily influenced by particle shape.

As summarized in Table 2.1, 57 nm nanospheres and 43 nm nanocubes exhibit
similar shoritime rate constant( 0.023 versus 0.023 mff), which are smaller than that
of the 217 nm nanocubes (0.060 MjnThese results indicate that the increasing size of
AgClosBros nanoparticles is beneficial for photocatalytic decomposition of MB in the
solution with ahigh concentration of dissolved(Besides the useful reactions responsible

for MB decompositionthe excited electrons and holes can also recombine and be
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Table 2.1 Summary of the decomposition rate of MB in thd#erent time regionst(< 1
min, 1 min <t < 10 min, and > 10 min) with the synthesized Ag{zBros nanoparticles as

photocatalysts

Cimi/Co | Shorttime rate constank;, | Longtime rate constankp,

at 1 min <t < 10 min (minY) | att> 10 min (mih)

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 Ag@Bros nanoparticles exhibit relatively larger
surfaceto-volume ratios (e.g., 0.11 nhand 0.14 nim for 57 nm nanospheresé43nm
nanocubes) than the 217 nm nanocubes witurfaceto-volume ratio of 0.03 nrtt,
electronrhole recombination and annihilation become more competitive on small
nanoparticles, leading to slower decomposition kinetics of MB. The comparable rate
congants ki) of 57 nm nanospheres and-d® nanocubes imply that the type of surface
crystalline facets (determined by nanoparticle shape) playaa role when the solution
contains ahigh concentration of dissolved O At longer reaction time when the
concentration of dissolved Qs low, the rate constank.) becomes shapgependent but
sizeindependent: both 43 nm and 217 nm nanocubes exhibit the very dimice.,
0.0083 and 0.0084 mit) while the 57 nm nanospheres exhibit a lokgesf 0.0049 min’.

These comparisons indicate thatectrorhole recombination and annihilation on
nanoparticle surfacdsecomdess predominant whenl@awv concentration of dissolved-O
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is present in the MB solutions. In contrast, the type of surface fassteiated with the
shapeof nanoparticles, which might influence surface reaction turnover frequency,
becomes more important to determine the MB decomposition kinetics. {100} facets of
AgClosBros nanocubes is preferable for MB decomposition compargtlib} facets of

AgClosBros nanospheres.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF NANOPLATES AND

NANOSHELLS USING AgClosBros AS A SACRIFICIAL TEMPLATE

(Note: Content of this Chapter is adapted from the publicati®gisitha C. Abeyweera

Shea Stewayand Yugang Sun, Silver Chlorobromide Nanocubes: A Class of Reactive
Templates for Synthesizing Nanoplates and Nanocages ofr Silkmlates MRS
Advances,2019 4, 20872 0 9dndii Sasi t ha C. AbeyweAmiona and
replacement in silver chlorobromide nanocubes: two distinct hollowing mectsgnism

Mateiials Chemistry Fronfers 202Q 4, 5245310 with permissior).

3.1. Introduction

Utilizing materials beyond their weklnown properties adds more value for potential
massscale applications. Silver halides were extensively studied for their optical properties
depending on the composition, size, and rmolpgy? Apart from its inherent properties
as a lightabsorbing 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 ucial. As an example, Agilver halide hybrid nanostructures
were synthesized by irradiating silver halide nanoparticles with visible Jlightsitu
reduction of these Agions into metals were decorated as sensitizers around the
nanostructures for enheed 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 photoactiVitg. formation of Au
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decoratd 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 solypioase.

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 concetrations and material diffusion in the reaction medifirAs an
example, the precipitation reaction between silver and halide ions is controlled by tuning
diffusion of ions in the solutiohSo, the required size and homogeneity were shown to be
obtained(Chapter 2). Similarly, the silvesulfur 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 AigS bond’ In order to reduce the fast precipitation, cemications
of the precursors need to be reduced to-dwalevels. 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 wliatisathe size and
morphology of the synthesized nanostructures. Exploration of alternate strategies becomes

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

3.1.1Silver thiolates

Two-dimensional (2D)metalorganic complex (MOC) nanostructures have recently
attracted much interest due to their promising electronic and optical proféfties

Different from the widely studied 2D materials including graphéé metal
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dichalcogenide$® ¢ boron nitrides'’ and MXeneg®!® compositions of MOCs can be
easily tuned by using different organic molecules. The -kelwn selfassembled
monolayers (SAMs) of thiols on silver (Ag) and gold (Au) metal surfaces represent a class
of pseudeMOC layers supported on the metédl¥he siz of the pseudMOC layers can

be decreased to the nanometer scale by forming the SAMs of thiol molecules on the
surfaces of Ag nanoparticlés??> Another class of selissembled materials exist as

bilayers that results in the reaction between silverthiodl molecules.

The stoichiometric silver thiolate (AgSR) compounds were first reported by Dance
and coworker$2?4 which became attractive because of their intriguing properties and
application$2>?6As a class of selissembled bilayers, these niitks form a 2Blayered
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 bilayegssmible the structure of selfsembled
monolayers on a flat surfacérigure 3.1)The organic groups show a welldered
arrangement; thus, surface curvature is not prominent. The lateral growth of these layers
solely depends on any supporting surfddgach layer stacks on each other without any
interdigitation. Van der Waals forces adhere layers together with nelagtarspacing.

The interlayegap, thus, is determined by the length of the thiol moledife.

Either the solutiorphase reactions oretphysical deposition methods gretential
routesfor synthesizing AgSR. The solutigghase reactions involve the direct mixing of
metal salts and thial$ollowed by precipitation reactiorfé The geometry and dimensions

of the resulting particles areudly challengingto controldue 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.

kinetics2-28 A physical deposition involves a thermal deposition of tdtrall Ag islands
followed by reacting them with thiol vapétThe physical deposition usually requires an
extreme reaction environment and a specialized reactor, hindering its full appkéati
Despite the low controllabilitysolutionphase synthesis still represents the promising

strategy for producing AgSR nanoparticles at a low cost.

3.1.2Silver sulfides

Silver sulfide is a direct bandgap semiconductor, which shows the size and
morphologydependent optical properti@s!and the high chemical stability.Based on
the material design, silver sulfide nanopatrticles have been a potential candidate for photo
induced applications. Instead of the size and morphology of the nanopatrticles, the
introduction of hollow nature is at high interest due to their large surface and unique
properties compared to the dense nanopartiélBeveral 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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temperaturé* However, maintaining the morphology and uniformity is the key challenge
for a reproducible synthesis. Thus, d®ping a template that can form the shell structure
was sought to be a promising approach for obtaining desired sizes, uniformity with the

ability to scaleup.

3.1.3Soft and hard templates

Templates provide a physical guide for the materials to deposit simitae 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 isneatessary after the shell material has
been deposited. The absence of robust nature and the tendency to deform easily results in
nortuniform hollow nanostructures. Also, it is challenging to control the size and
morphology since the template does not offee ability to control their specific
morphology*® 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 amdrphology of these templates add an advantage
over tuning the physical dimensiotfsdowever, 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 temagure. Thus, selfemplating methods in which the template
is sacrificed during the chemical conversion benefits by removing the last additior#l step.
For a successful synthesis strategy, the appropriate templates need to be used to obtain

phase pure ahuniform 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 chaptera novel approachas discusseidr the synthesief silver-sulfur based
nanostructures with higleontrollablity using uniform ternary silver chlorobromide
nanocubésthat serve as sacrificial templates to provide the nucleation sites and precursor
Ag" with a constant low concentratiohhe synthesis sitegy was applied to synthesize
hollow Ag.S 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 growhe eaction 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 halidesntio silversulfur 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 investigateding 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 ofo ARGk
nanocubes (NC$)*® In a typical synthesis2.5 g poly(vinylpyrrolidone) (PVP, Mw

~55000, Sigma Aldrich) was dissolved in 12 mL ethylene glycol (EG, Fisher Chemical) in
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a threenecked flask. To this mixture were added 10.2 mg NaCl (Fisher chemical) and 18.4
mg NaBr (Acros Organics). The temperatwas then increased to and maintained at 60
C. The reaction solution was purged with th 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 0.3dol/L AgNOz was added at a rate of 1 mL/min using

an injection pump. The reaction continued for 2 h al®@o complete the synthesis of
AgClosBros NCs. Magnetic stirring at a speed of 340 rpm was maintained throughout the
entire synthesis. The NCs wdhen 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 nanoplate

Adding 100 €L benzenethiol (BT) (99 %,
formed 0.049 M BT solution. 1 mL of the stock dispersion of AgBllos 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 aliglissdtve
the unreacted AgGhBros 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 00.049 M 4Nitrobenzenethiol (NBT, 95%, Sigma Aldrich)- 4
aminobenzenethiol (ABT, 99%, Sigma Aldrich), and mercaptoethaMiE( 99%, Acros

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

A stock solution of 12 mM N& was prepackby dissolving 14.6 mg of N&®H,0
(Sigma Aldrich) in5 mL ethanol. A18® L a | i g u @3 stoak kolutioh was &tlded
to 1 mL of the Ag(d.sBro.s nanocube stock solution in an2L Eppendorf centrifuge tube
followed by prompt vortexing. The reactioasted 10 minutes in the dark to ensure the
complete transformation of the AgfsBro.s nanocubes. The product nanoparticles were
collected through centrifuging and washing cycles similar to that applied to thesBgszl

nanocubes.

3.2.4.Characterization afanoparticles

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 drogasting5e L al i quot s of nanop éconwafers e di s
with a size of 5 mn$# 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-Max 50 spectrometer equipped in the SEM wasd to
study energydispersive Xray spectroscopy (EDS) .-y diffraction (XRD) patterns were
obtained with aBrukerD8X ay di f fr act omet e=0.15dmm urcet i ng
The XRD samples were prepared in a similar way of preparing the SEMesaexgept
that more nanoparticles were deposited on the silicon wafers. The opticaisibM
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 pperties of nanoshells

In this experiment, Ag2S nanoshells were used as it absorbs the visible light. In a
typical experiment, 40 eL of benzyl alcoho
the AgS nanoshell stock solution weadded to 3 mL of benzothiforide (BTF, 99%, Alfa
Aesar) that was saturated withh.O'he mixture was transferred to aml glass vial
enclosed with a rubber septum. Light illumination was provided using artgysity LED
illuminator (Fiberlite MI LED B1, thewavelength of 350750 nm) at room temperature.
Aliquots of 50 €L were taken out from the
analyzed using an Agilent 7820A gas chromatography (GC) equipped with a flame
ionization detector (FID). Control experimentere done in the dark. The reference\g
solid nanoparticles were synthesized using the following procedure. 0.0773 g ok AgNO
was mixed with 0.1044 g of thiourea (SigiAklrich) in 15 mL of water. After the powders
were dissolved completely, to the wtibn was added a 15 mL aqueous solution of
cetyltrimethylammonium bromid¢CTAB, 0.0422 g), followed by heating up to and
maintaining at 166C for 1 hour in a microwave reaction vessel using a microwave reactor

(Anton Paar, Monowave 300).

3.3. Results andidcussion
3.3.1.Controlled synthesis of Agulfur based nanostructures

The reaction rate of forming AgBT from mixing Agand BT even at room
temperature is extremely fast because the solubility product (2.4>@?®-?at 20°C)

of AgBT is significantly low’ making it challenging to grow AgBT nanostructures in a
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controllable wayDirect mixing of precursor ions in the stoichiometric ratio results in the

aggregated morphology of AgBT, as shown in Figure 3.2.
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Figure 3.2 (a) Typcal SEM image and (b) XRD pattern of the AgBT patrticles synthesized

from a direct mixing of an aqueous solution of AglNDdd an ethanolic solution of BT.

Although lowering the concentration of Agnd BT is helpful, preparing low concentration
solutions vith 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, AgeBro.s NCs with weltdefined cubic geometry

and dimensions are used as sacrificial templates to provide precuisar #&gextremely

low concentration and a constant supply rate.

3.3.2.Characterization

The morphological and dimensional differences of the hollovosiaglls of AgS
and AgBT were characterized with SEM imaging.Uf&3.3 presents the SEM images of

the template AgGlsBros nanocubes that have an average edge length of 157.6 rume(Fig
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3.3a and3.3b), the corresponding hollow nanoshells oh8dFigure 3.3cand3.3d), and

AgBT (Figure2e and 2).

Figure 3.3 SEM images of (a, b) Age#Bros nanocubes and the corresponding hollow
nanoshells made of,(d) Ag.S and €, f) AgBT formed from the complete anion exchange
reactions with N5 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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= 100 nm

Figure 3.4 (a, c, ) Backscattered electron SEM images and (b, d, f) TEM images of (a, b)
the templat&AgClo.sBro.s nanocubes, the corresponding (c, d) hollow&\ganoshells and

(e, f) hollow AgBT nanoshells. The scale bar of (a) applies to (c, €) and the scale bar in (b)
applies to (d, f). The imaging contrast and dimensions of nanopatrticles and nanaghell
highly consistent between the SEM and TEM ingmdéde 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, thevoids and walls can be identified from the secondary
electrons. In the case of 4%, 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 electr@were used to distinguish the sidewalls and the void at the core since the

number of electrons which are bastattered 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 transformed2>8gand AgBT compared to the dense

AgClosBros. 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 sizess which

further discussed in section 4.3.3.

Together with the analysis of SEM images ob8ganoshells (Figure 3.3), it can
be seen thataeh wall consists of many A8 nanocrystals with an average grain size of 23
nm. The backscattered electron images highhltge wall thickness of the nanoshells of
27.9 nm (Figire 4. On the other hand, the anisotropiepiane growth of individual
AgBT plates enlarges them beyond the edges of the template) #g6d nanocubes,
consistent with the observations of the SkEMiges (Figre 3.3gand3.3h). 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 theoA8fck nanocubes

indicates that the initial slow nucleation forms only one nucleus on each surface.

The absence of XRD peaks of AgeBros (Figure3.5a) in the XRD patterns of the
product nanoshells (Figurg.Sb and 3.5c) confirms that thecomplete conversiomf
AgClosBrosnanocubes to Ag2S and AgBT, respectivelyhe 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 natepl with an
interlayer distance of 14.1.AMorphological 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 resultingetsenanoschells of AgBT
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Figure 3.5 The right column presents the XRD patternsaftifle template AgGlsBros
nanocubes,b) the hollow AgS nanoshells, anct)( the hollow AgBT nanoshells. The

standard XRD pattern of monoclinic acanthite3¢gPDF# 140072) is presented at bottom

of (c) as a reference.

and AgS, respectively. As shown in Figure-Bgless dense areas are prominent during
the conversion. Howevehe overall cage structure has not altered or destructed during the
conversion. Thus, it can be seen that the direct conversion ob.A&ye4 cages to AgS
cages. The AgCbsBros nanocubes exhibit smooth surfaces. Although the cubic

morphology remainsthe polycrystalline AgS nanoshells exhibit rough and uneven

62



surfaces, which is ascribed to the fast precipitation reaction kinetics and the formation of

high-density nuclei at the early heterogeneous nucleation stage.

Absorbance

400 600 800
Wavelengh (nm)

Figure 3.6 UV-visible absorption spectra of dispersions of AgBlosnhanocubes (black),

hollow AgzS nanoshells (red), and hollow AgBT nanoshells (blue)

The completion of the conversion is further evident by thevig$ible spectra. The
particles were dispegd 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, andJSas a transparent solution that does not show
any absorbancaithe visible region. After the reaction, the appearance of a peak centered
at 363 nm which corresponds to the ligand to metal charge transfer®fcagrdination,
shows the formation of AgBT complexes. Also, the absorbance at the visible region has
redue@d 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 AgCI0.5Br0.5 is diminished after the compietersion.

(Figure 3.6)

To further illustrate the conversion, telemental distributiowasdeterminedafter
the conversionThe EDS mapping imagéEigure 3.7)show the uniform distributions of
both Ag and S elements in tiAg>S nanoshellsHollow 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 witle 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 Ags 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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Figure38( a) SEM i mage of holl ow AgBT nanoshell

mapping of individual el ements: (b) Ag,

3.3.3.Controlling the nucleation

Although the low concentration of Agan be approximately maintained constant
using the AgQsBros NCs asa 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 aach NC surface. The smaller AgBT nanoplates orient out of
the NC surfaces and exhibit irregular shapes and sizes (F§9ee8.%). The complete
reaction of the AgGIsBros NCs forms flowedlike structures made of small AgBT
nanoplatelets (Figurg.9c). The difference of the AgBT nanoplates shown in Figlge

and3.9c indicates that a higher concentration of BT promotes nucleation of AgBT on the
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AgClosBros 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
significartly influence the geometry of the AgBT nanoplates and nanocaljiesugh the

reaction rate becomes slower (Fig@red-f).

9.78 mM BT 0.978M BT

Figure 3.9 SEM images of the products formed from the reaction of the #8is NCs
with differentconcentrations of BT: ¢a) 0.978 M and (d) 9.78 mM, at different reaction

times (a, d) 10 min, (b, €) 1 h, (c, f) 24 h. The scale bar in (a) also applie§.to (b

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 eachoA8ck NC
surface, favoring the synthesis of AgBT nanoplates with-aaaitrolled thickness and

well-defined nanocages.
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3.3.4.Controlling the growth

Figure 3.10AgBT nanocages obtained by selectively dissolving the unreacted A3y63
from the product of Figure 1c. The AgGBroscores reacted with ammonia to form soluble

complex species.

Since each side of the nanocubes forms separate plategetiréy 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 tleasizb 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 maintathas a hollow nanocage.

The reaction of AgGIsBros 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 thgrowth of the AgBT nanoplates. The unreacted AgBlos

can be selectively gsolved by mixing the product nanoparticles with ammonia, leaving
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AgBT nanocages constructed with nanoplates of desired thickitessigh stability of
Ag-S interaction avoids the dissolution of ‘Aig the AgBT structureFigure 3.10shows

an SEM image ofhe nanocages derived from the product formed at a reaction time of 30
min, which is mixed with ammonia to remove the leftover AgéBros selectively.
Although the lateral dimensions of AgBT plates in the structures are overgrown, the
structural integty has maintained to result in the hollow nanostructure. Reduced rate of
conversion, which is attributed to the solubi@gntrolled conversion, is also influential in
providing an appropriate time frame to terminate the reaction at the desired tinge of th

reaction.

3.3.5.Generalizing the strategy for other thiols

The regulation of low concentration of Agsing the AgG)sBros NCs is feasible to
extend this synthesis strategy to synthesize various silver thiolate nanoplates by choosing
the appropriate thiainolecules as the reactant. For example, NBT, ABT,lvit have
been used to reaetith the AgCbsBros NCs, forming nanoplates of different silver
thiolates, i.e., AQNBT, AgABT, and AWME, respectively (Figur8.11a-c). Similar to the
AgBT nanoplates, alhese nanoplates also exhibit layered crystalline structures that are
consistent with the corresponding XRD patterns (insets, Figdrka-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 (metalorganic) nanoplates with desirable interlayer distances.

68



T

a
5 5
8 8
2 2
£ £
c c
2 o
£ £
c d 2q9(%)
]
<20
3 3
) c
= 3
2 ko =
‘@ S
§ §15-
i= ol
S g
<) o £
o
S 10
— T A T T T T T T T T
10 20 30 40 50 60 70 5.5 6.0 6.5 7.0
2q(°) Chain length (A)

Figure 3.11 (ac) SEM images (insets) and XRD patterns of the synthesized nanoplates of
(a) silverp-aminobenzenethiolate (AgABT), (b) silvprnitrobenzenethiolate (AgNBT),
and (c) silver mercaptoethanol (BgE). (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 srrsite nanograins usually exftilnuch higher
colloidal stability than the freestanding nanocrystals with a size similar to the nanograins.
The geometry of the hollow nanoshells exmobeth the outer and inner surfaces,
promoting applications requiring large surface areas such ascplalisis. A model

reaction, i.e., photocatalytic oxidation of BAL to BAD (benzaldehyde), is used to evaluate

69



the colloidal stability of the hollow A& nanoshells (Figre 3.11aand freestanding A$
nanocrystals (Figre 3.12h under operation conditiod€** The results show that the
hollow Ag.S nanoshells maintain the photocatalytic activity over 48 hours despite a slight

drop at the long reaction time (kiigg 3.128.

BAL (nmol)

O Hollow Ag,S (Light)

“ Hollow Ag,S (Dark)

@ Ag,S nanoparticles
(Light)

0 800 1600 2400 0 200 400

Time (min) Time (min)
Figure 3.12 High-magnification SEM images of (a) Agnanoshells and (b) freestanding
Ag>S nanopatrticles (serving as controlled sample). (c) -Oependent yield of BAD
produced from the photocatalytic oxidation of BAL using the hollowSAganoshells as
photocatalyst. (d) Comparison of the photocatalytidpotion of BAD using the hollow
Ag2S nanoshell s (1) 28nahopdrticlesy dsprowctalysts tian g

short reaction time. The reaction in the presence of the holle® Agnoshells in the dark

was also studied for comparisdp) (
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Figure 3.13 XRD pattern of freestanding A§ nanoparticles that were usedaasontrol

experiment of photocatalysis

The rate decrease of the photocatalytic reaction could be attributed to catalyst
deactivation after prolongadadiation of light. In contrast, the photocatalytic activity of
the freestanding A% nanocrystaléXRD pattern is given in Figure 3.18uickly drops to
nearly zero (corresponding to the plateau of the blue curve urd=i8.129 after the
reaction lagt 6 hours. The complete deactivation of the freestandin§ Agnocrystals in
a short time is ascribed to their quick aggregation, highlighting the low colloidal stability
of the AgS nanocrystals with small sizes (&ig 3.14) The enhanced colloidal sibty
of small nanocrystal domains with expostwdarge surface areas represents one of the
unigue properties of hollow nanoshells. The results shown iar€&i§.12justify the
importance of synthesizing hollow nanoshells with controlled parameterxgtoriag

unique properties and improvitige performance of current applications.
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Figure 3.14 (a) SEM image and (b) EDS element analysis of theSAmnoparticles after
the use in photocatalytic reaction. The resuEDS analysis indicates that the atomic ratio

of Ag to S still maintained at 2:1, consistent with the stoichiometric composition.8f. Ag
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CHAPTER 4
INVESTIGATION OF HOLLOWING MECHANISMS OF AgCl 0sBros

(Note: Content of this Chapter is adapted from the publicati®gisitha C. Abeyweera

Shea Stewayand Yugang Sun, Silver Chlorobromide Nanocubes: A Class of Reactive
Templates for Synthesizing Nanepds and Nanocages of Silver Thigls, MRS
Advances,2019 4, 20872 0 9dndi Sasi t ha C. AbeyweAmiona and
replacement in silver chlorobromide nanocubes: two distinct holloweghanisms,

Mateiials Chemistry Fronfers 202Q 4, 5245310 wi t h per mi ssi on.

4.1. Introduction

Hollow nanostructures are of great interest because their unique geometrical
configurdions lead to properties different from their solid countergeror example, a
hollow nanoshell exposes bathe inner surface and outer surface to offer surface area
much larger than that of a solid nanoparticle formed from the same amount of Imateria
The enlarged surface area of hollow nanoshells is beneficial for applications requiring
exposed surfaces such as catafssnd surface plasmon resonafiédén addition to the
exposed surfaces, the hollow interior spaces confined in nanoshellsefui fas the
development of controlled drug delivéty® sensing device¥;*? nanoscale reactot$;*

and electrode materials for electrochemical energy stdrd§e.

Synthesizing hollow nanostructures g sacrificial template nanostructures
representhe 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 matetteds of
resulting hollow nanostructuré®?? Chapter 3 demonstrated Ag@Bros nanocages as a
promising template for synthesizing uniform hollow nanoparticles. The low solubility of
silver halide was used to control the precursor concentration in theosoldind the
solubility difference between silver halides and sHselfur containing compounds were
demonstrated to be the driving force for the continuous conversion. The materials with
lower solubility product constant (§ compared to that ddilver halides are potential
candidates that can be synthesized as the shell. Controllability and uniformity of

AgClo.sBros nanocages benefits for a morpholegpntrolled synthesis.

Understanding the synthesis mechanisms is crucial to widening the dgpabil
tuning the physical properties of the synthesized nanostrucfliypgcal mechanisms
include nanoscale galvanic replacement reactiomsd Kirkendall proces¥. Galvanic
replacement reactions involve redox reactions of the sacrificial templatstnarores,
which are usually composed of metalsr metal oxides with varying oxidation statés’

The nanoscale Kirkendall process is responsible for the formation of hollow nanoshells
when the outward diffusion of the template nanostructure spedigéer 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 nanopatrticles,
which can further grow and coalescence to fetnoflow interiors in nanoparticles. The
Kirkendall hollowing process can be triggered by a broad range of reactions including
redox reactiorf§ and ionic exchange reactiofidn a typical Kirkendall hollowing process,

the initial reaction deposits a thiayer 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 perspectivauniform ionic nanocrystals of silver chlomaimide (AgCb.sBro.s)
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 sulade benzenethiol replace the
halide ions, transforming the silver chlorobromide nanocubes to hollow nanoshells of silver
sulfide (Ag@S) and silver benzenethiolate (AgBT), respectively. The hollowing
mechanismmand the dimensionality of the hollow nanose@re different when different
sulfur-containing reagents are used. The difference of the hollow nanostels
determined through the comprehensive analysis of the shell grolghkinetics studies
for the conversion oAgClo.sBrosto Ag>S and AgBT wee studied using time dependent
UV-visible absorption studie¥hesize of the replacing anions and tirgstalstricture of
deposition materials were overlooked to identify the governing factors for the mechanistic
determinationThus, systematic insiginto the mechanisms and associated kinetics using
in-situ characterization methods openswnarena for further controllability and
generalizing the role of AgetBros as a sacrificial template for the synthesis ofl¥sged

hollow nanostructures.
4.2. Experimental procedure
4.2.1. Synthesis of hollow nanoshells
The synthesis of AgGHBros nanocubes was performed through a controlled

precipitation reaction between Apns and mixed halide ions with [GIBr-]=1:13%3%as
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indicated in the experimentaéction in Chapter.3Nanocubes with 160 nm in size were

used for the following conversions for the size comparison.

A stock solution of 12 mM N& was prepared by dissolving 14.6 mdNa$SOH,O
(Sigma Aldrich) in5 mL ethanol. A18® L a | i g u @3 stoak kolutioh was &tlded
to 1 mL of the Ag(d.sBro.s nanocube stock solution in an2L Eppendorf centrifuge tube
followed by prompt vortexing. The reaction lasted 10 minutes in the dark to ensure the
complete transformation of the AgfsBro.s nanocubesThe product nanoparticles were
collected through centrifuging and washing cycles similar to that applied to thesBgszl
nanocubesin the synthesis of hollow silver benzenethiolate (AgBT) nanoshells, 1 mL of
the AgCb.sBro.s nanocube stock solutionas mixed with 0.5 mL ethanolic solution of 0.49
M benzenethiol (HBT, 99%, Acros Organics) in an2 Eppendorf centrifuge tube
followed by prompt vortexing. The reaction continued for 12 hours in the dark at ambient
conditiors. The product nanoparticles veecollected through centrifuging and washing

cycles similar to that applied to the Ag@Bro.s nanocubes.

4.2.2. Kineticsand mechanististudies of transforming Ag&4Bro.s nanocubes to hollow

nanoshells

The transformation kinetics was probed using tohepemlent U\tvisible absorption
spectroscopy. I n a t vy psBrgsadnocube stodkysolutioh vase L
added to a quartz cuvette containing 3 mL of ethanol. The solution was mixed thoroughly
via air agitation using a glass pipet. With etharsolhee background reference, absorbance

at a single wavelength that corresponds to the characteristic feature of resulting hollow
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nanoshells made of A§ (490 nm) and AgBT (360 nm) was continuously recorded at
appropriate time intervals depending on thetiea kinetics. The hollowing reactions were
performed using either 40 >%dr004tVnHBMN.dlhei ¢ s ol
absorption spectra in the range of Z8ID nm were also obtained for the same procedure

to track any noticeable changes.

4.3. Resultsand discussion
4.3.1. Structural evolution

The AgClo.sBros 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 selfregulation capability to release A 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 ofdomcentration Agensureshe
precipitation rate of Agand BT (GHsSH) in a controllable manner grow the AgBT

(AgSGsHs) nanostructures by following the reactions:
2 AgClosBros 2 2 Ag+ +ClI +Br (2)
2Ag"+2CeHsSH Y 2 AgSGeHs + 2H" (2)

Figure 4.1 presents the scanning electron microscopy (SEM) images of nanostructures
formed from the mixture of AgekBros NCs (with an average edge length160 nm,

Figure4.la) and BT at different reaction times. The geometry oNi@is is almost
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Figure 4.1 SEM images of (a) AgGlsBros NCs, and the product particles after the
AgClo.sBros NCs reacted with BT for different times: (b) 5 min, (c) 30 min, (d) 60 min, (e)
2h, and (f) 9h. The concentrations of AgéHrosNCs and BT were 0.00323 M and 0.0467

M, respectively. The temperature wasm temperature.

intact after 5 mimeaction (Figure 4.1b), but a new XRD peak corresponding to the (010)
reflection of AgBT, which has a layered crystalline structremerges, indicating the
initiation of AgBT formation (or nucleation) directly on the surfaces of the A¢gfth s

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 (Figudelb and4.1c). The anisotropic lateral growth termates

at 60 min because the low concentration of Agar the AgGlsBro.s NC surfaces cannot

support a longlistance diffusion to grow the AgBT nanoplage®n larger.
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Figure 4.2 XRD patterns of the AgGkBro.s NCs (black curve at 0 min) and the products
formed from the reaction of the Ag{eBro.s 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 imtsities of the AgGlsBros reflections are presented at the

bottom for reference.

Instead, further reaction preferably thickens the AgBT nanoplates until the /y6d

NCs are completely consumed, forming nanocages (FiLded.1f).
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Time-dependenKRD spectra (Figure 4.2) show the evolution of crystal structures
of AgBT from the AgCé.sBros. Co-existence of (001) peak of AgBT and the (200) peak
ofAgClosBros the conversion provides further evidence that the silver halide nanocubes
are directly comerted to AgBT crystals as stacked plates. It does not form any intermediate
or other structures. At the end of the reaction, AgBi s is wholly used as the peaks
corresponding to AgGkEBrosare diminished (after 9 hours). Since the crystal structase
not altered for three days in the presence off$taading 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, quatiiily.

Figure 4.3 (ard) Backscattered electron SEM images of (a) AgBf.s nanocubes and the
corresponding products formed from the reaction between they &8¢k nanocubes and
NaS 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 AgClosBros with the edge length of 160 nm to A& Mainly, a similar kind of
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conversbn 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 dieng
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 evidenceefor th
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 XD pattern caibe usedo
estimate the average size of the AgBT nanoplates according to the Scherrer &yaation

shown below.

Wher e, T= thickness of t h epead flhvadphl at lalé |, k =
ma x i mu m,s tha glagingdngle. 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 aage size in the initial 90 min (Figure4), which is

attributed to the fast nucleation of AgBT on the NC surfaces followetdspreading of
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Table 4.1 FWHM (6) and position eay of the AgBT (010) reflection peak shown in

Figure 4.2, and the calculated nanoplate thicknesses (T) According to the Scherrer

equation
Time (min) | FWHM (®) (°) d(°) Nanoplate thickness (T) (nn
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

the AgBT layers and extending thedmeyond the NC edges. Reflections of AgBlros
disappear after 9 h while the size of the AgBT nanoplates becomes constant, indicating the

completion of the reaction.
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Figure 44 Time-dependent variation of the full widat half maximum (FWHM, red dots)
of the AgBT peak in the XRD pattern shown in Figdr2 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 4.5compares the average size and size distribution of the nanostructures
shown in Figire 4.1 in terms of their outer edge lengths and inner void edge lengths.
Converting the AgGlsBro.s nanocubes to the hollow A§ 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 AgS nanoshells is 119.2 nm, which is 38.4 nm smaller than the size
of the template AgGIsBros nanocubes. Converting the Ag@Bros hanocubes to the
AgBT hollow nanoshells increases the average lateral dimension from 157.6 nm to 189.2
nm, coresponding 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 Ag&4Bros nanocubes, indicating the inward diffusion ofcars
barely occurs. The significant dimensional difference between th Wanoshells 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 prowdss a
contribution to the formation of hollow A§ nanoshells with thick walls but not to the

formation of AgBT nanoshells.
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Figure 45 Average edge lengths of the template AgBlo.snanocubes, and the resulting
nanoshds of AgS and AgBT. The edge lengths of the inner voids of the hollow nanoshells

are also presented. The statistical analysis was perfarsiagl the corresponding SEM

images as shown in kige2 and 4

4.3.4. Mechanistic explanation of the hollowing mechanisms

The low solubility constants of silver sulfide (A&ywith Ksp= 6.3 x 10°° moP.L 3

at 20°C)3**and silver thiolates (AgBT witKsp= 2.4 x 102 mol'2.L2)** usually drive fast
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precipitation reactionbetween A cations and the corresponding anions in solutions,
resulting in a difficulty to synthesize nanoparticles oh&@nd AgBT in a controlled

manner.

(

AgClysBros

Stage Il

-

Figure 4.6 Schematic illustration highlighting the major steps involved amgforming
AgClosBrosnanocubes to hollow nanoshells of 28g(top) and silver benzenethiolate
(AgBT, bottom). For clarity, different materials are coded with different colors:- blue
AgClosBros, greenrAgBT, yellow-Ag2S. The arrows highlight the diffusiatirections of
various ions involved in the anion exchange reactions between the templateBxg€l
nanocubes and the reaction solutions. The edges of the nanostructures of stage Il and Il

are partially opened to portray the hollow geometry and walkii@ss 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 ®rsyrithesie
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nanoparticles in the desired quantities. In this work, ternary silver halide nanocubes made
of AgClosBros are used as an alternative precursor that can provide and maintain
freestanding Agat a low concentration. The continuous release of idgs from the
AgClosBros nanocubes ensures the availability of precursof mgs to synthesize
nanoparticles of Ags and AgBT in large quantities using #8aand HBT as anion
precursors, respectively. The reactions convert the precurson &764 nanocubes to
hollow nanoshells of A& and AgBT. Figre 1 compares the key steps involved in the

conversion from AgGlsBros nanocubes to A& and AgBT nanoshells.

The AgX (X denotes the halide ions) crystals exhibit low valud&gfe.g., 1.8 x
101 and 5.0 x 102 mol?-L'2 for AgCl and AgBr at 25°C in aqueous solutions,
respectively}* resulting a low and constanbrecentration of Agin a liquid solution at
room temperature. When an ethanolic dispersion of the ABGIs nanocubes is mixed
with a solution of either N& or HBT, a precipitation reaction is initiated on the surfaces
of the AgCb.sBros nanocubes (8ge |, Figire4.6). Snce NaS can directly dissociate into
freestanding 3 anions and Nacations in an ethanolic solution, the concentration®f S

in a NaS solution is high to react with the available freestandingaAghighrate.

Thehigh-rate precipitation of Ags favors heterogeneous nucleation on the surfaces
of the AgCbh.sBros nanocubes with the formation of higlensity nuclei. The crystalline
orientations of individual Ags nucleus are random because of the different crystalline
structures of AgS and AgQd.sBros (hexagonal lattice versus cubic lattiée§® Therefore,
the growth of the nuclei in the following reaction results in tta@asformation of the
AgClosBros nanocubes into nanostructured -8gwith polycrystallinity. h contrast,

benzenethiol molecules only release freestanding benzenethiolate aniohsviBTow
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concentration in a solution because of the weak acidity of the HBT molecules. The reaction
of the AgCb.sBro.s nanocubes with benzenethiol slowly precipisa#gBT to nucleate on

the surfaces of the Ag&dBros nanocubes, forming a low density of nuclei. Since AgBT
crystals exhibit a layered structure consisting of parallel conjugated molecularfapers,
AgBT nucleus on each surface of the nanocube rdifier anisotropic iplane growth to

form two-dimensional (2D) AgBT nanoplates.

The layers of reaction products, i.e.,28gnd AgBT, initially formed on the surfaces
of the template AgGlBros nanocubes create boundaries between the sacrificial
AgClosBros solid phase and the liquid solution phase containing precursor anions. As
reaction proceeds, the unreacted AgBlos underneath the product layers toooudy
releases freestanding Adgo precipiaite 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 (Stageutk #i9. The
crystalline nature of th@roduct layers and the size of the precursor anions determine
whether soligstate anion exchange can occur across the product layers. Th@rguct
layers are ionic crystals, in which both halide anion$ & Bt) and $ anions can
diffuse. Howeverthe outward diffusion of halide ions is faster than the inward diffusion
of S* ions. This difference of ionic diffusion in the A8 layers is ascribed to the lower
charge of halide ions (1 negative charge per halide ion versus 2 negatives ppasydfide
ion) since the size of’Sanion (184 pm) is comparable to those of the(C81 pm) and
Br' (185 pm) aniong’ Both the unbalanced ionic diffusion and the continuous supply of
Ag" from the AgCh.sBro.s nanocubes result in the formation oflbal shells of AgS. The

inward diffusion of $ cations across the A§ shells also thickens the #8)shells by
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forming more AgS on the inner surfaces of the shells. The observed morphological
transformation is consistent with the classic nanoscale Kigdemollowing proces$®
Hollow Ag>S AgChsBros nanocubes are completely converted ta\{Stage I, Figre

4.6). The involvement of the Kirkendall process results in hollow interiors with sizes
smaller than the size of the AgGBro.s nanocubes. litontrast, the AgBT product layers
are moleculatype 2D sheets, which prevent the benzenethiolate anions with large size
from penetrating the AgBT layers. This property eliminates the occurrendbeof
Kirkendall process in the reaction of the AgéBro.s nanocubes and HBT. Therefore, the
transformation of the AgG@kBros nanocubes to hollow AgBT nanoshells is dominated
only by the precipitation reaction between benzenethiolate anions amdthkans released
from the AgCt.sBros nanocubes, which produs@gBT to deposit on the outer surfaces of
the AgBT shells. The slow release of Agom the AgCh.sBro.s nanocrystals supports the
continuous growth of the AgBT films, which extends the AgBT layers even beyond the
surfaces of the AgGHEBros nanocubes duto 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 surfacs® When the size of individual layers is too large, the low
concentration of available Agations cannot support their diffusion to the edges of the
AgBT layers. Instead, the precipitation reaction of the available cagjons and BT
anions then favorshe deposition of AgBT on the basal surfaces of the AgBT layers,
thickening the AgBT layers. Continuous reaction eventually transforms the) 4764
nanocubes thollow boxes, each of which is composed of six AGBT nanoplates (Stage IlI,
Figure 4.9. Due tothe absence of Kirkendall process, the AgBT nanoshells exhibit hollow

interiors with dimensions similar to that of the template AgBlos nanocubes.
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4.3.5. Reaction kinetics

The chemical reaction kinetics of transforming the AgBfo.s nanocubes to hollow
nanoshells were analyzed by the tidependent UWisible absorption spectroscopy
becaus®f the product materials of the nanoshells exhibit different absorption spectra from
that of the template Age#Bro.s nanocubes. For example, A&shows an absorptigpeak
centered at 490 nm corresponding to its direct barfd¢2while the absorption peak of

AgClosBroslocated at 312 nm (Fige 4.7.
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Figure 4.7 UV-visible absorption spectra of dispersions of the Ag8 s nanocules (red)

and the corresponding A hollow nanoshells (green).

In the course of transforming the Ag@Bro.s nanocubes to the A§ nanoshells,
the absorbance at 490 nm quickly increases to a plateau, indicating that a fast reaction
consumes theemplate AgQdsBros nanocubes quickly. The fast reaction kinetics are
ascribed to the synergy between the Kirkendall process and the precipitation reaction of
freestanding Ag cations with highconcentration freestanding”Sanions. The reaction
completas the transformation within ~5 seconds at an initial reaction rate of 0 0&tder
the experimental conditions (kige 4.9.
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Figure 4.8 Time-dependent variation of optical absorbance at the wavelength of 490 nm,
which caresponds to the characteristic absorption peak eSAm the course of anion

exchange reaction between the AgéBIros nanocubes and the p&solution.

The characteristic absorption peak of AgBT, which increases as the reaction of the
AgClosBros nanacubes and HBT proceeds, appears at 360 nnui@&ig.93. The sharp
absorption peak originates from the ligaonemetal charge transfer. The tirdependent
increase of the absorbance at 360 nm determines the initial reaction rate for forming AgBT
nanoshellss only 0.000051¢ (Figure 4.90, which is approximately 1300 times lower
than that of forming Ags nanoshells. The slow reaction kinetics is consistent with the
absence of Kirkendall hollowing process in transforming the AgiZb.s nanocubes to the
hollow AgBT nanoshells. The lower concentration of available freestandingu®dns 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 Agb.s nanocubes.
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Figure 4.9 (a) A series of UWisible absorption spectra of the AgEBro.s nanocubes
before (black curve) and after reaction with HBT for varying times. (b) ependent

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 A§ bond o reactiorkinetics

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 Aigns results in fastereaction 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 unsubstitoéedenethiol molecuf. Thus, the
formation of AgABT is relatively faster than the formation of AQBT under similar reaction
conditions and concentrations resulting in plates with random morphologies growing on
silver halide nanocubes (Figure 4.10a). ttangler kinetics was assumed for the formation

of silver thiolates as thiolate concentrations kept relatively high relative to théAg
concentration. The plots of In (A) vs. time (Figure 4.10) show a quantitative comparison
between the reaction kinegithat 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 ratedetermine 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 sufitaminobenzenethiol shows

high electon density, thus, stronger binding with the metal canter compared to that of
benzenethiof® As a resultp-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
contolled 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 finguning of the solubility and the stability of silver and sulbonds can be

utilized for isntroducing the structural complexity of each silver thiolate.
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Figure 4.10Plot of In (A) vs. time for the formation of (a) AQABT and (b) AgBT. The rate

of the reactions at the initial atater stages are indicated on each graph.
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CHAPTER 5

SYNTHESIS OF POROUS A NANOSTRUCTURES FROM SILVER
BENZENETHIOLATE NANOPLATES AS AN EFFICIENT CO 2 REDUCTION

CATALYST

(Note: Content of this Chapter is adapted from the publicdt®asitha C. Abeyweerdie
Yu, John P. Perdew, Qimin Yamnd Yugang Sun Hierarchically 3D Porous Ag
Nanostructures Derived from Silver Benzenethiolate Nanoboxes: EnablingeiDction
with a NearUnity Selectivity and MasSpecific Current Density over 500 A/f§lano

Letters 2020, 20 (4), 28062811. DOI: 10.1021/acs.nanolett.0cO05)L8.

5.1. Introduction

As the energy requirement of the hunraneincreases, more attention was directed
on various energy sources. Mostly fossil fuel, coal, nuclear power, and renewable energy
sources were utilized to address thergy demand all around the world. Based on the
statistics from thénternationalEnergyAgency (IEA)2017, 82% of the total energy was
produced by burning several kinds of fossil fuels, including crude oil, coal, and natural
gas! The popularity of fossifuels, 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 promisifgy each economy of the countries, the associated
issueshave imposed concerns on the changes in the environment that affects life on earth.

As an example, the burning of fossil fuel results in@®a byproduct that emits into the
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atmosphere. Excessive emissawer a long time accumulatkis CO; in the aimosphere
relative to the amount that the natural carbon cycle can maintain. Even though there is a
debate on the exact effect of accumulated,@@s accepted that the G@an increase the
atmospheric temperature affecting glaciers meltdown, global ereptiterns, and other

environmental issuées.

Alternate solutions to avoid the accumulation of G@re extensively studied.
Captuing and sequestearg excess Cbeneat h the earthds surf;
Another promising strategy is to convert them into other useful chemicals that do not affect
the greenhouse effect direcly. Thus, the carbon can enter the carbon cycle without being
accumulated in the atmosphere. Nature provides an example for the conversion of
atmospheric Cg photochemically, into chemicals such as glucose and other derived
products® Similarly, the researcfocus has directed to explore other methods for reducing
CQO; into other chemicals. These approaches can be divided into four main categories,
which are electrochemical, thermochemical, biochemaadl photochemicakductions.

The thermochemical methodlies on the conversion of GQnder high temperature and/

or high pressure. As an example, the formatiomethanolfrom syngas requiresnder

high temperaturand pressure with even with the industrial catalysts (Cu/ZnO/Alurhina)
Since suclprocesseseed high energy input to drive the reacti®mhotochemical and
biochemical reduction reactions mainly mimic nature. Photosynthetic reaction centers and
specific organisms are employed to capture and convesti@® useful chemical®
However, these metlls suffer low conversion efficiencies, which is much lower than the

accumulating C®amount.
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5.1.1. Electrochemical C&reduction

Electrochemical methods rely on electrical energy that drives 1@Quction
reactions. The energy nestfor the electrochemical CQ@eduction reaction (C£RR) can
be obtained using natural energy sources such as solar, wind, and hydropower. Even though

these sources of energy are intermittent,RRIs a promising alternative stratetgystore

Biofuels Other
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Nuclear
N\
5%

Oil
32%
Natural gas

22%

m Coal m Naturalgas m Qil Nuclear m Hydro mBiofuels m Other

Figure 5.1 World energy productiom percentagebased on the energy source. Adapted

from thelEA 20171

these surplus endgginto the chemical bondsSince renewable energy is harnessed in

the form of electrical energy, the electrochemical method can be dowfiteany of the

natural sourcesAnother advantage is that these reactions can be performedmitder
reactionconditions so that thenergycost can be minimized. Thermodynamically, thexCO
reduction reactions show relatively low energy chafigile 51). However, the kinetic

barrier associated with elementary steps increases the overall energy need for a complete

reaction. Thus, the overall efficiency of €nversion becomes low. Designing catalysts
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that can further minimize activation energy anttdduce specific reaction pathways for

the conversion of C&nto valueadded products isaitical requirement tatilize CO;RR.

COe reduction mechanisms and rditmiting steps were extensively studied to identify and
mitigate activation energy barriens the CQ reduction reactionBased orthe widely
accepted mechanisnrhe initial reduction occurs by a transfer of an electromostable

COz molecule which is referred to as the G@ctivation step.

CO,+ e Y COy

Table 5.1 Thermodynamic potentials of G@eduction reactions in the agueous medium

at room temperature. All potential is indicated relative to the standard hydrogen electrode

(SHE).
Cathode reaction pHO pH 7
1 2H'+ 2 e z H 0 -0.41
2 CO,+2H+ 2 e z HCOOH -0.17 -0.58
3 CO+2H+ 2 e 2z,0CO + H -0.10 -0.52
4 CO+6H+ 6 e 30# + GOl 0.02 -0.40
5 CO,+8H +8ez CiH2HO 0.17 -0.25
6 2CO+12H+ 12 kla+4HO 0.08 -0.34
7 2CO+14H+ 14 2kle+4 HO 0.14 -0.27
8 2CO:+12H+ 12 ez CyHsOH + 3 HO 0.08 -0.34

An abstraction of electron causes the.@@lecule to be bent from its linear geometry,

causing a minimum electron transfer ret@his reaction is a highly unfavorable reaction
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which requires 1.9 V (vs. SHE) potentiaf Following the above electron transfer step,
several concerted electrondaproton 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 £kctro reduction imainly due to the highly
unfavorable initial activation stefhus the stabilization of C® intermediate was broadly

discussed as it enables increasing overal @@uction efficiency

The development of materials for @@duction focuses on improving conversion
efficiency and selctivity. The efficiency depends on the stability of the intermediates.
Catalytic surface or the reaction medium that stabilizes the @@ion can reduce the
energy required to perform the conversigmother major challenge is to improve
selectivity towads a specific C®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 disadvantagks an example, CO is proposed to be onehef 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
formedin thesystenbefore it gets further reacted. Thus, the catahysbits the formation
of other CQ reduction products showing high selectivity towards CO formatidm.an
agueous medium, the formation of &long with the CQ@reduction is widely observed to

hinder the product selectivity.
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Several conditions carffact to signify competitiveHER, which can be unfavorable
for the CQ reduction process. Most studies suggest that the surface adsorbed H produces
H. as the potential required for HER is lower than the; @&luction reaction¥:
Furthermore, the reactioparameters such gsH, temperature, reactant amdoduct
concentration, the extent of mixing of precursanmsd the material design influences the
extent of competitive HER>>®However, this reaction can be advantageous based on the
desired product’ As an example, a controlled amount of hydrogen production can be
beneficial when syngas (CO and)Hk the desired produét.Additional tunability of the
ratio between CO andzdan be achieved with the appropriate bias potential and the nature
of the caalytic material. Use of appropriate cataly/gtat mitigates competitive reactions
and favorsa single reaction pathway would be beneficial for efficient and selective CO

reduction.

5.1.2. Metal catalysts

Metals show distinatatalyticpropertiedor electochemical reduction o€0O,. Based
on the end productshe metals are categorized into thne&in 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 @@uction. 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 initied@@i@ation step’:°
Thus, the activation barrier #fL.9 V applies tahe overall conversioriThe *CQ,  (*

denotes the surface adsorbed spedmeymediate then reacts with a proton from the
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aqueous medium forming *HCOO intermediate. The catalyst surface should show the

activity towards the C@absorption and hydrogensdrption to show preferential

Not adsorbed CO,+e Adsorbed

o _ 0
O\\_"'/O \‘-C"/
C
JHZO P
o .0 JHzO
+Oh o OH
H\ "
J e .
o) O- J
2
\C/
|
" co C)\\C
-
Group 1
Hg, Pb, Bi etc. Group 2 —
Au, Ag, Zn etc.
J nH*, ne
Hydrocarbons,

alcohols, etc.

Group 3
Cu

Figure 5.2 Overview of the widely accepted G@eduction pathwaytowards specific
products that categorize the methlased on their primary produotan agueous solution

n denotes the numbef electrons.

selectivity towards HCOOH formation. Reaction mechanisms can be slightly different

based on the way the G@olecule interacts with treurface. Computationally, it has been
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demonstrated that the G@olecule can bind with the two oxygen imcules to the surface,

and surface adsorbed H can reduce.CO

Although this reaction mechanism does not support the formation of *©@rmediate,
the surface activity towards abstraction of H remains the main feature for their selectivity

towards formate formatioH;2°

Another leading product is CO. The reaction pathway starts with the CO
activation, which is the ratdetermining step of the total conversion. In an aqueous
medium, a proton can attack the *¢Oradical and form *COOH interediate. After
concerted electron and proton transfer, the *COOH intermediate results CO on the surface,
removing OH as kD. The stability of the reaction intermediates influences for the
selectivity and also the efficiency of the catalyst. Metals suduagu, Ag, Zn, and Ni
shows moderatbinding energies for th&CO, intermediatewith high CQ redcution
current density! 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?2

The metal surfaces that shows high binding enengits CO promotes the further
reduction of CO into higher carbon products such asr@; hydrocarbons and alcohols.
The conversions involve mulélectron transfer steps, which result in th@altconversion
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 GQ@ctivation step, followed bthe formation of *CO?3 As the

number of steps increases, each conversion takes different routes affecting the selectivity
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among other €and G products. For example, it is proposed to form *CHO intermediates
on the Cu surface by reducing *CO, after seveyalrbgenation stepd This continues
further, to form CH, CHOH, GHa, C:HsOH, and other mulicarbon productsThe
stability of both intermediates become crucial for enhancing efficiency for the direct

conversion of C@to hydrocarbons and alcohdhs.

5.1.3. Physical and chemical properties of the metals

Nanostructured metals represent a class of promising catalysts giRBR@Bpending
when their binding affinities towards G@nd CO (the common intermediate) are
appropriate®2’ In general, strong binding @0, on the catalyst surface favors electron
transfer from the catalyst to the adsorbed, @®lecules, facilitating the dissociation of
the strong C=0 covalent bonds that exhibit bond energy of 532 kJ in one mole of
freestanding C® molecules (or 5.52 eV ni one CQ molecul&®). Therefore,
electrochemical injection of electrons into adsorbed @Glecules still requires a negative
bias as large &s..9 V even in the presence of a catafystSuch a large negative potential
can easily drive hydrogen evoloti reaction (HER) in protic solutions (e.g., aqueous
solution) to compete with eGAR, dramatically reducing the Faradic efficiency of the
eCQORR2° The inefficient electricato-chemical energy conversion represents one of the
major challenges in eGBR, which demands the assistance of {pglformance eCERR
catalysts with optimal designs. Moreover, an ideal catalyst should exhibit a high mass
specific activity to be costffective and sustainable, in particular for the catalyst made of
precious metal®®3! One straightforward strategy is to expose a large surface area by

engineering the geometry and 3D architecture of the nanostructured metal c3atysts.
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For example, monolithic porous silver (Ag) films with interconnecting nanosized pores
have ben demonstrated to exhibit large surface area and stablR&Qg@rformancé*3®

Lu et al. selectively dissolved Al from a Ad alloy film to synthesize a porous Ag film,
which presented a masgpecific activity of 0.2 A/g towards eGRR 3¢ 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 masspecific activities of 2.84 A/§’ Although the higkdensity nanosizepores

in the Ag films enable the exposure of laiyea surfaces, the small lateral dimension of
the pores limits the diffusion of GOnolecules to the Ag surfaces and the diffusion of
product CO molecules always from the Ag surfaces, leading to a Hifftoufully 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
andthe 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 work3® The resulting hierarchical thretmensional(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 reactivespec
the course of eC4RR, 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 eartocag

influence the adsorption/desorption of reactive species, thus altering the selectivity towards
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eCORR. The HER process is significantly suppressed to improve the Faradaic efficiency
of eCORR up to 94% with CO as the sole product. Such a simultareanisol over
porosity and surface chemistry in metal nanostructures shed light on designing and
synthesizing higfperformance catalysts towards efRB with superior selectivity and

mass activity.

5.2. Experimental procedure
5.2.1. Synthesis of silver benzenethiol#fgBT) nanoboxes

The synthesis started with the preparation of ternary silver halide ¢A8)Gk)
nanocubes by following the procedure reported elsewfétén a typical preparation of
AgClosBrosnanocubes, 2.5 g of PVP was first dissolved in 120G in a 56mL 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 atmospheraeahe solution. The flask was
covered with an aluminum foil to prevent any possible undesirableitighted reactions.

The solution was then heated up to°60and maintained at this temperature until all salts
were dissolved. 1 mL EG solution of 0.3 AgNO3z was added to the warm solution

at a rate of 1 mL/min using a syringe pump. Mixing AgiNuxth halide ions triggered the
precipitation reaction to form Ag€&4Brosnanocubes. The reaction lasted 2 hours to ensure
the completion of nanocube growfFhe nitrogen atmosphere, the temperature F0

and magnetic stirring of 300 rpm (with a stir bar of 19.1 mm x 9.5 mm) were maintained

throughout the entire synthesis. The product solution was transferred-taladntrifuge
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tube, following by the @dition 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 weatispersed in 20 mL of
ethanol. The new dpersion 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 he thiophenol solution was then added to the dispersion ofoABfGk
nanocubes, following by vortexing for 2 min. The dispersion was placed in the dark for 24

h to complete the transformation of the AgéBro.s nanocubes to AgBT nanoboxes.

5.2.2. Material claracterization

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 wgsehen
dried in a fume hood at ambient condition and in the dark. Energy dispergiag X
spectroscopy (EDS) and imaging were performed in the same microscope witWté' X
50 spectrometer (Oxford instruments). The SEM images of Ag nanostructugéssen
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 a=K340 A) targetThe 2fwas set in the range of B0degrees, anthe scan rate
was 0.4 degree/min. Transmission electron microscopy (TEM) images were obtained using
a JEOL JEM1400 electron microscope. The sample of electrochemically reduced AgBT

was prepared by adding an ethanol drop on to the electrode of reducédaNgied by
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exfoliation of material directly using a TEM grihermogravimetri@analysis (TGA) was
performed using TA Instruments 4Res 2950 Thermogravimetric analyzer to determine
the decomposing temperature of AgBThe Fourier transforminfrared (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 desgion 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 amkiof precursor for preparing the egRR
catal yst. An aliquot of 20 eL of the 1ink
carbon electrode with a size of 0.9 8.9 cm (i.e., 0.81 cfin area). The ink was dried
for 30 min in a vacuum oven sett °C. This electrode was used as the working electrode
in a homemade thresectrode cell connected to a CHI 604E electrochemical workstation.

A Ag/AgCI electrode immersed in a saturated KCI aqueous solution was used as the
reference electrode and a Pravas 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 pretaited by soaking a piece of 4 cm x 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. Bth compartments were filled with 0.1 M KHG@queous solution, which
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was purged with higipurity CQ for 30 min. Applyingi 1.2 V (vs. RHE) bias to the
working electrode reduced the AgBT nanoboxes to Ag nanocages on the glassy carbon
electrode. The reduat lasted until 2 coulombs of charges were passed through the cell,
ensuring the complete transformation of the AgBT nanoboxes to Ag. An additiemah30
purge of CQwas applied to remove any possible gaseous products (e.g.Jd@atHvere
formed in he course of electrochemical reduction of AgBT from the electrochemical cell.
The compartment containing the working electrode was then sealed while tHo®WwO

was continued above the electrolyte solution to maintain constant saturation iof t6&©
electrolyte. Linear sweep voltammetry (LSV) was performed from 0\Mt&8 V (vs. RHE)

at a scan rate of 10 n@&". In a quantitative measurement, the GPw 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 freshiynwgrepa
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. KCI) + 0.199 V + 0.0592 x
pH.

5.2.4. Analysis of the products generated from the electrochemical reduction

In a typical analysis of the electrochemical reduction productsyiLO8f gas was

sampled using an airtight syring@m the headspace of the compartment containing the
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working electroé. 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 Mere used to calculate the partial current densities and
Faradaic efficiencies of indigual products. The quantitative analysis was calibrated with
the standard gases (Scott MMix). Nuclear magnetic resonance (NMR) spectroscopy
was used to analyze the liquid products formed and dissolved in the electrolyte. A sample
was prepared by addirig500 mL of the electrolyte in a NMR tube. To the NMR tube was
added 0.200 mL of 5 mM Dimethylsulfoxide (DMSQO) solution dissolved in deuterated

water that served the internal standard.

5.2.5. Quantifying themass of theatalyss

The amount of materials usedrfeatalytic reactions were calculated using
inductively coupled plasma (ICP) atomic emission spectrometer (AEG)0 ¢ L of t he
(AgBT dispersion in ethanol) wasnadbmglest ed
disposable centrifuge tube (Fisherbrarffier 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 usirgESPinstrument.

The concentrationof Ag n t he prepared dispersion = 15

Amount of Ad in the prepared dispersion = 15 egM IT3L14.00 |
= 0.21 emol

Amount of Ag in the ink which was used for preparing 3D porous Ag nanostructure catalyst

= 0.21 emol I (20 ¢
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=0084 ¢ mol

0.084 emol 1 1 107.

= 9.06 g

Mass of Ag catalyst on the electrode

5.3. Results and discussion

5.3.1. Synthesis of porous Ag
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Figure 5.3 SEM images of(A) AgClosBros nanocubesand (B) assynthesized AgBT

nandoxesassemi®@d on a Si substrate, afid) XRD patterns of th&gBT nanoboxes and

AgClo.sBros nanocubes.
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Nanoboxesnade of AgBT nanoplates has been successfully synthesized through the
controlled chemical transformation of AgGBros nanocubes with an average edge length
of 160 nm(Figure Al)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 (Figur&.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-magnificationSEM and B) TEM images of a typical sample of the
assynthesized 3D porous Ag nanostructusgsapplying 2C chargapplyinga potential

of i 1.8 V.
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the AgBT nanoplates are crystallized iragdred crystalline structufewith an interlayer

distance of 14.1 A (Figurg.3).

The unique 3D bokike 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 0@duction. We have transformed the AgBT
nanoplates to 3D porous Ag nanostructures on glassy carbon electrodes thrsitigh in
reduction of the AgBT nanoplates by applying a negative potential in an electrochemical
cell (Figure5.4A). For example, passing 1 C electrons®® V (vs. RHE) through a glassy

carbon electrode coated with the AgBT nanoboxes fully reduces the AgBbmasato
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Figure 5.5 XRD patternof 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 fagentered cubicAg crystal, indicating that the AgBT

nanoboxes were completely reduced to Ag.
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metallic Ag nanostructures following the reaction

AQ(CeHeS) + € - Ag + GsHeS .

The XRD pattern of the resulting structures on the glassy carbon electrode solely
corresponds to the reflections of crystalline Ag with faeatered cubic lattice (Figure

5.5), confirming the complete conversion of AgBT nanoplates to metallic Ag.

On a ghssy carbon electrode covered with a thick layer of AQBT nanoplates,

Figure 5.6 SEM imagesf the AgBT nanoboxes on a glassy carbon electrode (A) before
and (B) after reduced by flowing different amounts of electronsO@YL, (C) 1 C, and
(D) 2 C in an electrochemical cell. The applied potential wta® V (vs.RHE). The scale

bar in (A) also applies to (B). The scale ban (A) applies to all images
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electron transfer througthe AgBT nanoplates is relatively inefficiebecause 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 haginiguctive 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 eleddroninf Ag leads to the
formation of reticulated Ag nanostructures after the AgBT nanoplates are completely
reduced (Figur®.6). In this solidstate conversion, the metallic Ag atoms are unlikely to
diffuse freely. As a result, the exclusion lménzenethiolate ions (BY from the AgBT
nanoboxes results in nanoscale pores in the resulting Ag nanostructures that still preserve

the 3D boxlike geometry (see SEM image in FigirdA).

Both the 3D boxike 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 spectfi@ectrochemically

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 sround 10 nm and all the ligaments are interconnected (Figure
5.4B). Some of the excluded BTons in the course of electrochemical reduction can be
re-adsorbed onto the Ag surfaces exposed to the electrolyte solution, which is confirmed
from the energndispersive xray spectroscopy (EDS) characterization (Figbu/d and

Fourier transform Infraed (FT-IR) spectrum (Figuré&7).

5.3.2. Electrochemical C®reduction

' ,{‘)' Catalyst deposited
“ ' glassy carbon (0.9 cm
x 0.9 cm) electrode

Nafion 117
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Ag/AgCl/sat. KCI
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Anode & Air-tight
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Figure 5.8 H-type electrochemical cell used to performBa.

The D porous Ag nanostructure-situ derived from the electrochemical reduction
of AgBT nanoboxes can serve as active catalyst falRROThe CGRR has been carried

out using a homemade-tylpe cell (Figurés.8) at ambient temperature and pressure. In the
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cathode compartmenan aqueous solution of 0.1 M KHG® saturated with C©and
gently stirred to promotdhe diffusion of both reactant and product species. The
polarization plot of the catalyst in G@aturated electrolyte shows more than one order

increase in current compared to that measured-gaturated electrolyte (Figuge9).
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Potential (V vs RHE)
Figure 5.9 Polarization plos of the electrodes covered with the 3D porous Ag
nanostructures of Figure 1@ (red) Ne-purged and (blackFO.-saturated 0.1 M KHC®

agueous solution. The linear scanning rate of the applied potentiaDwa¥/s

Gas chromatography (GC) analysis of the (@gsical spectrum is shown in Figure
A2) and nuclear magnetic resonance spectroscopy (NMR) characterizztidhe
electrolyte(Figure A3)reveal that the product of cathodic reactions contains only CO (from
CO:RR) and H (from HER). In the absence of G@n the electrolyte, the current is
dominated by HER on the electrode surface. The comparison indicatédsetiparous Ag
nanostructures exhibit a highly selective catalytic activity towardREOn the presence

of sufficient CQ. The current onset potential (i.e., at which a measurable current start to
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generate) shifts from0.45 V (vs. RHE) to- 0.15 V, furtker confirming that the as

synthesized porous Ag nanostructures favor catalyzingRBQather than HER.
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Figure 5.10(A) Faradaic efficiency of CO formation through efRR as a function of the

applied cathodipotential. (B) Masspecific current density for (blue) e@RR to form

CO, (red) HER to form K and (black) total electrochemical reduction reactions. The

narrow stripe covering all the data points effetmation highlights that the formation rate

of Hz is independent of the applied cathodic potential.
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As shown in Figur&.10A the selectivity towards eGRR exhibits a Faradaic efficiency
(FE) up to 96% for the formation of CO and an aspacific current density as high as 6.0
mA/cn? at a potential of 1.03 V (vs. RHE) (Figur&.10B). In contrast, the competitive
HER shows a much less current density of only 0.25 m#&ichnis interesting that the
production rate of k(corresponding to the current density) remains almost independent of

the applied potatial while the production rate of CO dramatically increases at high

overpotentials (i.e., more negative potentials).
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Figure 5.11 Areaspecific arrent density ofeCORR using the 3D porous Ag

nanostructures of Figure 5a4 catalyst.

Therefore, the increase in FE toward eRR with the applied overpotential presented in
Figure5.10Ais ascribed to that the 3D porous Ag nanostructures of Figdlebecome

more active to catalyze the electrochemical reduction of t6@O & 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 hollowstbe 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 /aReCO
and benefits fast diffusion of reactant and product speciesag/fom the Ag surfaces,
enabling high masspecific current densities (Figusell). For instance, the maspecific
current density for eC£RR to CO reaches 435 A/g as the FE of forming CO becomes 94%

at potentials of 0.85 V (vs. RHE). Upon increasirige overpotential further, the mass

efficiency further increases without reaching a saturated limit even at a potentlaD8®f
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Figure 5.12 (A) Areaspecificcurrent densities and] Faradaic efficiencies dbrming

individual species using th®re glassy carbon electrode.
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V, at which the masspecific current density for CO formation is 502 A/g, corresponding
to a FE of 96%. To our knowledge, this represents the highestspesi§ic current density

for selective eC@RR toward CO formation on Ag catalysts (Tablé). 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 in3.dplen conrast, this
limitation is alleviated in 3D porous Ag nanostructures of Figudedue to their unique
hierarchical porosity, resulting in a continuous increase in current density with cathodic

potential even up t61.03 V (vs. RHE).

Although we havdried 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 teRID The control experiment using
the bare glagscarbon 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 inceases dramatically with the cathodic overpotential (Figut&. Despite the
possibility of reduction of Cexo CO at high cathodic overpotential, the corresponding FE
on the bare glassy carbon electrode is still below 10% in the range of appliedahoréeti
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 Figure5.12A versusalmost constant foFigure 5.11)
excludes the possible contribution of uncovered glassy carbon to electrochemical reduction

for the electrode of FigurB.4A. Therefore, the inertness toward HER at high cathodic
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potentials for the 3D porous Ag nanostructures shown in Figdrepresents 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 thadsorption 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 \to form Ag nanoparticles wittherelease of diphenyl disulfide §85S)
into the gas atmosphere, avoiding theadsorption of BT ions on the Ag surface. As the
AgBT crystal melts at high temperature (above 30ased on the TGA given in Figure
A4), the boxlike geometry deforms into aggregated particles with irregular geometries and
broadly distributed sizes (FiguBel5A). The EDS analysis confirms the absence of S in
the aggregated Ag patrticles (Figugd4). Such Sfree Ag nanoparticles exhiba lower

catalytic activity toward CeRR,

Area-specific
Current density (mA/cm?)

10 08 06
Potential (V vs RHE)

Figure 5.13 Faradaic efficiencies of GBR on thermally reduced AgBT.
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showing a maximum FE of only 82% (Figusel5B) far below the unity. Due to the lack

of porosity in the thermallreduced Ag nanoparticles, the maximum messcific current
density for CO generation ai..05 V (vs. RHE) is only 3.3 A/g (Figuige15C), which is
more than two ordetdswer than that measured from the 3D porous Ag nanostructures of
Figure5.4. The areaspecific current density of producing CO can still reach a high level
of 2 mA/cnt by loading the thermally reduced Ag nanoparticleto the electrod@Figure

5.13. Different from the 3D porous Ag nanostructures shown in Figutethe CORR
product onthe thermally reduced Ag nanoparticles shown in FigutBA contains both

CO and CH at high cathodic overpotentials (Figigd5C). Formation of CH indicates

Thermally Ag
reduced
Electrochemically
reduced

W
/Ag\’) Ag

~—_j\‘—/\J

200 25 30 35
X-ray energy (keV)

Normalized cps (eV)

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 358 in N> atmasphere. The absence of S peak for the thermally reduced

Ag nanoparticles indicates that thermal process prevents-tsoeption of thiophenol.

Two spectra were offs&ertically for visualclarity.
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Figure 5.15 (A-C) Charaterization of the Ag nanoparticles formed from thermal

decomposition of the AgBT nanoboxes.-fp Characterization of the citratapped Ag

nanoparticles directly synthesized from colloidal chemistry. JASEM image (B, E)

Faradaic efficiency (FE) of faing individual product species through electrochemical

reduction reactions using the Ag nanoparticles as catalysts) (@assspecific current

densiy responsible for forming individual product species
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that the adsorption of CO molecules on the clsgusurfaces of the nanoparticles of Figure
5.1%A is stronger than that on the 3D porous Weqostructures decorated with Bidns.

The stronger adsorption of CO intermediateleculesenablethem to be further reduced

to CHs molecules before they leave the Ag surface. The increased production rates of CH
and K at high cathodic overpotentials indicate that the clean Ag surfaces become more
catalytic active toward HER. The difference in the product and FE eRR®etween the
electrochemically reduced 3D porous Ag nanostructures and the thermally reduced Ag

nanoparticles highlights that the surfaamsorbed BTions can suppress HER.

It is well known that chemical functionalization of a metal surface influences
adsorption of eactive species and electron transfer at the metal/electrolyte intErféce.
Such surfacenodificationsusually alternate the kinetics and selectivity of electrochemical
reactions, as witnessed by the variations of current density and FE of individdatis:

For example, colloidal Ag nanopatrticles capped with citrate ions (FigUs®) exhibit a

low FE of ~50% for CO formation and a high HER activity (FighBbE). The thermally
reduced Ag particles and the citrai@pped Ag nanoparticles exhibit reapecific current
density for COGRR much lower than that obtained using the 3D porous Ag nanostructures
as catalyst (Figure 5C, F). Thesurface capping speciasuallyact as a physical barrier

to prevent CQadsorption and electron transfer from Aghoparticles to thadsorbates

The Tafel plots in Figurb.16 shows electron transfer kinetics on the citieapped
Ag nanoparticles is suppressed compared to that on the clean Ag surfaces of thermally
reduced Ag nanoparticles3@mV/decade versus 68nV/decade for Tafel slope). On the
other hand, the 3D porous Ag nanostructures adsorbed witloB3 (~4.8% in molar ratio

of S/Ag) exhibits a mostly similar electron transfer kinetics towards the CO formation
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comparedo the thermdy 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 CO: molecdes. Moreover, the adsorbed BTons donot significantly influence the
supply kinetics of adsorbed GOnolecules since it is mainly determined by the diffusion

of CO, to the Ag surface rather than the adsorption strength efo@@he Ag surface. In
contrast, the surface modification w1 ions promote desorption of CO molecules and

suppresses the HER

B Porous Ag

1.04{ ® BareAg (thermally reduced) o
| & Citrate Capped A ® -
Ag NPs @

A

0.8 1

n(v)

06/ 186 mV/dec

230 mV/dec
04
190 mV/dec

2 a4 0 1
log (J_, (mA/cm?))
Figure 5.16 Plots of overpotentialq) as a function o€urrent densityf forming CO using
different eCORR catalysts: (black, squares) 3D porous Ag nhanostegthown 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 othe catalysican be increased by choosing a substrate widrge

surface densityfor potential commercial applicationsigure A6 A shows theAgBT
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deposied on the carbon clotbonsising of carbonfibers woven into a fabri¢hat has
extended surfaceompared to thélat glassy carbon surfacéhe SEM image# Figure

A6b showsthe carbon fibers covered withorous Agafterthe electrochemical reductipn
which aresimilar to theporousstructure deposied on the glassgarbon surfacelhe as
synthesized 3D porous Ag nanostructures are stable in the course of continuous
electrochemical reduction (Figur®5). These initial results show the feasibility of
employing the catalysts in maseale for practical applications bygviding a large and

conductive substrate.

5.3.3. Theoretical calculations

To provide more irdepth information on electrochemical processes at the
microscopic level, firsprinciples calculations have been performed using density
functional theory (DFT) antthe projector augmented wave (PAW) method as implemented
in the Vienna ab Initio Simulation Package (VASPYhe metaGGA SCAN density
functional?® which is known to predict accurate geometries and energies of diversely
bonded systems including metalénd van der Waals bonds, is used to evaluate the
molecule adsorption on metal surfaces32321 MonkhorstPack kpoint mesh and a plane
wave basis set with an energy -oiit of 520 eV are used. The calculations of molecule
adsorption are performed id 4 supercells of Ag (111) surfaces in order to minimize the
effect of adsorbatadsorbate 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

A is imposed to avoidhe interlayer interactions. Atomic structures are relaxed until the
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final force exerted on each atom is less than 0.02 eV/A and the change in total energy is
less than 1@ eV. Dipole corrections are included for all the surface slab calculations.

It is well known that the hydrogen adsorption free enem§¢) is the most
important factor for describing the HER activity in acidic solutibng/hile in alkaline
solutions, besides the thermodynamic free end@@y-, 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 watriatisn and the
relative H*/OH* adsorption free energies. When benzenethiolatds&) ions adsorbed
on Ag surface (i.e., the surface of the 3D porous Ag nanostructures shown in Figure 1), the
adsorption free enerd)G for hydrogen varies and is compdt@sDGH+ = En+ T 1/2EH2 T
E:, whereEn+, Ex2, andE- 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 adbptdref.47.

Calculations with the RPBE functional shows tig++ on a Ag (111) surface
modified with BT is around 0.56 eV. The result indicates that the existence 0ioBS
weakens the binding of hydrogen. The calculations based on the SCAN fulié v
rise to aDGh+ 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
energyof 0.8 eV (entropy correction not included, Figur&é?. Our calculationshow
that, after the modification of Ag (111) surfacgth BT , H atomthat is initially placed
close to the BT moleculends to be adsorbed on the S atom W@+ of 0.44 eV.The

bond formation between hydrogen and S introduces a charge transféyfiloogento
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Figure 517 (A, B) Calculated structure of Bhdsorbed on the Ag(111) surface, indicating
the S atom binds to two Ag atoms through a deidtonfiguration. (C, D) Preferred
adsorption of H on the BTmodified 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 elongatefigSonds

after hydrogen binding. As a resudGr+ increases to 0.44 eV for hydrogen binding on the
moleculeadsobed surfaceWith the surface modification of BT t he @GH* f or
adsorbed on thag (111) surface that is far away (i.e., >6.0 A) from the S atmmeases

to 0.34 eV. Thi s over al-modified Agr (214)sserface i1 @GH*
responsible for the observationHiER suppression using the 3D porous Ag nanosiras
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(with adsorbedT ) of Figure5.4B comparedo the aggregatedg particles with clean
surfacesshown in Figures.15A It is worthy of pointing out that the intermediai@nge
van defWaals interaction, present in SCAN but not in the other teiegity 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 tB&+ on a Ag (111) surfacis around
0.56 eV, which isconsistent with the results in the literatf@he calculations based on
the SCAN functional give rise to BGh+ of 0.31 eV on the Ag (111) surface, which
represents a slightly stronger binding of hydrogdoreover,the metaGGA functional
SCAN cancapure a large amount of intermediainge van der Waals interactjamhich
is crucial for accurately determining the adsorption configurations dig¢heenethiolate
ions (GHsS ). 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 benzenethiatatelified Ag surface.
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CHAPTER 6
DESIGNING Ag-Cu BIMETALLIC SYSTEM FROM SILVER HALIDE

NANOCUBES

6.1. Introduction

After the initial reports from Hori et al., more studies have been done to explere CO
reduction on metals due to their unique catalytic propérfidés an example, metals such
as Pb and Sn reduce ei@to HCOO at low overpotential. Noble metals such as Au and
Ag show high catalytic activity for the conversion of £6to CO at a low tanoderate
overpotential. Furthermore, Cu metal shows a unique performance in reducingt€O
high energydensity products, hydrocarbons, and alcofflsHowever, these
transformationsare associaté with various challenges. Even though £@duction
readions have bw equilibrium free energy change, the initial €@ctivation step (the
formation of COO intermediate) was found tcelieghly unfavorable reaction step in the
reaction pathway.Thus, the efficiency of overall conversion becomes low asjitires
more energy to overcome the initial kinetics barrier for the formation of any product. Also,
theseCO; reduction reactionsQO2RR) associate with several reaction pathways which

makes itchallenging to target particular products with a high yielerttive other products.

Various approaches for material design have been re@onéng highefficiency and
selectivity of the metal catalysts, with the support of theoretical studies on the surface
energy aspects. Most commonly, materials in the nanoseaie used to increase the
surface area per unit volume or the unassof material.Specific facets, surface defects,

and low coordination sites were introduced to stabilize reaction intermetiatetace
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properties determined by capping agents andsanface 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 stabilizbe CQ reduction intermediates reducing the overall
overpotential. 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® Exposing specific facets where reactant molecules interact strongly was shown to

minimize the activation energy barrier for G®2RR

The bimetallic systems formed bwcorporating different metalshows modified
properties towards CO2RR with respecttisit single metal entitiesCommonly,alloys
modify the electronic structures which determine the stability of specific intermediates,
favoring the reaction mechanism to perform towards specific pathways with high
efficiency.® The geometric arrangemesftthe 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 sdleity of the electroreduction of COP. Yang et al. has
demonstrated the electronic and geometric effect of the&Chbimetallic system on
stabilizing intermediates (COGHMwith optimum binding strength with CO for enhanced
efficiency and selectivity toards formation of the product (C&)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 an@ Gimetallic system, where

the geometriarrangement of the Ag and &umetals in the catalyst promotes coupling of

140



CQOz reduction intermediates such as *CH and *@ich are formed on Cu and Ag sites,
respectively As the bimetallic boundaries support such coupling reactions, the product
specifcity was shown to enhandieeformation ofCz products at the geometric boundaries
compared to their monometallic counterpaftadditionally, Cu metal has incorporated

with other metals such as Zn and Ni for Z€duction studie$>'*Based on these leed

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 chaptera novel approacivas denonstratedo design a bimetallic system that
contains nanoscale Cu domains on the Ag metallic surface by the electrochemical reduction
of Ag-CHABT composite plates. The synthesis strategy offers a way to tune the
composition between Ag and Cu, which deteres the number of boundaries between two
metals. With the elemental ratio of 1:1 betweenr@g the bimetallic system showed 48%
selectivity for ethanol formation by electrochemical reduction of, @Dan aqueous
medium at a moderate overpotential.@V vs. RHE). The synergistic effect of both Ag
and Cu metals in the catalyst was determined based on thee@g@tion performance of
individual entitiesTheAg rich catalyst surface was highly active for the formation of CO
intermediatesandthe Cu richsurface 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 selectyifor the ethanol formation. Control experiments were
conducted to further confirm the importance of¢hatalytic desigmther than the existence

of thesemetalsseparately. Material characterization and the respective réduction
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performance were comginensively analyzed to understand the underlying phenomena of
the material design. This work provides a strategy for rational design for tHeuAg

bimetallic system, which shows enhanced selectivity for ethanol formation and
demonstrates its potential te lWeveloped as a sustainable catalyst for environmental

applications.

6.2. Experimental methods

First, silver chlorobromide (Ag@kBros) nanocubes were synthesized as the
procedure reporteid Chapter 2The obtainegrecipitate was dispersed in 4 mL of etbh
for further use.An ethanolic solution of 0.049 M-Aminobenzenethiol (ABT) was
prepared for the synthesis of silver amin
collected nanocubes were mixed with 2.5 mL of 0.049 M ABT in a 2 mL glass vial. After
allowing 30 minutes foc o mp|l et e reacti on, 200 sewas of 0. |
added dropwise while the solution was stirring at an appropriate rate. The reaction was
completed in 5 minutes. Silveopper aminobenzenethiol were separated by
centrifugation. The precipitate wasrther washed by rdispersing in acetone, followed
by centrifugation. After removing excess reactants, the precipitate was taken for

characterization and electrochemical reduction.

6.2.1Material Characterization
Scanning electron microscopy (SEM) imageshef AgCu-ABT nanoparticles and

the nanostructures after electrochemical reduction were obtained from FEI QUANTA 450
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scanning electron microscope. TheBgABT sampl es wer e prepared
aliquot of the dispersion on a clean Si wafer surfate 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
energydispersive Xray spectroscopy (EDS) using theNkax" 50 (Oxford instruments)

mounted on the same SEM. Samples faa¥( diffraction measurements were prepared by
deposi ti ng -CWABT dispersfon dn thesilidoge surface, followed by drying

in a vacuum. XRD pattern was recorded using the &rDI8 Diffractometer equipped with

a Cu KU (&= 1.54 ) target.

6.2.2Electrochemical characterization

The electrochemical CQeduction was done using a hoimglt 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
KHCOs was used as the electrtdy Half of the volume of the cathode compartment was
filled with the electrolyte, and COwas saturated by purging high purity £€Qas
(99.999%) for 30 minutes. Pt wire and Ag/AgCl/sat. KCI electrode was used as the counter
and the reference electrodespectively. A glassy carbon electrode with the catalyst was
used as the working electrode. T®&€uABT epar e
dispersion was drop cast on a polished and cleaned glassy carbon duciace 1 cm).
Then, it was dried in gacuum oven at 58C for5mi nut es. Anot her 10 ¢l
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
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(CV) were run taeduce 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 domepar

was replenished with fresh 0.1 M KH@@nd purged with C® After completely closing

the cathode compartment, chronoamperometry was performed on the catalyst at different
fixed potentials. The potentials recordesl Ag/AgCl/sat. KCI reference was weerted

into thevs.RHE using the following equation.

Potential vs. RHE = potential (vs. Ag/AgCl/sat. KCI) + 0.199 V + 0.059 x pH

6.2.3Product analysis

Gaseous phase products were quantified by injecting the headspace gas into a Agilent
7820A gas chromatogrhp (GC) system equipped with a thermal conductivity detector
(TCD). The liquid products were detected by nuclear magnetic resonance (NMR, Bruker
AVANCE AV 111 400) spectroscopy. For the q
mi x ed wi t h alatandardg vithich imStmdrofrdimethylsulfoxide (DMSO, 99.9%
Acros organics) solution prepared usingCD Corresponding faradaic efficiencies (FE)

towards each product were calculated using,

FE (%) = pPTT

Where F is the faradaic constant (96485 C'#ol
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6.3. Results and discussion

6.3.1. Synthesis of AgCu bimetallic nanostructure

The fabrication strategy of the AGuW-ABT precursor for the synthesis of bimetallic
nanosructures comprisesf two main stepsformation of silver aminobenzenethiolate

(AgABT) nanoplates followed by deposition of copper aminobenzenethiolate (CuABT)

domains on the nanoplate

Intensity

10 20 30
20 (degree)

Figure 6.1 AgABT nanoplatesynthesized using silver halide nanocybesd the inset

shows the magnified image of AQABT structures. The scale bars of both images represent

200 nm. (b) The XRD pattern of the nanoplates.
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In this process, AgGkEBro.s nanocubes were reacted with theAESilver halide provides
an ultralow concentration oAg* cations based on its low solubiliproductconstant in

the reaction mediurtKspof AgCl = 1.77 x 16'° andKsp of AgBr = 5.35 x 1683 mol? -L"2

Figure 6.2 (a) SEMimage and (b) backscattered imageAg-Cu-ABT. (c) shows the

enlarged image taken from TEM of aAy-ABT plate.
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in the water at 20 °Cf. Lower solubility product of AGABT (2.8 x 1% moP -L"?)!® than

the solubility constants of silver chloridiive this conversion reaction for a complete
formation of AGQABT. In this synthesis, Agé#Bro.s nanocubesvith the lateral dimension

of 160 nm were usedhe surface of theube acts as a heterogeneousleation site and
physical support for the nanoplates to gravine ultralow concentration ofAg* ions
reduces the number of nucleation sitest controlssingle nucleation on each surfdée.

Due to the dynamic equilibrium between silver halide nanopestand soluble Agions,

the precursors were continuously supplied with a low concentration in the presence of
silver halides. The physical guide provided by the silver halide nano@ibereficial to
avoidrandomizednorphologies and excessive aggregatompared to the case where the
precursors were directly mixed with each other. Providing excess ABT in the reaction
mixture, the reaction continues until the AgéBro.s nanocubes are entirely consumed and

are converted into AGABT nanoplatésgure 61a shows the plate geometry with smooth

Intensity (a.u.)
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Figure 6.3 XRD pattern taken at a scan rate of 0.1 degfsee. Peaks marked represersg

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 structtirRemainingABT in the reaction
solution then reacts with €uions upon the addition of Cu(NR to form CuABT
precipitate.The SEM image of Figure Za shows small deposits on the AgABT plate
structure, showing a rough surfaéairthermore, therystal structure wsacharacterized
using XRD. Figure 6.3 shows thecorresponohg reflections from the (A) planes of
AgABT and the (0Q) planes of CUABT® Thus the formed domains on the AgABT surface
can be attributed to tHfermation of CUABT. Theabsence of any peak dhiélative to the
XRD spectrum of pure AgABT layered structutether demonstrates tladsence of any
alloy formation AgABT plates act as heterogeneous nucleation sites for Cu
aminobenzenethiolate (CUABT) nanopartickkich forms more nuclei on the sagoting

surfaceThe elemental profile along the line across the nanoplate provides further evidence

1 1 | ! | 1 | I | I | I | ) } 1) | 1 | ) | ) | 1 | 1 |
0 02 04 06 08 1 12 14 16 18 2 22 24 76
pm

Figure 6.4 EDS linescan mapping of A&u-ABT showing the Adgreen) Cu(blue),and

S (red).
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of the presence of Ag and @lements 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 numbetfr&y photons emitted from where plates are condensed.

The metallic striecture was obtained bglectrochemical reduction of the Agu-
ABT precursoywhich is deposited on a glassy carbon electrode suraligh reduction
potential (1.2 V vs. RHE) was applied to reduce the metal thioledebeir respective
metals(as indicéed in the following reactions)sing an Htype electrochemical cell.he
excess charge was passed through the electrodes to ensure complete reduction of metal

thiolates to respective metals.

Figure 6.5 (a) SEM image of AgCu bimetallic systenmafter reduéng Ag-Cuw-ABT

electrochemicallywith anatomic ratio of Ag:Cu=1:1(b) and itsenlarged TEM image
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Ag(CeHsS) + e - Ag + GeHeS .

Cu(GsHeS) + e- Cu + GHeS .

The electrochemically reduced structstgows 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 -asthnged standing plat&e 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 featu(€ggure 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 alyais was carried out to characterize the structure further.

This solidstate conversion does not involve significant diffusion of materials
during the reactionwhich can result in phase separation of metals. The EDS mapping of
the above sample in Figuée2 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 6.68. Line scan profiles were obtained for a sample with excess
Cu(NGs)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 6.6&). 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 AgCu bimetallic structure.

150



Figure 6.6 (a) SEM image of AgCu bimetallic nanopatrticle and the (b) Ag and, (c) Cu
elemental distributio along the line drawn in yellow. The (e), and (f) show the elemental
distribution of Ag and Cu, respectively, of the reduced@gnanoparticles in the SEM

image (d).

The XRD pattern of electrochemically reduced materials on the glassy carbon
surface (Figre 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 métaleduction of
metatthiolates can be realized, as discussed in ChapRefositing a thick layer of Ag
CuwABT on the glassy carbon substrate resists electron transfer to the seliitiche
high applied potentialSo, the electrons flowing through the conducting surfaitialin
reduces the materials in contact with the surfatie highly conductive metals
preferentially guide the electron percolation to the thiolate complexes at immediate vicinity
to continue reduion until all the precursor is converted to its metaftiem. Along with
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