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“Let’s just say | was testing the bounds of reality. | was curious to see what would happen. That’s all
it was: just curiosity.”

Jim Morrison.
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Objectives and Dissertation Outline

The aim of this thesis is i. to contribute to the development of reproducible
methodologies for the production of high quality noble metal nanostructures, such as solid,
hollow and hybrid nanostructures; and ii. to examine the potential applicability of these
structures by exploring the nanoscale features that determine their optical, chemical and
catalytic behaviour.

The thesis is divided into 7 chapters, as follows:

Chapter 1 introduces the field of the synthesis of noble metal nanoparticles. It includes
a brief review of the polyol synthesis of metal NPs, followed by a description of techniques
for the production of hollow nanostructures with special emphasis on galvanic replacement
reaction and the Kirkendall effect. This is followed by a description of hybrid nanostructures

and finally an explanation of surface plasmon resonance (SPR) phenomena.

Chapter 2 discusses the effect of the stabilizer in the synthesis of complex hollow
metal nanostructures, from pinholed nanoboxes to double or single walled nanoboxes.
Furthermore, the room temperature synthesis of biocompatible (CTAB-free) nanoboxes and
the effective label free sensing of bovine serum albumin (BSA) of single walled nanoboxes is
presented. These structures are then compared with solid Au NPs in order to demonstrate

their excellent performance for possible biomedical applications.

Chapter 3 presents an experimental methodology for the production of bimetallic
multidomain noble metal nanotubes (NTs), trimetallic noble metal NTs and tetrametallic
noble metal NTs. This is followed by a study of the surface availability for the transfer of
electrons of these structures through the catalytic reduction of 4-nitrophenol to 4-

aminophenol by sodium borohydride in aqueous solution.

Chapter 4 discusses a polyol method for the production of highly monodisperse short
green silver nanorods (NRs), in the presence of tannic acid (TA) and polyvinylpyrrolidone (PVP)
and the effect of factors such as temperature, silver precursor, concentration of co-reducer
species and the molecular weight of the stabilizer. A method for transforming these Ag NRs

into hollow AgAu NRs by means of the GRR at room temperature is also discussed.

vii



Chapter 5 presents a methodology for the synthesis in agueous media of a new kind
of heterogeneous nanostructure, formed by the combination of a noble metal (Au or Ag) and
a CeO; domain. Depending on the reaction conditions, these nanostructure can have a

core@shell or a heterodimer morphology.

Chapter 6, discusses how the heterodimer Ag/CeO, nanostructures described in
chapter 5 can be transformed into bimetallic Ag-noble metal (Au, Pd or Pt) heterodimer
hollow / CeO; nanostructures via GRR at room temperature. The effective use of heterodimer
hollow AgPd/CeO, nanostructures in the selective hydrogenation of alkynes and alkynols is

also demonstrated.
Finally, Chapter 7 contains the general conclusions of the thesis.

A list of abbreviations, publications and contributions to conferences are detailed in

Appendix 1 and Appendix 2 respectively.
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Resumen

La presente tesis doctoral esta dividida en 7 capitulos, a continuacion se presenta una

descripcion de los mismos:

En el capitulo 1 se introduce al lector el campo de la sintesis de nanoparticulas
compuestas por metales nobles. Este capitulo incluye un breve resumen de la sintesis de
polialcohol de nanoparticulas metalicas, seguido por una descripcion de las técnicas de
produccién de nanoestructuras huecas con énfasis en la reaccién de reemplazo galvanico y el
efecto Kirkendall, seguido por la descripcidon de nanoestructuras hibridas y finalmente una

explicacion del fendmeno del plasmon de resonancia de superficie (SPR).

El capitulo 2 discute el efecto del estabilizante en la sintesis de nanoestructuras
metadlicas huecas complejas, desde nanocajas agujereadas hasta nanocajas con una o con
doble pared. Ademas, la sintesis a temperatura ambiente de nanocajas bio-compatibles
(libres de CTAB) y se presenta la deteccién de albumina de suero bovino con nanocajas de
pared sencilla. Estas estructuras son comparadas con nanoparticulas solidas de oro, para

demostrar su excelente desempefio para posibles aplicaciones biomédicas.

En el capitulo 3 se presenta una metodologia experimental para la produccién de
nanotubos bimetalicos de metales nobles con multiples dominios, nanotubos trimetalicos y
tetrametalicos de metales nobles. También se estudié la disponibilidad de la superficie para
la transferencia de electrones de estas nanoestructuras a través de la reduccidn catalitica de

4-nitrofenol a 4-aminofenol con boro hidruro de sodio en solucidon acuosa.

El capitulo 4 discute un método de polialcohol para la produccion de nanorods cortos
de plata altamente monodispersos, en presencia de acido tanico y polivinilpirrolidona. De
igual forma, se discute el efecto de factores como temperatura, precursor de plata,
concenteracion de las especies co-reductoras y el peso molecular del estabilizante. También
se discute un método para transformar estos nanorods de plata en nanorods huecos de plata

y oro, por medio de la reaccién de reemplazo galvanico a temperatura ambiente.

En el capitulo 5 se presenta una metodologia para la sintesis en medio acuoso de una

nueva clase de nanoestructura heterogénea, formada por la combinacién de un metal noble




(Au o Ag) y un dominio de CeO,. Dependiendo de las condiciones de reaccion, estas

nanoestructuras pueden tener una morfologia tipo “core@shell” o tipo heterodimero.

En el capitulo 6 se discute como las nanoestructuras tipo heterodimero de AgCeO2
descritas en el capitulo 5, pueden ser transformadas en heterodimeros huecos bimetdlicos de
Ag-metal noble (Au, Pd o Pt) / CeO, utilizando la reaccién de reemplazo galvanico a
temperatura ambiente. Se demostré el uso efectivo de las nanoestructuras heterodimeras

huecas de AgPdCeO; en la hidrogenacién selectiva de alquinos y alquinoles.

Finalmente, el capitulo 7 contiene las conclusiones generales de la tesis doctoral.

Una lista de las abreviaciones utilizadas en esta tesis doctoral asi como de las
publicaciones y contribuciones en conferencias es presentada en los apéndices 1 y 2

respectivamente.










Chapter 1

Introduction

This chapter provides a background on the synthesis of metal nanoparticles (NPs) with
a focus on the polyol method for the production of silver NPs. A general description of hollow
and hybrid NPs as well as the SPR phenomena and the general synthetic methods for the

fabrication of hollow noble metal nanostructures is presented.

Nanomaterials have been a very intriguing area of scientific research over the previous
few decades because of their unique physical and chemical properties that make them
suitable for applications in fields like photonics, catalysis, biomedicine, environmental
remediation, energy conversion and storage, sensors, etc. There are two proposed definitions
of nanomaterials. The first defines nanomaterials as materials with sizes below 100 nm at
least in one dimension. This definition is quite broad and does not require deeper thoughts
about properties and applications. The second definition is more restrictive, as it defines

nanomaterials as having properties that depend inherently on the small grain size [1, 2].

The synthesis of NPs has been widely explored and, two main approaches have been
used for their production, as presented in Figure 1.1. The first approach is known as top-
down, which starts with a bulk material and systematically removes material until the desired
NPs remains. This method usually involves mechanical energy, lasers, thermal and
lithographic techniques [3]. The second method is known as a bottom-up method where
colloidal NPs are self-assembled in solution by nucleation and further growth of atomic or

molecular precursors [4].
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Figure 1.1. Schematic representation of top-down and bottom-up approaches for the

synthesis of NPs. Adapted from reference [5]

The various parameters relating to the nature of metal NPs are schematically
presented in Figure 1.2. It is well known that these parameters, i.e. material, size, morphology
and composition, determine the physicochemical properties of the NPs and therefore, that
atomic precision control of these parameters can lead to the production of complex

functional nanostructures (Figure 1.2E).

Control of [B] Control of [C| Control of [D]Control of [E] Control of
material S|ze morphology composition all parameters

. © | oo
o LL “ O

Figure 1.2. Parameter of control for the synthesis of metal NPs. Adapted from reference [4]
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Due to their very small size, surface and confinement effects endow NPs with new
important properties. For example Au and Ag NPs acquire their surface plasmonic properties
as a result of confining the electromagnetic fields of much larger photons of resonance
frequencies [6]. Thus, noble metal NPs with well-defined shapes have received considerable
attention in recent years due to the fact that their electronic, catalytic and plasmonic

properties depends on their morphology.

1.1. Polyol synthesis of metal NPs. The term polyol process was first reported by
Fievet, Lagier and Figlarz in 1989 [7, 8] for the synthesis of sub-micrometer sized metal NPs
that need a reducing environment. The polyol synthesis started with Co, Ni, Cu, and Pt NPs
and was extended to further metals, intermetallics and alloys such as Re, Ru, Rh, Au, Sn, CoNi,

FeNi, CoxCui-x, or FeCoNi. [9-11]

Polyol synthesis is a liquid phase procedure that provides a simple and versatile route
for the synthesis of noble metal NPs with various sizes and morphologies. This method uses
a polyalcohol that acts not only as a solvent but also as a reducing agent. In this process, a
metal salt used as the precursor is dissolved in a liquid polyol, the solution is then stirred and
heated to a given temperature to achieve the reduction of the metal precursor. The choice of
the polyol used for the reduction of a metal precursor is determined by the boiling point and
the reduction potential of the polyol. Thus, easily reducible metals like Ag, Pd or Cu do not
require high temperatures and can be reduced in ethylene glycol (Bp: 197.3 °C) or propylene
glycol (Bp: 188.2 °C). However, less easily reducible metals such as Co, Fe or Ni require higher
temperatures for which tetraethylene glycol may be suitable (Bp: 327 °C). The structures are

presented in Figure 1.3. [9]

OH
OH
Ethylene glycol Propylene glycol
BP: 197.3°C BP: 188.2°C

© OO
Tetraethylene glycol
BP: 327°C
Figure 1.3. Polyols used for the reduction of metal salt precursors. Varying the hydroxyl sites

has an effect on the overall reduction potential of the polyol along with its boiling point.




Chapter 1. Introduction

1.1.1. Polyol synthesis of Ag NPs. Ethyleneglycol (EG) is the most commonly used
polyol for the synthesis of Ag [10, 11], Pd [12] and Pt [13] NPs. The metal NPs are formed by
nucleation and growth from the solution. Scheme 1.1 outlines the possible mechanism of
reducing Ag* by the polyol method in ethylene glycol. The mechanism for precursor reduction
involves the thermal oxidation of ethylene glycol to glycolaldehyde, which is responsible for
reducing Ag* to Ag [14]. The obtained Ag atoms will start to nucleate and grow into clusters,
seeds and then nanocrystals. The initial nucleation process plays an important role in
determining the shape of final products. In order to acquire desired nanostructure with good

uniformity, the nucleation process should be precisely controlled [15].

OH
2 Ho S o A Zo:/— + 2H,0

OH

A
2Ag* + IOH LT HO ———> 0 +  2Ag + 2H
0= OH

Scheme 1.1. Possible mechanism for the reduction of Ag* by EG.

1.1.2. Use of polivinylpyrrolidone (PVP) on the polyol synthesis of Ag NPs. The shape
control of Ag nanostructures by the polyol method requires a strict control of the reactions
parameters, such as temperature, stirring rate, reaction time, PVP molecular weight as well
as the molar ratio of PVP and Ag precursor [16]. A slight modification of these parameters
may result in a completely different morphology to that expected. Morphological control of
the synthesis of Ag NPs enables optimization of the surface plasmon resonance (SPR) and the
local electric field strength for chemical sensing [7] or surface-enhanced Raman scattering

(SERS) [8].

A number of organic materials are known to work as NPs stabilizing agent, among
them PVP, (a bulky, non-toxic, non-ionic polymer with C=0, C-N and CH; functional groups
that is widely used in NPs synthesis [17]); which passivate the nanocrystal surface and
prevents the aggregation of NPs via the steric hindrance effect [18]. By adjusting the molar
ratio between PVP and Ag precursor, the degree of coating and distribution of PVP chains on

the surface of the Ag seeds can be modified. This modification, changes the growing kinetic

4
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of different facets, and leads to the formation of Ag nanostructures with different
morphologies. Figure 1.4 shows different nanostructures that can be obtained through the
polyol method in which PVP is used as a stabilizer and shape directing agent in EG. These
nanostructures are nanocubes [19], nanowires [20], bipyramids [21], nanobars [22]

octahedron [23], square prismatic [24] and nanorods [25] (which are explained in detail in

Chapter 4).

Figure 1.4. Electron microscope images of Ag NPs synthesized by the polyol method using PVP
as stabilizer. A, nanocubes; B, nanowires; C, bipyramids (adapted from reference [21]);
D, nanobars (adapted from reference [22]); E, octahedron (adapted from reference [23]) and

F, nanorods; G, square prismatic (adapted from reference [24])

Different morphologies can be obtained because PVP selective attach to different Ag
crystal planes, promoting the growth of specific crystal faces while hindering others [26]. For
example, in EG, PVP interacts more strongly with silver atoms located in the {100} facets,
(through interaction of the carbonyl group of the repeating unit), than with those on the {111}
(lower energy facets), allowing growth along <111> directions to obtain Ag NRs or Ag NWs

[27-29].
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1.2. Hollow Nanostructures. The synthesis of hollow nanostructures is not as easy as
that solid ones. Over the last two decades, research onto hollow nanostructures has grown
significantly as evidenced by the exponential increase in the number of articles published

(Figure 1.5).

Total de publicaciones

7394*

900-
700
500

300-

Publisehd Articles

100

1934 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2041 2012 2013 2014 2015 2016 2017 2018

Year

Figure 1.5. Representation of the number of research articles published in the period 1994-
2018 according to Web of Science containing the term “hollow nanostructures” as keyword.

The asterisk* indicates that the result was obtained on May the 8t of 2018.

Hollow metal nanostructures have attracted a lot of interest by virtue of their wide
range of applications with performances better than their solid counterparts. These
advantages are primarily due to a unique architecture, in that a hollow design provides these
nanostructures with both an inner and an outer surface. This has made hollow nanostructures
very appealing in many areas of science and technology. Above all, they have been extensively
studied for their applications in sensing [30], SERS [31, 32], photoacoustic imaging [33]
catalysis [30] bioencapsulation [34], and areas such as drug delivery [35] and removal of
pollutants. Additionally, hollow metal nanostructures have superior surface plasmonic
properties [36], as they have two coupled plasmon surface fields, inside and outside the NP
walls. These fields can couple to produce a much enhanced field, which extends the use of
their properties to many sensing applications [37] and photothermal agents for hyperthermia,

triggers for drug delivery and contrast-enhancing agents in optical imaging.




Chapter 1. Introduction

1.2.1 General perspective on the synthesis of hollow nanostructures. The most
popular approach for the production of hollow nanostructures involves the deposition of the
desired material onto a sacrificial template which is removed once the shell is formed leaving
a hollow nanostructure [38]. These template strategies, based on the coating of pre-
fabricated templates with a layer of a shell material, are conceptually the simplest ones. By
the use of hard templates, hollow nanostructures are obtained after a selective removal
process, which typically involves processes of dissolution [39], chemical etching [40], or
thermal decomposition [41] (See Figure 1.6). The void size, and the morphology of the hollow
nanostructure are determined by the nature of the template, while the composition,
thickness and porosity of the shell is mainly defined in the coating and removal processes. As
a result, a wide variety of hollow NPs with different morphologies and compositions have
been produced using hard templates such as, polymers [42, 43], silica [44, 45], and carbon

particles [46].

5
'..,\ —> s
\\‘.- - -‘.’/f
Hard Coating of Removal of
template the template the template

Figure 1.6. Schematic representation of hard template strategy for the synthesis of hollow

nanostructures.

Despite their simplicity and versatility, traditional templating strategies present some
important drawbacks associated with the scale up and the complexity of the surface
deposition processes needed for the shell formation, which usually involve tedious
procedures, and the use of toxic etchants or solvents in the removal processes. In this regard,
the direct synthesis of hollow nanostructures without the need of additional steps is
significantly advantageous due to reduced production costs, high reproducibility, great
control over particle morphology and an easy scale up. Some results have been reported for
the synthesis of hollow NPs in which the templates are consumed during shell deposition and
hollow NPs are directly obtained without further treatment to remove the templates. In such
a process, one of the reactants acts as the template for the formation of hollow structures.

The advantage of utilizing such a template is that the template is automatically removed at
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the end of the reaction, which avoids the need of a posterior step of having to remove the
templates to obtain hollow products. This methodology is called galvanic replacement

reaction and will be explained in the following section.

1.2.2 Synthesis of hollow nanostructures by galvanic replacement reaction (GRR).
GRR provides a versatile approach for the transformation of monometallic solid NPs into more
complex multimetallic nanostructures with hollow interiors, with tuneable and well
controlled properties that are often not attainably by other methods [19, 30]. Over the past
few years, remarkable progress has been made in the use of GRR for generating complex
multimetallic hollow nanostructures with controllable hollow interiors. This approach
involves the reaction of solid metal nanostructures used as sacrificial templates (usually Ag
[19], but also Cu [47], Co [48], Ni [49], Mg [50] or Pd [51]) and a precursor containing a
relatively more noble metal ion, in a process in which the composition of the template is
modified while retaining its initial morphology. Figure 1.7 shows the schematic illustration of
the morphological and structural changes involved in GRR between an Ag nanocube (NC) and
HAuCls solution. The cross sectional view corresponds to the plane along the dashed lines.
The major steps of the reaction are i) formation of a pinhole at one of the faces, ii)
enlargement of the voids, iii) continuation of the GRR resulting in a partially hollow

nanostructure, and iv) fragmentation of the nanostructures [52] .
- \Y
*8:8-0:9-B-@"5
— —

Figure 1.7. Schematic illustration of the morphological and structural changes involved in

GRR between an Ag NC and HAuCl, solution (adapted from reference [52]).

Silver is commonly used as sacrificial template for GRR due to its relatively low
electrochemical potential and well stablished colloidal chemistry [47, 53]. In GRR with Ag, the
atoms of the template oxidize and dissolve (Ag® = Ag* + e’), while the ions of the more noble
metal precursor are simultaneously reduced onto it (M* + ne” = MP). The driving force for
this reaction comes from the difference in reduction potentials of the two metals involved,
with the potential of the second metal necessarily being higher than that of the first metal.

Table 1 summarizes the standard reduction potentials of metals commonly used in GRR [54].

8



Chapter 1. Introduction

It should be noted that the potentials presented in Table 1. are for the standard conditions.
Variations in temperature and concentrations of relevant ions, as well as the involvement of

other non-standard conditions can all affect the value of reduction potentials [55].

Table 1. Reduction potentials of metals relative to the standard hydrogen electrode (SHE).

Reduction reaction Eo (V vs. SHE)*
Co**+2e > Co -0.28
Cu**+2e =2 Cu 0.34

Ag'+e > Ag 0.80
Pd?* + 2e” > Pd 0.95
Pt?* + 2e > Pt 1.18
Au®* +3e 2 Au 1.50

*For ideal conditions at 25 °C and 1 atm.

The chemical reduction process is initially confined to the vicinity of the Ag template
surface, leading to the nucleation and growth of the noble metal precursor, which forms a

thin shell that oxidizes and dissolves the Ag template and creates a pinhole, as shown in

Figure 1.8.
A N .
Ag
Au ¢ / $
@ -
€(q (t((€ I{( € € ¢ l ‘Q( Q(
eeeeeeee e A9 (i(((( ¢
§CECCCEEq € eeeceee @0
Gé‘f‘(éqi t‘(((e( €€ €€ ‘(tt( (I X
€ ‘t.i‘t Qf‘(&(‘t(lé: i (:(:l(l ‘(:%G:(:(:((i
l‘(‘f‘i‘(‘(.lt{t ‘G‘i‘(‘ﬁi (eﬁtt (
ceeed c€eee

Figure 1.8. Schematic illustration of the morphological change at the first stages of GRR of Ag

templates with Au*3 precursor. Adapted from reference [54].

The first demonstration of GRR in the synthesis of hollow noble
metal NPs was reported by Xia and co-workers in 2002 [56]. In this work, GRR at high
temperature between HAuCl; and Ag NPs used as a template led to the formation of hollow
NPs with well-defined void spaces and crystalline walls. Since Xia’s pioneering work, a wide
variety of AgAu hollow nanostructures with controlled composition, morphology and internal

structure have been produced. The elemental composition of the final NPs can be adjusted
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by selecting the nature of the sacrificial template, and the concentration, type and number of
metal precursors involved in the reaction. Thus, in addition to AgAu hollow nanostructures,
AgPt [57, 58], AgPd [59], PdPt [60] and trimetallic PdAuAg hollow nanostructures [61], can be
prepared via GRR. Beyond chemical composition, the morphology of the hollow
nanostructures can be easily controlled by the choice of the template because as the
deposition of precursor atoms takes place on the surface of the template, the final hollow

NPs retains the shape of the original template [56].

Xia’s group has widely studied the synthesis of Au nanocages (Figure 1.9A) through
the GRR of Ag NCs [62] and, Ag NWs have been similarly exploited as template for the
preparation of hollow nanotubes (Figure 1.9B) [63], other structures commonly obtained
through GRR between HAuCls and the corresponding Ag template include nanorings
(Figure 1.9C) [64], octahedral nanoframes (Figure 1.9D) [65], and nanorattles (Figure 1.9E)
[66].

Figure 1.9. TEM images of A. AgAu nanocages [62]. B. AgAu NTs [63]. C. Au nanoring [64]. D.

AgAu octahedral nanoframes [65] and E. AgAu nanorattles [66].
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By coupling GRR with other chemical/physical processes, complex hollow
nanostructures, such as multiple walled nanotubes [67] or multiple walled nanoshells [66] can

be obtained.

1.2.3 Kirkendall effect. The Kirkendall effect has been also used very effectively in the
preparation of hollow nanostructures [68, 69]. Initially, in this chemical transformation, NPs
of controlled size, composition and morphology are exposed to oxygen, sulphur or selenium
precursors under elevated temperatures, resulting in a diffusion couple. As a result of the
faster outward diffusion of the metal cations compare with the inward diffusion of the anions,
a flux of vacancies is created. When the vacancies supersaturate, they coalesce into voids

which results in the production of hollow NPs.

As an alternative to GRR, the Kirkendall effect has been exploited to produce hollow
noble metal NPs with controlled interior voids and shell thickness at the nanoscale [70]. The
NPs result from the difference of the solid-state diffusion rates of the reactants in an alloying
or oxidation reaction. More specifically, voids are formed due to a higher rate of outward core
atoms compare with the inward rate of the added secondary species into the NP core [71]. In
the case of AgAu NP formation (see Figure 1.10), due to the atomic radius ratio, Ag diffuses
more quickly into Au than Au into Ag resulting in an AgAu alloy shell surrounding a hollow

core [72].

Au™ ]
Ag Templ Reducing Agent 1, T Ju Sy 1“- T JuSdy — JaS sy gAu alloy
i - N — = e ———

Oxidation
products

Figure 1.10. Schematic representation of the Kirkendall diffusion process. Adapted from

reference [72]

The simultaneous or sequential action of GRR and the Kirkendall effect has been found
an interesting synthetic route for the production of polymetallic hollow NPs with various
morphologies and compositions. For example Gonzalez and co-workers [30] showed the
possibility of producing complex bimetallic multi hollow NPs at room temperature, as is

shown in Figure 1.11.
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Figure 1.11. TEM images and schematic representation of the different morphologies

produced by the simultaneous or sequential action of GRR and the Kirkendall effect. Adapted

from reference [30].

1.3. Hybrid nanostructures. The wide applicability of inorganic NPs can be increased
by designing nanostructures with a precise morphological control of their composition and
structure. In the last few years, a big effort has been directed towards the design and
synthesis of hybrid NPs, which combine two or more components into one individual
structure. The main advantage of these structures is that exhibit unique characteristics that
are greater than the sum of their parts as they have the potential to combine magnetic,
plasmonic, semiconducting or other physical or chemical properties into a single object,
therefore providing an increased functionality [73, 74]. The first efforts began with
core@shell hybrid NPs, in which the core and shell are composed of different materials, such
as a combination of semiconductors [75] and magneto-plasmonic NPs [76]. Later studies
produced morphologies that deviated significantly from core@shell architectures, among

them heterodimers made of spherical domains [77], nano-dumbell [78], hybrid
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nanostructures; and other structures, such as branched NPs decorated with several domains

[79].

In the case of noble metal — metal oxide hybrid nanostructures, according to the
geometrical configuration of hybrid nanostructure, they can be sub-divided into [74] i) noble
metal decorated metal oxide NPs; ii) noble metal@metal oxide core@shell nanostructures;
iii) noble metal/metal oxide yolk/shell nanostructures; and iv) noble metal-metal oxide
heterodimer nanostructures as shown in Figure 1.12.

D&
O‘ ‘0
2 o

&

. -
@

Noble metals- Noble metal@metal Noble metal/metal Noble metal/metal
decorated metal oxide core@shell oxide yolk/shell oxide heterodimer
oxide NPs nanostructures nanostructures nanostructures

Figure 1.12. Schematic representation of different structures of noble metal-metal oxide

nanostructures. Adapted from reference [74].

Hybrid NPs hold great promise for a number of potential uses ranging from

nanoelectronics, biomedical, photovoltaic and catalytic applications [80, 81].

1.4. Surface plasmon resonance (SPR). Conductive metals contain large numbers of
free electrons and, because they are not strongly bound to individual atoms, the electrons
can easily respond to specific external stimuli. When a small spherical metallic NP is irradiated
by light, the oscillating electric field causes the conduction electrons to oscillate coherently.
When the electron cloud is displaced relative to the nuclei, a restoring force arises from
Coulomb attraction between electrons and nuclei that results in oscillation of the electron
cloud relative to the nuclear framework as is schematically represented in Figure 1.13. This
oscillation is known as surface plasmon resonance (SPR) and the oscillation frequency is
determined by the density of electrons, the effective electron mass, the shape and size of the
charge distribution, the size and the structure of the particles, their interaction with other
particles and the dielectric properties of the surrounding medium [82].This plasmon
absorption , which is the origin of the observed colour in NPs solution, is a NP effect, it is

absent in the individual atoms as well as in the bulk.
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In the case of nanorods (NRs), these nanostructures differ from spherical NPs by the
appearance of two distinct surface plasmon bands in the visible region, the transverse surface
plasmon band (Figure 1.13B) and the longitudinal surface plasmon band (Figure 1.13C). Both
of these bands correspond to light absorption along the short axis and scattering along the
long axis. While the transverse surface plasmon band is usually at the same wavelength as
that of the nanospheres, with no dependence on the aspect ratio, the longitudinal surface

plasmon band of the NRs is dependent on their overall size and aspect ratio.

Figure 1.13. Schematic representation of SPR in: A. Au sphere B. Au NR s longitudinal SPR C.

transversal SPR [82]. The red line and black arrows show the direction of electric field.

Many of the photonic and photothermal properties of plasmonic NPs are derived from
the strong plasmonic electromagnetic fields resulting from localized surface plasmon
resonance, which are stronger than those of the exciting resonant light. Furthermore, hollow
nanostructures are known to have better plasmonic properties than their solid counterparts,
thanks to the plasmon hybridization mechanism [83], which results in the enhanced plasmon

field and a more homogeneous distribution.

SPR is dependent on the size and morphology of the NPs as well as the interfacial
properties and, therefore the local environment surrounding plasmonic NPs is also an
important factor. As the refractive index of the surrounding medium is increased, the SPR red-
shifts to longer wavelengths. This effect allows plasmonic NPs to be used as efficient
molecular sensors. When molecules adsorb to or desorb from the NP surface, the local
refractive index changes, resulting in an SPR wavelength shift. This effect is also why gold NPs

exhibit different SPR wavelengths depending on the surface coating.

The research on SPR is fundamental for the application in fields such as sensors,

photonics, photocatalysis and surface enhanced Raman spectroscopy [84].
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Chapter 2

The Effect of Surfactants on the Formation of Hollow Complex

Nanostructures

Noble metal hollow nanoboxes are among attractive nanostructures due to their
exotic morphology and their optical properties. However to date, relatively little is known
about the effect of surfactants. Consequently, in this chapter, the effect of different
surfactants (CTAB, CTAC, CTApTS and PVP) on the production of hollow AgAu nanoboxes at
room temperature is studied. In addition, the synthesis, characterization and possible

mechanisms for the formation of AgAu hollow bimetallic nanostructures are presented.
2.1 Introduction

Hollow nanostructures have been of great interest mainly by their optical, electrical,
thermal and catalytic properties [1]. These structural advantages make them potentially
useful for applications in biomedical imaging [2, 3], controlled drug release [4], chemical

sensing [5] and as photothermal agents [6] among others.

As previous studies show, while the shape of the resulting hollow nanostructure is
defined by the starting template, wall thickness, composition, and porosity are controlled by
the interfacial alloying and dealloying processes associated with the galvanic replacement
reaction (GRR) [7-9]. It is also possible to create a variety of nanostructures with increasingly
sophisticated interior and surfaces via the coupling of GRR with sequentially deposited
templates [10-12], the Kirkendall effect [13, 14] or combined co-reduction and corrosion
processes [15, 16]. For instance Wang and Jing show that the use of mild reducing agents such
as ascorbic acid or formaldehyde, provide a pathway to tailor the geometries, both the
interior structure as well as the roughness and porosity of the walls of AgPd bimetallic hollow

nanostructures, enhancing the optical and catalytic properties of the resulting NPs [17].

Thus, GRR provides a simple and versatile route to transform less noble metallic solid
NPs into more complex bimetallic hollow nanostructures with tuneable and well controlled

properties [17]. The bimetallic hollow NPs forming through such galvanic replacements
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exhibit optical properties that are highly mouldable in the visible and near-infrared regions,

providing these NPs with great potential for photonic and biomedical applications [1, 2, 18].

Silver NPs with well-defined shapes, such as nanospheres, nanocubes, nanoprisms,
nanorods and nanowires are commonly used as sacrificial templates for GRR. When a more
noble metal precursor is used, these structures evolve to bimetallic nanoshells, nanocages,
nanoframes and nanotubes, under appropriate conditions [1, 8, 14, 19]. In this way the

templates define the overall shapes of the resulting hollow nanostructure.

The synthesis of silver nanocubes (Ag NCs) using several methods has been reported,
including water based reduction from Ag precursor with CTAB [20], seed mediated synthesis
[21], inhomogeneous nucleation strategy in a hydrophobic binary organic solvent [22] and
polyol reduction [23]. Among these methods, polyol reduction provides the most reliable

results in terms of monodispersity, yield and reproducibility [24].

Bimetallic hollow nanostructures, such as porous nanocages and nanoframes, are of
particular interest for nanocatalysis because of their high surface-to-volume ratio, surface
accessibility, nanocage confinement effects, and optimal use of the catalytic active metal [25-
28]. Aditionally, the synthesis of metal nanostructures with plasmon absorption band around
1000 nm is strongly desired, especially for biomedical imaging and diagnostics [29, 30]. By
changing the shape and composition of the NP, the surface plasmon absorption can be shifted
into the NIR transmission window [31]. So far, Au nanocages obtained by GRR of Ag NCs with
Au precursors, have been demonstrated to have plasmon absorptions band up to 900 nm [2].
Therefore the synthesis of bimetallic hollow nanostructures with plasmon bands beyond 900

nm is still a challenging area.

Based on the previous work of Gonzalez and co-authors [13] regarding the route for
the production at room temperature of complex hollow nanostructures, in this chapter the
effect of the surfactant on the synthesis of hollow nanostructures is studied with the aim of
determining changes on morphology and optical properties. To this end, several surfactant
agents including CTAB, CTAC, CTApTS and PVP were used for this purpose. The synthesis of
bimetallic AgAu nanostructures with plasmon absorption band around 1000 nm is also

presented.
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2.2 Materials and methods

2.2.1 Materials

Ethyleneglycol  anhydrous 99.8%  (EG), silver trifluoroacetate  (CF3COOAg),
polyvinylpyrrolidone (PVP, MW: 55,000; 360,000), hydrochloric acid 37% (HCI), sodium
hydrosulfide (NaHS), ascorbic acid (AA), gold (lll) chloride trihydrate >99,9% (HAuCls . 3H,0),
sodium citrate tribasic dihydrate (SC), cetyltrimethylammonium bromide (CTAB),
cetyltrimethylammonium chloride (CTAC), cetyltrimethylammonium p-toluenesulfonate
(CTApPTS), bovine serum albumin (BSA), Anti-BSA (bovine serum albumin) antibody, were
purchased from Sigma-Aldrich. All chemicals were used as received without further
purification. Distilled water passed through a Millipore system (p = 18.2 mQ) was used in all

experiments.
2.2.2 Methods

2.2.2.1 Synthesis of Ag NCs. Ag NCs were synthesized by a modified polyol method,
briefly 15 mL of EG was added to a 100 mL round-bottomed flask, the flask was closed and
then it was heated in a silicon oil bath at 150°C. The reaction solution was continuously stirred
using a magnetic stir bar. After 10 min, 180 plL of 3mM NaHS solution in EG was added. After
2 min, 1.5 mL of 3 mM HCI solution in EG and 3.8 mL of 20 mg/mL PVP were added. Finally
after 3 min, 1.2 mL of 282 mM CF3COOAg solution in EG was added. After 60 min, the reaction
was stopped by placing the reaction flask in an ice-water bath. Resultant Ag NCs were purified
by centrifugation (8000 g, 20 min) in order to remove the EG and the excess of PVP, and

further dispersed in MQW before sample characterization.

2.2.2.2 Synthesis of AgAu hollow nanostructures. Bimetallic hollow AgAu
nanostructures were synthesized via GRR and/or Kirkendall effect at room temperature. In a
typical procedure, 0.25 mL of Ag NCs (~10%2 NPs/mL) were dispersed in 1 mL of MQW, 1 mL
of surfactant (CTAB, CTAC, CTApts 20 mM or PVP), and 0.1 mL of 1 mM AA, were added. Then,
increasing amounts of HAuCls (1 mM), was added through a syringe pump at a rate of 25
uL/min under constant stirring. After the addition of the HAuCl, solution, the reaction was
stirred for about 30 min at room temperature until the UV-vis spectra of the solution became
stable. The sample was centrifuged at 8000 g for 10 min and the supernatant was discarded.

The pellet was suspended in 1 mL of MQW for further characterization.
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2.2.2.3 Synthesis of AgAu hollow nanostructures with SPR band at 1000nm. In a
typical procedure, 250 uL of Ag NCs (~10%2 NPs/mL) were dispersed in 2 mL of PVP 20 mg/mL
(180 mM by repeating unit) and 0.1 mL of AA 0.1 mM were added. Then, 250 pL of HAuCls
(1 mM), was added through a syringe pump at a rate of 10 pL/min under constant stirring.
After the addition of the HAuCls solution the reaction was stirred for 30 min at room
temperature until the UV—vis spectra of the solution became stable. The sample was then
centrifuged at 8000 g for 10 min and the supernatant was discarded. The pellet was

suspended in 1 mL of MQW for further characterization.

2.2.2.4 Label-Free Sensing. A 0.9 mL aliquot of NPs (~10% NPs/mL), spherical Au NPs
or single-walled AgAu nanoboxes (PVP synthesized), dispersed in phosphate buffer 10 mM,
were mixed with 0.1 mL of BSA (1 mM) in phosphate buffer and placed in an incubator at
37 °Cfor 48 h. After incubation of the NPs, the UV—vis spectra were acquired. Finally, 0.02 mL
of a 2 mg/mL solution of anti-BSA was added to the incubated NPs and the UV-vis spectra

were acquired.
2.2.2.5 Characterization

Absorption spectra of the as synthesized NPs were acquired with a Shimadzu UV-2401
PCor a Perkin EImer Lambda 25 spectrophotometer. An aliquot of the NPs solution was placed

in a cuvette, and spectral analysis was performed at room temperature.

The morphology and size of the NPs were visualized using FEI Magellan 400L XHR SEM, in
transmission mode operated at 20 kV. TEM, HR-TEM, and STEM-HAADF images were obtained
from a FEI Tecnai G2 F20 S-TWIN HR(S) TEM, operated at an accelerated voltage of 200 kV. A
droplet of the sample was drop casted onto a piece of ultrathin carbon-coated 200-mesh
copper grid (Ted-pella, Inc.) and left to dry in air. XRD data were collected on a PANalytical

X'Pert diffractometer using a Cu Ko radiation source.
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2.3 Results

In this study, the production of hollow AgAu nanoboxes was a two-step process. The
first step involved the synthesis of monodisperse Ag NCs templates in high yield. In the second
step, these Ag NCs were used as sacrificial template for the preparation of hollow AgAu

nanostructures via GRR at room temperature.

2.3.1 Synthesis of Ag NCs. For the synthesis of Ag NCs a modified polyol method [24]
was used (see methods for experimental details). Figure 2.1A shows TEM images of as
synthesized monodisperse Ag NCs. There was a small fraction of by-products formed by Ag
NPs with different morphologies such as nanorods and spheres. Size distribution analysis
using over 200 particles from the TEM images shows that the mean length of the Ag NCs
produced was 45.4 £ 5.1 nm, as depicted in Figure 2.1C. The UV-Vis absorption spectra of Ag
NCs shown in Figure 2.1C, presents two distinctive bands, the small one at 350 nm from the
out-of-plane quadrupole contribution, and the intense band at 440 nm corresponding to the
dipole plasmon resonance mode. The small bump around 400 nm corresponds to the in-plane

guadrupole mode [32, 33].

A photograph of a vial containing a diluted solution of Ag NCs is shown in Figure 2.1D,
the yellow colour is characteristic for this type of morphology. Figure 2.1E shows the
measured XRD patterns. Four diffraction peaks at 20 values of 38°, 44°, 64°, 76° and 82° are
observed, corresponding to the (111), (200), (220), (311) and (222) planes respectively, which
can be attributed to the fcc structure of Ag (JCPDS file No. 04-0783). The over dominance of
the (200) peak in the XRD pattern confirms the flat faces of the NCs [34]. No diffractions peaks

due to impurities, such as Ag precursor or Ag>O were observed.
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Figure 2.1 A. TEM images of Ag NCs. B. Particle size distribution of Ag NCs. C. UV-Vis spectrum
of the as synthesized Ag NCs. D. Photograph of agueous dispersion of Ag NCs. E. XRD patterns
of Ag NCs.

2.3.2 Effect of the surfactant on the synthesis of AgAu hollow nanostructures. The
obtained Ag NCs were used as sacrificial templates for the production of bimetallic AgAu
hollow nanoboxes, via the GRR with HAuCl, as gold precursor, in the presence of ascorbic acid
(AA) and different surfactants and/or stabilizers. AA a reductant that was used to avoid too
aggressive Au*3 corrosion of the Ag NCs. The temperature at which the GRR take place plays
an important role in the formation of bimetallic AgAu nanostructures, since the rate of the
GRR, the roughness and porosity increases with temperature [35]. Thus, to have better
control over the kinetic of the GRR and therefore the morphology of the products, room

temperature was chosen for all the studies.

In a typical synthesis, the Ag NCs were dispersed in an aqueous solution of the surfactant
and/or capping agent (the chemical structure of the surfactants and/or capping agent used in
this study is presented in Figure 2.2) and AA, followed by the addition of an aqueous HAuCl,
solution using a syringe pump. In contrast to the GRR used in previous studies [23, 36], the

addition of AA allows the generation of AuCl;™ through the co-reduction of AuCls~ inducing a
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decrease in the etching power of Au*® among other effects. To monitor the changes in
morphology and composition in the course of the GRR, different amounts of HAuCls were
added and the products were characterized using TEM, HAADF-STEM, EDS analysis, and UV-

vis spectroscopy.
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Figure 2.2. Chemical structures of the surfactants and capping agent employed in this study.

2.3.2.1 Effect of cationic surfactants. Here, the morphological evolution of hollow
nanostructures using two halogenated surfactants is compared. CTAB and CTAC are well
known cationic surfactants. CTAB is an effective capping agent for the production of Au NRs
[37] and it has also been used for the synthesis of complex hollow nanostructures [13].
Additionally, a non-halogenated cationic surfactant (CTApTS) was used to understand the

effect of the halogen on the final morphology of the nanostructure.

2.3.2.1.1 Effect of CTAB. The structural evolution of the Ag NCs through GRR in the
presence of CTAB 20 mM was studied. When Ag NCs reacted with a substoichometric amount
of HAuCls (25 pL (ImM), 6.25 x 10* mmol) in the presence of AA and CTAB, a thin layer of Au
was first deposited on the surface of the Ag NCs as described in Figure 2.3A. This layer can be
explained by the fact that, after the addition of the Au precursor to the mixture of Ag NCs,
CTAB and AA, some of the Au*® ions turns immediately to Au® by the direct action of AA [38],

while the GRR took place due to the remaining Au precursor [13, 39].

When more Au precursor was added (50 pL (1ImM), 1.25 x 10 mmol), a pinhole was
always observed on the centre of the face of the Ag NCs (Figure 2.3B), indicating that the
reaction had been initiated locally at a preferred site rather than over the entire NC’ surface.

As the reaction proceeded, this small-hole gives access to the anode, where Ag is oxidized and
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electrons are stripped. Then the released electrons migrated to the surrounding NC surfaces
and were captured by AuCls™ or AuCl;". As the Au layer formed, the initial small-hole served
as the site for Ag dissolution, facilitating the conversion of the solid Ag NCs into hollow
nanostructures (Figure 2.3C—E). Higher amounts of HAuCls solution (100 pL (1mM), 3.2 x 1073
mmol) created double walled nanostructures (Figure 2.4), this was due to the combination of
galvanic corrosion and Kirkendall effect. In this way, the NC morphology from core-shell,
pinhole, and double walled could be controlled by the added amount of HAuCl, employed.
The formation of double walled nanoboxes was previously reported by Gonzalez and co-

workers [13] (see Scheme 1).

[AuT]

= = L=

Scheme 1. Representation of the formation of bimetallic AgAu double walled nanoboxes in

the presence of CTAB.

The optical properties of these AgAu hollow nanoboxes were studied by UV-vis
spectroscopy and are shown in Figure 2.3F. When the amount of HAuCls was increased, the
SPR bands of the nanostructures were noticeably red-shifted from 440 nm for Ag NCs to 680
nm for double walled nanoboxes, indicating the surface plasmon resonance shift induced by
the increasing of the content Au in the nanostructure, the void size and the wall thicknesses
of the nanostructure [40]. By simply controlling the amount of Au precursor added into the
reaction medium, the surface plasmon band of the nanostructures can be conveniently tuned

over the broad spectral range.

The increase of the broadness in the absorption band due to the increases of the
amount of gold precursor added to the reaction, can be explained because of the presence of
by-products with different morphologies in the Ag templates. These undesired by-products,
formed during the GRR, sinclude hollow nanorods, nanospheres or nanoprisms. There was
also a small fraction of double walled nanoboxes of different size and single walled nanoboxes
which were formed at the same time as the double walled nanoboxes, and can be clearly seen

in TEM images of Figure 2.3.
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Figure 2.3. TEM images of AgAu NPs synthesized in the presence of CTAB with the addition of
different amounts of HAuCls ImM. A. 25 pL (6.25x10% mmol) B. 50 uL (1.25x103 mmol) C.
75 plL (1.87x10° mmol) D. 100 plL (2.50x103 mmol) E. 125 uL (3.12x103 mmol). Scale bar
represents 100 nm for all images. F. UV-Vis spectra of: black Ag NCs, red A, purple B, pink C,
green D and blue E.

One of the interesting features of these bimetallic AgAu hollow nanostructures is that
the colour of the colloidal solution of the NPs strongly depends on the degree of voiding which
is directly related to the amount of HAuCls added to the reaction. Thus, by adding different
amounts of the HAuCls 1mM solution into a fixed volume of Ag NCs in the presence of CTAB
20 mM, the colour of the solution slowly varies from yellow, dark yellow, orange, red, red-

violet, purple, and finally blue as is shown in Figure 2.4.

it

Figure 2.4. Variation of the colour with the amount of HAuCls 1mM added into a fixed volume

of Ag NCs in the presence of CTAB 20 mM.
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As can be observed, Figure 2.5A shows TEM images of double walled nanoboxes, along
with nanoboxes single walled nanoboxes. In the double walled nanoboxes the existence of a

face centered inner cavity is clearly visible.

In Figure 2.5B Energy-dispersive X-ray spectroscopy (EDS) map of a double walled
nanobox is presented, revealing almost homogeneous distribution of Ag (red) and Au (green)
throughout the crystal. Quite different chemical compositions are observed during the
guantification of individual spectrums. The outer wall had a composition of 36.2 + 5.4 % Ag
and 63.8 £ 5.4 % Au, whereas inner wall was composed of 24.1 £+ 4.9 % Agand 759+ 4.9 %
Au. Regions in the center and in between the walls had an overall composition of 37.5 + 4.6
% Ag and 64.3 £ 4.55 % Au, which is quite similar to the values observed for the center parts
of a single walled nanobox (Figure 2.16). Overall, the double walled nanobox had a chemical
composition of 31.3 £+ 7.9 % Ag and 68.7 + 7.8 % Au, indicating the presence of about 6 %
more Au compared to the single walled nanobox. It was noted that the size of the nanoboxes
formed was larger than their precursor Ag NCs. The average length size of the obtained
nanoboxes was 51.0 + 4.7 nm (Figure 2.5C) which is 5.6 nm (12%) larger than the Ag NC

templates. The wall thickness of the nanoboxes corresponded to 6.5 + 1.2 nm (Figure 2.5D).
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Figure 2.5. A. TEM images of double walled nanoboxes. Scale bar represents 10 nm for all
images. B. EDS mapping of a double walled nanobox, Red for Ag, green for Au and composite

C. Size distribution and D. Wall thickness distribution.
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2.3.1.1.2. Effect of CTAB concentration. The effect of the CTAB concentration was also
studied. Figure 2.6 present TEM images of the obtained nanostructures, using four different
concentrations of CTAB and keeping constant the amount of HAuCls added to the reaction.
As is shown in Figure 2.6A-B, when lower concentration of CTAB (0.20 — 2.0 mM) were used,
the final product of the reaction correspond to fully corroded nanostructures formed by the
agglomeration of small Au NPs or not well defined single walled nanoboxes due to the faster
reduction of the gold precursor. Double walled nanoboxes were not present in the obtained
products. Besides, when a CTAB concentration of 20 mM (Figure 2.6C) or superior (200 mM
Figure 2.6D) was used, an improvement in the complexity of the resulting nanostructures was
observed, and double walled nanoboxes were clearly visible. These results shows that the
CTAB not only acts as stabilizer and complexing agent but also has and important effect on

the formation of complex cavities in the NPs.

Figure 2.6. Effect of CTAB concentration. A. 0.20 mM B. 2.0 mM C. 20 mM and D. 200 mM.

Scale bar 100 nm for all images.
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2.3.1.1.3 Effect of CTAC. The effect in changing the anion in the surfactant from Br- to
Cl on the GRR and on the morphology of the obtained nanostructures was then studied, with
the use of CTAC instead of CTAB, while all the other experimental parameters were kept the

same.

The optical and morphological evolution of the GRR was quite similar that in the case
when CTAB was used as stabilizer, however, some differences are observed, especially in the

first steps of the reaction as is displayed in Scheme 2.

[Au"]

Scheme 2. Representation of the formation of bimetallic AgAu double walled nanoboxes in

the presence of CTAC.

The morphological evolution of the Ag NCs templates with increasing amounts of HAuCl,
added to the reaction media is shown in Figure 2.7. When a certain amount of gold precursor
is added (50 pL (1mM), 1.25 x 103 mmol), a pinhole was observed on the face of the Ag NCs
(Figure. 2.7A). The main difference when CTAB was used is that this pinhole was randomly
situated on the face of the Ag NCs, especially on the centre of the face, but the pinhole is
randomly situated on the face of the Ag NCs, especially on the centre of the edge or in the
corner of the Ag NC, rather than in the centre of the Ag NC face (Figure 2.9A). The optical
properties of the synthesized AgAu nanoboxes were studied by using Uv-vis spectroscopy
(Figure 2.7E) the SPR peak red-shift from 440 nm until 650 nm as a function of the addition of
different amounts of HAuCls solution (6.25x10* mmol - 3.12x10~3 mmol) into a fixed volume
of Ag NCs. As explained before, this red-shift is due to the increasing of the content Au in the
nanostructure and the increase of void size. In the same way as in the case of CTAB, the
broadness of the band is caused by the formation of different products during the reaction
such as single, double or multi walled nanoboxes, as well as the presence of different

morphologies.
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Figure 2.7 TEM images of AgAu NPs synthesized in the presence of CTAC 20 mM with the
addition of different amounts of HAuCls 1mM. Insets shows photographs of the colloidal
suspension of NPs A. 50 uL (1.25x103 mmol) B. 75 uL (1.87x103 mmol) C. 100 uL
(2.50%103 mmol) D. 125 pL (2.50x103 mmol). Scale bar represents 100 nm for all images. E.
UV-Vis spectra of: black Ag NCs, red A, blue B, purple C, and green D.

After the addition of different amounts of HAuCls 1mM into a fixed volume of Ag NCs
in the presence of CTAC 20 mM, the colour of the solution varies from yellow, orange, red,

purple, and finally blue as is shown Figure. 2.8.

i

Figure 2.8 Variation of the colour with the amount of HAuCls 1mM added to into a fixed

volume of Ag NCs in the presence of CTAC 20 mM.
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As can be observed, Figure 2.9B shows EDS maps of a single pinhole NC, which shows
that Au is homogeneously located in all the NP. An outer layer of 4nm which was formed in

the first steps of the reaction is clearly visible in the composite map (Figure 2.7B, bottom left).

It should be noted that the pinhole is located in the corner of the face of the Ag NC.

Figure 2.9. A. TEM images of pinholed NCs obtained when CTAC was used. B. HAADF-STEM

image, EDS mapping of a pinholed NC, Red for Ag, green for Au and composite.

Sometimes, more than one pinhole is observed, as shown in Figure 2.10A. The EDS
line scanning (Figure 2.10B) through the blue arrow shows that the NP was composed of Ag
and Au and, at this stage of the GRR, Ag was more abundant than Au. Both pinholes are also
clearly visible in the HAADF-STEM image and as well as in the EDS profile by the drop on the
Ag EDS signal.
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Figure 2.10 A. HAADF-STEM image of a two pinholed NC. B. EDS line scanning through the

blue arrow of the double pinholed NC presented in A.
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Higher amounts of HAuCls solution (3.2 x 102 mmol) created double walled
nanoboxes along with single walled nanoboxes (Figure 2.11). Is important to highlight, that
the inner cage is not centred as in the case of CTAB, and its position corresponds to the initial
position of the pinhole. In the case of more than one pinhole, it is possible to observe multi
chambered nanoboxes. The EDS maps of a double walled nanobox (Figure 2.11B) reveal a
homogeneous distribution of Ag and Au throughout the NP. The average length of the
obtained nanoboxes was 54.2 + 4.3 nm (Figure 2.11C) with a wall thickness of 7.0 £ 1.4 nm
(Figure 2.11D) almost the same size as the nanoboxes obtained with CTAB. In this way, the
morphology from pinholed to multichambered nanostructures can be controlled by tuning

the added amount of HAuCl; in the presence of CTAC.
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Figure 2.11. A. TEM images of double walled nanoboxes obtained when CTAC was used as
surfactant. B. EDS mapping of a double walled nanobox, red for Ag, green for Au and

composite. C. Size distribution and D. Wall thickness distribution.

The EDS line scanning (Figure 2.12) through the orange and blue arrows shows that
the nanobox is composed by Ag and Au. A homogeneous gold distribution can be observed

through the NP, indicating that it was composed by an AgAu alloy.

35



Chapter 2. The Effect of Surfactants on the Formation of Hollow Complex Nanostructures

300 - I|'\ [ [\

H__“‘——-—__
L

Counts (a.u)

Counts (a.u)
=
o
— —
=
-1
——

[} c—:...:—// . L - L
0 20 40 60 80 100

Distance (nm)

o 20 40 60
Distance (nm)

Figure 2.12. A. HAADF-STEM image of double walled nanoboxes obtained in the presence of
CTAC. B. EDS line scanning through the orange arrow of nanostructure presented in A. C.

EDS line scanning through the blue arrow of nanostructure presented in A.

2.3.2.1.4 Effect of a non-halogenated cationic surfactant. The effect of a non-
halogenated cationic surfactant in the GRR of Ag NCs with HAuCls solution was studied. In this
case an organic anion, p-toluenesulfonate, was chosen because of its water solubility. The
main difference between CTApTS and halogenated surfactants is that, when a certain amount
of Au precursor was added (50 pL (1mM), 1.25x10° mmol), the characteristic pinhhole was
not observed in the resulting nanostructures (Figure 2.13A), suggesting that the galvanic
corrosion occurs very fast during the first stages of the reaction, as can be confirmed by the
presence of single walled and partially corroded nanoboxes. When more Au precursor was

added, the presence of single walled nanoboxes increases. See Scheme 3.

[AuT] |

Scheme 3. Representation of the formation of bimetallic AgAu double walled nanoboxes in

the presence of CTApts.

By adding different amounts of the HAuCls solution (6.25x10* mmol - 3.12x1073
mmol) into a fixed volume of Ag NCs, the colour of the solution varies from yellow to purple,
and finally blue as show in the insets in Figure 2.13A-D. The evolution of the UV-Vis spectra
with the addition of different amounts of Au precursor is shown in Figure 2.13D. When small

volumes of Au precursor were added, the SPR band present a redshift until ~550nm (red and
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blue line in Figure 2.13D), when more gold precursor was added, the spectra became a flat

line with a small bump around ~750nm. This change in the absorption spectra is due to the

aggregation of the resulting nanostructures.
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Figure 2.13. TEM images of AgAu NPs synthesized in the presence of CTApTS 20mM with the
addition of different amounts of HAuCls 1ImM. Photographs showing the colloidal suspension
of NPs are presented as insets. A. 50 uL (1.25x103 mmol) B. 75 puL (1.87x10° mmol) C.
100 pL (2.50x10°% mmol) D. 125 pL (2.50x10°3 mmol). Scale bar represents 100 nm for all

images. E. UV-Vis spectra of: black Ag NCs, red A, blue B, purple C, and green D.

As mentioned before, when CTApTS was used as surfactant, single walled
nanostructures (Figure 2.14A) with irregular thick walls were obtained and, the average edge
size of these nanoboxes corresponded to 53.1 + 5.0 nm and a wall thickness of 8.3 + 1.7 nm

as is shown in Figure 2.14B-C respectively.
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Figure 2.14 A. TEM images of single walled nanoboxes synthesized in the presence of CTApTS.

B. Size distribution and C. Wall thickness of single walled nanoboxes.

It would appear that the presence of halogens provided by the surfactant, forms a
layer of AgBr or AgCl on the surface of the Ag NCs, protecting them from fast corrosion and
modifying the kinetics of the reaction. In this context, the potential presence of AgBr or AgCl
at the surface of the Ag template, together with the surfactants, can produce a physical
barrier which would avoid fast galvanic corrosion, controlling the diffusion of the Au
precursor, favouring the diffusion due to the Kirkendall effect and the formation of complex

nanostructures.

2.3.2.2 Effect of non-ionic stabilizer. The effect of a non-ionic stabilizer was then
studied. PVP was chosen because it is widely used as stabilizing and shape-directing agent in

the synthesis of noble metal NPs [41].

First, the effect of the concentration of PVP was studied. For this purpose, PVP of MW
55,000 was used at different concentrations (by repeating unit), and the same amount of Au

precursor was added in all cases as is shown in Figure 2.15.

When PVP was not used (Figure 2.15A) sponge like nanostructures were formed, this
was due to the fast oxidation of the Ag template together with the fast deposition of Au.
When the concentration of PVP was fixed to 0.01 mM, a mixture between the sponge like
nanostructures and single walled nanoboxes were obtained, where the amount of the sponge
like nanostructures was very low. When PVP concentration was adjusted to 0.1 and 1 mM

(Figure 2.15C-D) just single walled nanoboxes were observed. Finally, when higher PVP
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concentrations, 10 mM and 100 mM were used (Figure 2.15 E-F) a mixture between single
walled nanoboxes and nanostructures partially corroded (see HAADF-STEM insets images in
Figure 2.15 E-F), where considerable amounts of Ag were still present, were obtained. The
formation of these partially corroded nanostructures could be explained because the PVP
binds to the surface of Ag NCs and acts as a physical barrier for the Au precursor deposition-
reduction and decreases the kinetic of the GRR. In Figure 2.15G we can see than the SPR band
of the nanostructures synthesized in high PVP concentrations appears at lower values (670
nm) than in the case of lower concentrations (up to 700 nm), this is due to the presence of

this not fully corroded nanostructures mentioned before.
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Figure 2.15. Effect of PVP concentration (by repeating unit). A. without B.0.01 mM C. 0.1
mM D. 1 mM. E. 10 mM F. 100 mM. Scale bar 100 nm for all images. G. UV-Vis spectra.
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TEM images of single walled nanoboxes are shown in Figure 2.16A. These nanoboxes
were synthesized in the presence of PVP (1 mM, by repeating unit). The monodispersity and
homogenity of the product is clearly visible. EDS analysis of a single walled nanobox is shown
in Figure 2.16B. As can be observed, the distribution of Ag (red) and Au (green) in the single
walled nanobox seems to be almost homogeneous throughout the nanostruture.
Quantification of different spectra from the wall and inner part of the nanobox also suggested
overall homogenity. The wall was composed of 37.8 £ 6.2 % Ag and 62.2 £ 6.2 % Au, and the
inner part was composed of 36.2 + 9.2 % Ag and 63.8 + 9.2 % Au. Since both the walls and
inner parts had similar chemical composition, it is convenient to present them as an overall

result, which is 37.8 + 7.1 % Ag and 62.2 £+ 7.1 % Au.

Figure 2.16. A. TEM images of single walled nanoboxes synthesized in the presence of PVP.
B. HAADF-STEM image and EDS mapping of a single walled nanobox, red for Ag, green for

Au and composite.

By using even higher concentrations of PVP (180 mM by repeating unit, 20 mg/mL),
along with the slow addition of the Au precursor (10 uL/min) it was possible to obtain highly

porous nanoboxes, resulting from the dealloying and dissolution of Ag from the nanoboxes
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wall, as is shown in Figure 2.17A. These nanostructures present a strong SPR band in the near
IR region at ~1000 nm (Figure 2.17B). These NPs have great potential for biomedical

applications [42] as a contrast agent for photoacoustic tomography [43], or in photothermal

therapy [31].
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Figure 2.17 A. TEM images B. UV-Vis spectra of as synthesized nanostructures.

As is shown in Figure 2.18, selected TEM tilt images of the same nanobox showing
different perspectives with tilting the sample from +50° to -45° and confirm the highly porous

morphology of the nanoboxes.

Figure 2.18. TEM, images of the same nanobox tilted -45°, -30°, -15°, 0°, 15°, 30°, 45°, and

50°. Scale bar represent 20 nm for all images.
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2.3.3. Biosensing with single walled nanoboxes. The binding of antibodies to a
protein corona [44] formed on single-walled AuAg nanoboxes or on 50 nm spherical Au NPs
as a benchmark [45] for comparison was detected. It is well-known that when the NPs are
dispersed in physiological media, they are immediately coated by proteins, forming a protein
corona that may harden with time [46], and become a hard protein shell that provides the
biological identity [47] of the NP. In this regard BSA [44] is one of the major compound.
Scheme 4 shows the representation of the primary (with BSA) and secondary (with anti-BSA)
protein conjugation processes with spherical solid Au NPs (Scheme 4A) and single walled
nanoboxes (Scheme 4B), where the coverage of nanostructures with BSA and further

attachment of antibodies are illustrated.

Al _,
® - -
BSA - f
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Scheme 4. A. Schematic representation of the primary and secondary protein conjugation

processes with A. spherical Au NPs and B. single walled nanoboxes.

The UV-visible spectra from the unconjugated Au NPs (Figure 2.19A) and single-
walled AgAu nanoboxes (Figure 2.19B) along with their response to the BSA conjugation are
shown in Figure 2.19. As can be seen in these UV-vis spectra, after incubation with BSA
(shown in red), the position of the LSPR peak of spherical Au NPs does not change much
(about 4 nm), whereas the shift in the LSPR peak of the AgAu nanoboxes is clearly visible
(about 12 nm). Similar differences between the Au-BSA NPs and single-walled AgAu-BSA
nanoboxes are also observed during the second conjugation event when incubated with
antibodies against BSA (shown in blue). Overall, it can be clearly seen in Figure 2.19C that
shifts for the single walled nanoboxes are about 4 times stronger than the Au NPs, especially
in the second binding event, thanks to the enhancement of the localized electromagnetic field
around the hollow nanoboxes that allows easy and direct detection of binding events in their

vicinity.
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Figure 2.19. The UV-visible spectra from the unconjugated Au NPs (A) and single-walled

nanoboxes (B) along with their response to the BSA conjugation and after the further addition

of the Ab (blue line). Insets on A and B are plotted in C, which is the redshift comparison

between Au NPs and single-walled nanoboxes after the first NP—protein interaction and

secondary protein—Ab interaction.
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Chapter 3

Multidomain and Multimetallic Nanotubes.

In this chapter, a general synthetic route for the preparation of multidomain bimetallic
AgAu, trimetallic AgAuPt, AgAuPd and tetrametallic AgAuPdPt NTs is presented. Multimetallic
NTs have been successfully prepared via a simple and sequential GRR at room temperature
using Ag NWs as sacrificial templates. The prepared NTs exhibited catalytic activity toward
the reductive degradation of 4-nitrophenol by NaBH4 due to their characteristic morphology
and the synergism between the constituent metals. This strategy offers a convenient,
versatile and highly valuable approach to the fabrication of multimetallic nanostructures with

various components and compositions.
3.1 Introduction

Multimetallic nanostructures which are composed of different metals integrated into
a single NP in a controlled spatial arrangement, represent an unprecedented possibility to
increase the diversity and degree of complexity of nanostructured materials. These advanced
nanostructures possess pronounced physicochemical properties compared with individual
constituent metal counterparts via synergism between components. These properties, which
are ascribed to changes in their atomic and electronic structure upon introducing other metal
species, enables their use as very effective surface enhanced Raman scattering (SERS)
substrates [1] and optical waveguides. Especially interesting is their use as electro and
chemical catalysts, where the incorporation of additional metals to the nanostructure
facilitates surface adsorption/desorption processes, modulates lattice strain [2-4], and their
electronic states. This effectively improves their activity, selectivity and/or reusability and
results in unprecedented efficiencies in hydrogenation and oxygen reduction reactions (ORRs)
[5, 6]. Furthermore, hollow NPs overcome important drawbacks of noble metals, maximizing
their mass specific catalytic activity [7] and surprisingly enhancing their stability and

robustness.
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Because the properties of NPs highly depend on their morphology and composition,
the rational design and production of multimetallic NPs has been a research topic of great
interest the last few years. To date, bimetallic NPs composed of combinations of metals, such
as AuPt [8], AgAu [9, 10], AgPt [11], PdPt [2, 12-14], have been obtained by wet chemical
approaches including co-nucleation/co-reduction methods, thermal decomposition and
seeded-growth strategies [15-17]. These techniques have been further exploited for the
production of multimetallic NPs, including solid AuPtPd [18], core(alloy)/shell AuAg@Pd [19],
AgPd@Pt [20, 21], core/shell(alloy) Au@PdPt [22], core/shell/shell structures, Au@Pd@Pt
[23] and domain-segregated AgAuPt NPs [24]. However, despite the remarkable results
obtained, the control of NP morphology and composition by these methods is not
straightforward. This is due to the difficulties in controlling the nucleation and growth
pathways of different metal precursors with different redox potentials, interfacial energies,

and reduction kinetic rates.

Among the different synthetic strategies, GRRs represent a versatile route to produce
nanostructures with controllable hollow sections [25]. This reaction, involving the oxidation
of sacrificial templates with a precursor containing a relatively more noble metal ion, has been
proved effective in producing a wide variety of hollow bimetallic NPs, such as AgAu [26], AgPt
[27], AgPd [27, 28], and PdPt [29]. Furthermore, as the morphology of the sacrificial template
is preserved, the shape of the final nanostructures can be adjusted by selecting the template
and finely controlling the interfacial deposition and alloying (dealloying) processes, ultimately
determined by the intrinsic miscibility of the metals involved in the reaction. Thus, using metal
NWs as sacrificial templates, one-dimensional (1D) bimetallic NTs, based on AgAu [30, 31],
AgPd [32], AgPt [33], PtPd [2], AuPt [34] and trimetallic PtAgAu NTs [35] have been reported,

which are of special interest due to their unique properties and promising applicability.

The production of multimetallic nanostructures involving three or more metal
precursors has been traditionally restricted by the complex reaction environments involved,
in particular due to the difficulty in promoting (or preventing) GRR processes by adjusting
reaction conditions (differences in precursor reduction, decomposition rates and miscibility
of metallic phases). In spite of these limitations, Weiner et al. [36] recently reported a
synthetic route to produce trimetallic AgAuPd nanostructures by coupling seed-mediated co-

reduction with galvanic replacement, simultaneously reducing Au and Pd precursors with AA

48



Chapter 3. Multidomain and Multimetallic Nanotubes

in the presence of CTAC using Ag NCs as templates. A similarly strategy was reported by Pen
et al. on the preparation of AgAuPt nanocages [37]. Despite its versatility, GRR has important
limitations because its use is restricted to metals that have higher reduction potential values

than those of metal sacrificial templates.

In this regard, the question still remains of how to produce more complex
multimetallic nanostructures, involving three or more metal precursors. Based on existing
knowledge of GRR, we herein develop a facile, efficient and reproducible sequential approach
for the production of multimetallic AgAuPtPd NTs using Ag NWs as sacrificial templates, CTAB
as surfactant, HAuCls, K2PdCls and/or K,PtCls as an oxidizing agents and AA as a co-reducing
agent. The method, based on controlled successive galvanic corrosion of the Ag NWs, relies
on the delicate control of the rate of Ag galvanic oxidation, which is achieved by coupling the
action of GRR with other chemical processes, in particular the competing reduction of the
metal precursors and the control of its diffusion kinetics. Furthermore, the success of this
shape transformation from solid NWs to quaternary NTs offers a convenient, versatile, low-
cost, and highly valuable approach to the fabrication of multimetallic nanostructures with
various components and compositions. Additionally, this rational approximation could
provide a better understanding of the parameters controlling the reaction ultimately leading

to the control of the overall morphological and composition of the system.
3.2 Materials and methods

3.2.1 Materials

Ethylene glycol anhydrous, 99.8% (EG), silver nitrate > 99.0% (AgNOs), platinum
chloride 98% (PtCl,), Potassium tetrachloroplatinate (ll) 98% (K2PtCls), polyvinylpyrrolidone
(PVP, Mw =360.000), gold (lll) chloride trihydrate > 99.9% (HAuCls.3H,0), Potassium
hexachloropalladate (V) 99% (K2PdClg), cetyltrimethylammonium bromide =99 % (CTAB), L-
ascorbic acid (AA), 4-nitrophenol and sodium borohydride (NaBH.) were purchased from
Sigma-Aldrich. All chemicals were used as received without further purification. Distilled

water passed through a Millipore system (p = 18.2 MQ) was used in all experiments.
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3.2.2 Methods

3.2.2.1 Synthesis of Ag NWs. A polyol process was used to synthesize Ag NWs [38]. In
a typical synthesis, 5 mL of EG was placed in a round- bottom flask and heated in an oil bath
at 160°C. A solution of 0.15 mM PtCl, (0.5 mL) was added. After 10 minutes, a mixture of 2.5
mL of AgNOs3 (0.12 M in EG) and 5 mL of PVP solution (0.36 M in EG based on the repeating
unit) were added through a syringe pump under magnetic stirring. The solution was heated
at 160°C for one hour. The final product was diluted with acetone and centrifuged at 2000 g

for 15 min, and finally redispersed in MQW for further use.

3.2.2.2 Synthesis of AgAu multidomain NTs. In a typical synthesis, 0.5 mL of Ag NWs
(427 ppm Ag+, 3.9 mM by ICP-MS) were dispersed in 2 mL of milli-Q water, 1 mL of CTAB (20
mM), and 0.1 mL of AA (0.1 mM) were added. Then, 0.2 mL of HAuCls (1mM), was added
through a syringe pump at a rate of 25 uL/min under stirring. After the addition of the HAuCls
solution, the reaction was stirred for 30 min at room temperature until the solution UV-vis
spectra became stable. The sample was centrifuged at 2000 g for 10 min and washed with
MQW twice; finally the pellet was resuspended in 1 mL of MQW for further catalytic essays

and characterization.

3.2.2.3 Synthesis of AgAuPt NTs. In a typical synthesis, 0.25 mL of as prepared AgAu
MDNTs were dispersed in 2 mL of MQW and 1 mL of CTAB (20 mM), was then added. Then,
0.1 mL of K,PtCls (ImM) was added through a syringe pump at a rate of 25 pL/min under
stirring at room temperature. After the addition of the K;PtCls solution, the reaction was
stirred overnight. The sample was centrifuged at 2000 g for 10 min and washed with MQW

twice; finally the pellet was resuspended in 1 mL of MQW for further characterization.

3.2.2.4 Synthesis of AgAuPd NTs. In a typical synthesis, 0.25 mL of as prepared AgAu
MDNTs were dispersed in 2 mL of MQW and 1 mL of CTAB (20 mM), was then added. Then,
0.1 mL of Na,PdCls (1mM) was added through a syringe pump at a rate of 25 uL/min under
stirring at room temperature. After the addition of the Na,PdCls solution, the reaction was
stirred for 3 hours until the solution UV-vis spectra became stable. The sample was
centrifuged at 2000 g and washed with MQW twice; finally the pellet was resuspended in 1

mL of MQW for further catalytic essays and characterization.
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3.2.2.5 Synthesis of AgAuPd multidomain NTs. In a typical synthesis, 0.50 mL of as
prepared AgAu MDNTs were dispersed in 2 mL of MQW and 1 mL of CTAB (20 mM) was then
added. Then, 0.1 mL of Na;PdCls (1mM) was added through a syringe pump at a rate of 25
uL/min under stirring at room temperature. After the addition of the Na,PdCls solution, the
reaction was stirred for 3 hours until the solution UV-vis spectra became stable. The sample
was centrifuged at 2000 g for 10 min and washed with MQW twice; finally the pellet was

resuspended in 1 mL of MQW for further catalytic essays and characterization.

3.2.2.6 Synthesis of AgAuPdPt NTs. In a typical synthesis, 0.25 mL of as prepared
AgAuPd MDNTs were dispersed in 2 mL of milli-Q water and 1 mL of CTAB (20 mM) was then
added. Then, 0.1 mL of KyPtCls (1mM) was added through a syringe pump at a rate of 25
uL/min under stirring at room temperature. After the addition of the K;PtCls solution, the
reaction was stirred overnight. The sample was centrifuged at 2000 g for 10 min and washed
twice with milli-Q water; finally the pellet was resuspended in 1 mL of milli-Q water for further

catalytic essays and characterization.

3.2.2.7 Catalytic reduction of 4-nitrophenol. The reduction of 4-nitrophenol to 4-
aminophenol with NaBH4 was used as a probe reaction because the change of colour is easy
to monitor by UV-vis absorption spectroscopy. In a typical process, in a 4 mL cuvette, 2 mL of
MQW was mixed with 50 puL of 5 mM 4-nitrophenol, then 0.1 mL of freshly prepared 0.1M
NaBHs solution was added, resulting in a change in colour of the solution from pale yellow to
bright yellow due to the conversion of 4-nitrophenol to 4-nitrophenolate anion. Finally, 50 uL
of NPs were added (77.5 ppm Ag* for Ag NWs) and the UV-vis absorption spectra was
recorded between 500 - 300 nm at a time increment of 1 minute. The same concentration of

NPs was maintained during the catalytic reaction to compare all the catalytic experiments.
3.2.2.8 Characterization

Absorption spectra of the as synthesized NPs were acquired with a Shimadzu UV-

2401PC spectrophotometer.

The morphology of the synthesized NTs was investigated by TEM, HR-TEM, STEM, and SEM.
The compositional analysis of the synthesized nanotubes was performed by EDS line scan and
elemental analysis. The morphology and size of the NPs were visualized using FEI Magellan

400L XHR SEM, in scanning mode operated at 1kV and in transmission mode operated at 20
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kV. STEM-EDS maps and line scans were obtained in a FEI Tecnai G2 F20 S-TWIN HR(S) TEM,
operated at an accelerated voltage of 200 kV. A droplet of the sample was drop cast onto a
piece of ultrathin carbon-coated 200-mesh copper grid (Ted-pella, Inc.) and left to dry in air.
XRD data were collected on a PANalytical X’'Pert diffractometer using a Cu Ko radiation

source.

3.3 Results

The controlled production of multimetallic AgAuPdPt NTs, herein presented, relies on
the individual control of 3 sequential GRR steps onto Ag NW templates with the 3 different
metal precursors (Au, Pd and Pt) involved in the reaction. The galvanic replacement process
in the simplest case of bimetallic AgAu multidomain NTs is first presented and then extended
to a more complex mixture of metals, where the Ag template was progressively replaced with

more noble metals.

The replacement process occurs when a more noble metal cation is allowed to react
with a less noble nanostructure in the same solution. Interestingly, starting with Ag NWs, the
partial (uncompleted) GRR by the addition of HAuCls at substoichiometric concentrations,
results in the formation of AgAu periodic hollow-solid multidomain NTs comprising the
sequential formation of solid Ag parts and hollow AgAu parts. Solid and hollow domains
appear because the GRR has geometrical constraints but, in contrast to the pinholes observed
in spherical and cubic NPs, in this reaction, a pinhole cannot control the dissolution of the
whole Ag NCs. As a result, different pinholes appear at distances stablished by the chemical
potential of the reaction (determined by factors such as reagent concentration, time,
presence of stabilizers and complexing agents, temperature and surface state). The Ag
residue that has not exchanged with Au* ions is further replaced by the controlled addition of
K2PtCls or Na;PdCls, which leads to ternary alloy hollow NCs without any significant change in
their morphology. Finally, the GRR reaction of AuAgPd hollow NWs with K;PtCls produces

AgAuPdPt NWs with morphological and compositional control as illustrated in Scheme 3.1.
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Scheme 3.1 Representation of the synthesis of multimetallic nanostructures

In each individual process, the partial Ag replacement relies on the controlled
oxidation of the Ag templates at room temperature by the metal precursor involved in the
reaction (Au, Pt or Pd), which is achieved by adjusting the precursor's reactivity and galvanic
reaction rate. Thermodynamically, these GRR are a rather strong reaction and precise control
of the corrosion process is difficult to achieve, resulting in poor morphological control.
Therefore, to be able to progressively remove material from the inside of the initial Ag NWs
with different metallic precursors, the chemical potential of the reaction has to be lowered
to allow better kinetic control and the obtention of desired intermediate species. In order to
get this control working at room temperature, it is necessary to add surfactants, co-reducers

and complexing agents

The use of a cationic surfactant, such as CTAB, which serves as a NP surface stabilizer,
structure directing agent and complexing ligand, simultaneously reduces the reduction rate
of the metal precursor and inducing its epitaxial deposition. A co-reductant, such as AA,
competes with the Ag template for the reduction of the metal species, modifying delivery of
the metal precursor and allowing the deposition rate to be adjusted. This precise adjustment
of synthetic parameters allows the control of whole the shape transformation from NWs to
guaternary NTs and prevents secondary NP nucleation in solution and nonspecific metal

deposition at the surface of the NTs.
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3.3.1 Synthesis of AgAu multidomain NTs. For the production of multimetallic NTs,
the first step involves the synthesis of AgAu multidomain NTs at room temperature via GRRs
of Ag NWs, after the addition of controlled substoichiometric amounts of HAuCls in the

presence of CTAB and AA.

Ag NWs were prepared as previously described by Xia et al [38] with minor
modifications, as was described previously in the methods section, with lengths of up to ~5
um and widths of 60-80 nm. TEM images are shown in Figure 3.1A-B and a SEM image is
presented in Figure 3.1C indicating that the Ag NWs displayed well defined shapes and
smooth surfaces. Figure 3.1D shows UV-vis spectrum of the as synthesized Ag NWs. The
spectrum exhibit two relatively sharp surface plasmon resonance (SPR) peaks at ~350 and
~380 nm, both of them corresponding with reported values for Ag NWs and are attributed to
the quadrupole and the transverse plasmon resonance of the Ag NWs with pentagonal cross-

section [38, 39].

Initially, Pt seeds were found to be nucleated which act as seeds for subsequent
growth of Ag NWs. These Pt NPs serve as seeds for the heterogeneous nucleation and growth
of Ag [38]. Formation and growth of Ag NWs may be driven by the deposition of Ag atoms on
{111} planes of these Pt NPs. The presence of PVP on Ag {100} plane could be a reason for the
one dimensional growth along the longitudinal axis of Ag NWs. Also, the PVP could benefit
the formation of Ag NWs by strongly attaching to the Ag {100} and {110} rather than {111}
facets [40]. The density of PVP molecules bound to the side surfaces of the NWs is very high
compared to that of edges of the Ag NWs, which allows growth along the NRs axis leading to

high aspect ratio NWs.
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Figure 3.1 A. Low magnification TEM B. TEM, and C. SEM images of Ag NWs. D. UV-Vis

spectrum of Ag NWs, inset shows a photograph of aqueous dispersion of Ag NWs.

Using these Ag NWs as sacrificial templates, AgAu multidomain NTs were produced.
Figure 3.2 shows electron microscopy images of the obtained structures. Due to the large
difference in contrast between the hollow and solid regions, TEM and particularly HAADF-
STEM are especially useful techniques for resolving their morphology and internal structure.
Figure 3.2A-G shows TEM and HAADF-STEM images, where the production of NTs with
periodic domains with a well-defined interface corresponding to sequential solid and hollow
regions can be clearly observed. Importantly, the original dimensionality and the pentagonal
cross section of the Ag NWs are largely retained, indicating that the partial GRR did not
compromise the overall morphology of the NPs. Details of the solid (bright contrast regions)
and hollow regions (dark contrast regions) are shown in Figure 3.2E, revealing a well-defined
interface between domains (Figure 3.2F) and the overlapping of different twinned pentagonal

sections (Figure 3.2G).
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Figure 3.2 A. Low magnification TEM, B. HAADF-STEM. C-E, STEM F. TEM and G.HR-TEM of

AgAu multidomain NTs.

EDS line-scanning elemental analysis obtained through the red arrow of a bimetallic
AgAu multidomain NT show in the STEM-HAADF image in Figure 3.3 the multidomain NT has
an average diameter of 88 nm, the EDS analysis reveal similar results to the maps shown in
Figure 3.4 where the solid part is mostly composed of Ag and the hollow part is composed of

an AgAu alloy.
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Figure 3.3 STEM-HAADF image of a multidomain NT. The EDS line scan results (Ag in red, Au

in green) obtained through the red arrow. Intensities are arbitrary units and normalized.
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EDS elemental mapping (Figure 3.4, red rectangular region) of a ~90 nm diameter
AgAu multidomain NT, clearly shows that solid regions are composed mostly of Ag (red
colour), covered by an outer ~8 nm Au rich layer (green colour). Furthermore, hollow domains
have a higher Au composition compared with their solid parts, in general, containing ~55% Ag
and ~45% Au, suggesting the successful incorporation of Au into the Ag phase of the alloy

formation.

Figure 3.4 STEM image of an AgAu multidomain NT. EDS maps of the red rectangular region:
Simultaneous STEM-HAADF, elemental Ag (in red) and Au (in green) maps and their

composite.

3.3.2 Formation mechanism of AgAu multidomain NTs. The morphological and
structural evolution from Ag NWs to multidomain AgAu NTs by changing the amount of
HAuCls added is displayed in Figure 3.5. Immediately after the addition of the Au precursor
to the mixture containing Ag NWs, CTAB and AA, some of the Au3* ions turn to Au® by the
direct action of AA while the rest remain in the reaction system [41], assisting the GRR that

starts to take place [42].

At the initial stages of the reaction, TEM images reveal the formation of small periodic
pinholes at specific sites of the Ag NW, evidencing that the GRR initiated at the side surfaces
of the Ag NW through a pitting process (Figure 3.5B) [43]. Once the reaction had started, the
addition of more Au3* promoted further Ag dissolution and larger pinholes were formed

(Figure 3.5C-D). At this stage, the Au ions were then deposited on the surface of the Ag
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template. Because of the matching between both crystalline structures (Ag and Au are fcc)
and lattice constant of 4.0786 and 4.0863 A for Ag and Au respectively, this deposition was
epitaxial and homogeneous, forming a thin Au layer, that prevented the Ag atoms beneath
from reacting with the Au precursor. A further increase of the amount of Au3* ions in solution
promoted the formation of larger cavities along the axis of the Ag NWs (Figure 3.5E). At this
stages, the Au® remaining in solution by the direct action of AA directly deposited at the
surface of the Ag NWs, increasing the thickness of the Au layer. Later, the addition of
increasing amounts of Au precursor, further assisted the complete Ag NWs dissolution,
leading to the formation of hollow Au NTs (Figure 3.5F). The obtained multidomain and
hollow bimetallic AgAu NTs exhibited an intense absorption due to their SPR [44] [45]. The
UV-vis spectra (Figure 3.5G) of the nanostructures shown in Figure 3.5 evolves with an
increase in the amount of HAuCls added to the reaction media which can be ascribed to the
formation of AgAu alloy NWs, in particular modifications of composition (from Ag to AgAu)
and morphology (from void to partially hollow) of the hybrid nanostructures. Thus, the main
absorbance peak at 380 nm corresponding to the transverse mode of the SPR band of Ag NWs

[45] red-shifts and broadens to longer wavelengths while an additional peak appears around

600 nm indicative of the newly formed hollow regions [44].
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Figure 3.5 TEM images and schematic illustration of Ag nanowires A. before and B-F. After
they reacted with different volumes of 1ImM HAuCl, solution: B. 0.1 mL; C. 0.2 mL; D. 0.3 mL;
E. 0.4 mL and F. 0.5 mL. Scale bar represent 1 um for all images. G. UV-Vis spectra of the Ag
NWs before (purple) and after reaction with different volumes of 1 mM HAuCls. 0.1 mL
(magenta); 0.2 mL (red); 0.3 mL (blue); 0.4 mL (black); 0.5 mL (green).
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In this synthesis, CTAB and AA play a key role in the formation of the bimetallic AgAu
multidomain NTs by adjusting the reduction rate of Au ions and allowing the control of the
periodic multidomain structure of the NTs. This can be explained by the different reactivity of
the Au3* ions in the presence of CTAB and/or AA. The reduction potentials of Au**ions in
different oxidation states are Au3*/Au* = 1.36 V, Au**/Au® = 1.5 V, and Au*/Au® = 1.83 V.
Therefore, it is clear that the reduction of Au3*=>Au* is more favourable than that of
Au*=>Au®, and that the less favourable reduction of Au*—=>Au® favours Au3* ions to be directly
reduced to Au®[41]. Consequently, stabilizing Au* states slows down the corrosion process.
In this chemical scenario, CTAB not only serves as a surfactant and stabilizer for the
nanostructures, but also acts as an inducing agent for the epitaxial deposition of Au, since
CTAB solubilizes the AgCl formed during the GRR [42], leading to the formation of hollow
structures with smooth surfaces. Thus, control experiments showed that in the absence of
CTAB, Au was rapidly and irregularly deposited on the surface of the Ag NW in a sponge like
structure, as is shown in Figure 3.6A. These irregular Au deposition occurs because the
precipitation of AgCl crystals (Kps 1.8 x 1071°) formed during the GRR act as templates for the
deposition [31]. Likewise, in the absence of AA, the stronger etching power of Au3* (Au3*/Au°
= 1.5V vs SHE vs. Ag*/AgP® 0.8V vs SHE) promotes the fast Ag oxidization, which is translated
into a lack of control in the geometry and size of the inner voids (Figure 3.6B). A similar
absence of control was found when the experiments were performed in the absence of both,
CTAB and AA, where Au was deposited irregularly on the surface of the Ag NW and obtained
NTs presented an uncontrolled inner etching (Figure 3.6C). As expected, these limitations in
the formation process translate into a lack of control of the optical properties of the obtained

structures as is shown in the UV-Vis spectra showed in Figure 3.6D.
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Figure 3.6 TEM images of AgAu nanostructures synthesized A. in the absence of CTAB, B. in
the absence of AA and C. in the absence of CTAB and AA D. UV-Vis spectra of the Ag NWs
before (black) and after reaction in absence of AA (red), in absence of CTAB (blue) and in

absence of both CTAB and AA (magenta). Scale bar represent 1 um for all images.

3.3.3 AgAuPt and AgAuPd trimetallic NTs. The second step involved the use of
bimetallic AgAu multidomain NTs as templates for the production of trimetallic AgAuPt or
AgAuPd NTs. This was achieved by the GRR of the Ag remaining in the solid regions of the
multidomain AgAu NTs by the addition of controlled amounts of Pt2* or Pd** precursors in the

presence of CTAB.

As evidenced in Figure 3.7, the addition of controlled amounts of Pt*2 or Pd** solutions
results in the formation of hollow trimetallic AgAuPt (red square) or AgAuPd (green square)
NTs. Low-magnification TEM and HAADF-STEM images (Figure 3.7 A, B, and Figure 3.7 E, F)
reveal that obtained ternary structures present larger hollow regions, ascribed to the GRR of

the remained Ag not exchanged previously.
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High-resolution TEM (HRTEM) images from the middle portion of an individual AgAuPt
NT (Figure 3.7C) and from the tip of a multi-twinned AgAuPd NT (Figure 3.7G) reveal the
presence of a continuous Pt- or Pd-rich wall with a thickness of ~25 nm and ~9nm respectively.
Corresponding power spectra (FFT) in the inset image of Figure 3.7C,G reveal d-spacing values
larger than expected for the respective metallic phases (Ag/Au/Pt 0.23 nm), suggesting that
NTs are rich in a ternary alloy of AgAu and Pt or Pd respectively. SEM image of the AgAuPt
NTs (Figure 3.7D) reveals the rough surface of the obtained structures, homogeneously
covered by small Pt crystallites. In contrast, AgAuPd NTs (Figure 3.7H) presented rather
smooth surfaces. These differences in growth mode of both metals are attributed to the
different affinities of the metals (Pt and Pd) with the substrate (AgAu). Thus, the poor
miscibility (higher lattice mismatch) between AgAu and Pt is known to follow a Volmer-Weber
type of growth, widely characterized by the nucleation and growth of islands on the surface

of the substrate.

ARC

Figure 3.7 A. TEM B. STEM C. HR-TEM and D. SEM images of AgAuPt NTs. E. TEM F. STEM G.
HR-TEM and H. SEM images of AgAuPd NTs. Insets in C and G are showing the corresponding

fast Fourier transform (FFT).

To better understand the distribution of Ag, Au and Pt or Pd in the ternary NTs, elemental EDS
mapping were performed. Obtained results are summarized in Figure 3.8, where the
elemental maps (Figure 3.8B and F) of the blue dotted rectangular regions of individual
AgAuPt (red square) and AgAuPd (green square) NTs are shown. In both cases, a

homogeneous distribution of the constituent elements is observed. However, some
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differences between both types of ternary NTs are detected when studying the corresponding
elemental profiles. Thus line-scanning profile analysis taken from the purple rectangular
region in Figure 3.8C reveals, for AgAuPt NTs, an outer layer richer in Au and Pt compared to
the Ag with an average composition of Ag 31%, Au 34% and Pt 35%. This observation is in
agreement with the homogeneously covered NT surface by small Pt crystallite, as was
explained before. In contrast, for trimetallic AgAuPd NTs (Figure 3.8G), Ag and Pd present a
higher intensity than Au and an average composition of Ag 38%, Au 28% and Pd 34%.
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Figure 3.8 A. HAADF-STEM image of an AgAuPt NT. B. EDS maps of the rectangular region: Ag
(red), Au (green) and Pt (blue). and composite of AgAuPt of the rectangular region in A. C.
HAADF-STEM image of the tip of a AgAuPt NT. D. Intensity profiles along the red rectangular
region indicated in C, Ag (red), Au (green) and Pt (blue). E. HAADF-STEM image of a AgAuPd
NT. F. EDS maps of the rectangular region: Ag (red), Au (green) and Pd (blue). and composite
of AgAuPd of the rectangular region in E. G. HAADF-STEM image of the tip of a AgAuPd NT. H.
Intensity profiles along the red rectangular region indicated in C, Ag (red), Au (green) and Pt

(blue).

3.3.4 AgAuPdPt tetrametallic NTs. The final step involved the use of trimetallic
AgAuPd multidomain NTs as templates for the production of tetrametallic AgAuPdPt NTs. For
the synthesis of this trimetallic multidomain NTs, substoichometric amounts of Pd precursor
were added to the reaction (see methods for details). In Figure 3.9A HAADF-STEM images of

trimetallic AgAuPd multidomain NTs are shown, solid and hollow domains are clearly visible.
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EDS elemental mapping presented in Figure. 3.9B shows that the solid regions are rich in Ag,

whereas the hollow regions are rich in Au and Pd. EDS line-scanning analysis presented in

Figure. 3.9C confirms these observations.
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Figure. 3.9 A. HAADF-STEM images. B. EDS elemental analysis and C. EDS line scanning of

trimetallic AgAuPd multidomain NTs.

Starting with these trimetallic AgAuPd multidomain NTs, the addition of the Pt?* in the
presence of CTAB allows a GRR of the remaining Ag solid regions, driving the production of
tetrametallic AgAuPdPt NTs. The obtained product consists of well-dispersed hollow NTs of
several microns in length (Figure 3.10 A-B) with a continuous crystalline shell with a thickness
of ~11 nm. A highly magnified TEM image (Figure 3.10C) of the tip region of an individual
tetrametallic AgAuPdPt NT clearly shows that the product is multifaceted and has a rough
surface. HR-TEM analysis of this image (red square region) reveals that the NT is crystalline
with a corresponding power spectrum (inset) composed of the contributions of more than
one facet of the NT (Figure 3.10D). The analysis of the upper region of the same tube (green
square) reveals the presence of small crystals (~ 8 nm) along the NT. A detailed study is shown
in Figure 3.10F whose corresponding power spectrum suggests that the image is formed by

an overlapping of different planes of these small crystals and the NT.
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Figure. 3.10 A. HAADF-STEM. B. Low magnification TEM. C. TEM and D. HR-TEM images of the
red square in C. Inset power spectrum of the AgAuPdPt NT. E. HR-TEM image of the green

square in C. Inset power spectrum. F. HR-TEM image of the blue square in E.

The EDS elemental mapping of the white region in Figure. 3.11A distinctly confirms
that the tetrametallic NTs consist of Ag, Au, Pt and Pd metals homogeneously distributed all
over the sample (Figure 3.11B), particularly in the outer shell. Indeed, from the intensity
profiles (red rectangle region in Figure 3.11C), the average composition is Ag 30%, Au 20%,
Pd 20% and Pt 30%, which further confirms the tetrametallic composition of the NTs (Figure
3.11D).
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Figure 3.11 A. HAADF-STEM image of an AgAuPdPt NT. B. EDS maps of the red rectangular
region: Ag (red), Au (green), Pd (blue) and Pt (turquoise) and composites of AgAuPdPt NT. C.
HAADF-STEM image of the tip of a AgAuPdPt NT. D. Intensity profiles along the red

rectangular region indicated in I, Ag (red), Au (green) Pd (blue) and Pt (turquoise)

To determine the effect of the sequential combination of GRR in the controlled
attacking of Ag NWs, a control experiment involving the simultaneous addition of the three
metal precursors was performed. Obtained results are summarized in Figure 3.12, where it
can be seen how, in these conditions, the control of the morphology and composition of the
NTs is completely lost, further evidencing the uncontrolled deposition of the 4 different
metals involved in the GRR. In detail, most of the NTs are un-homogeneously covered by
bright large domains (Figure 3.12A-C) with a crystallographic phase compatible with a fcc
lattice, oriented along the [011] zone axis (green square, Figure 3.12D). Interestingly,
elemental EDS mapping of an individual NT (Figure 3.12E), reveals that the external coverage

of the hollow structures is mainly composed of Ag (in red). While Au, Ag and Pd signals could
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be easily detected and mapped (displayed in green, red and blue), a Pt signal is almost

inexistent and its intensity is too low for an accurate analysis.
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Figure 3.12 A. HAADF-STEM. B-C. TEM. D. HR-TEM of AgAuPdPt NTs. E. HAADF-STEM and EDS
maps of the rectangular region; Ag (red), Au (green), Pd (blue) and composites. F. HAADF-
STEM image. G. Intensity profiles along the white arrow indicated in F. Ag (red), Au (green),
Pd (blue), Pt (turquoise).

X-ray diffraction (XRD) patterns of all the nanostructures previously presented in this
chapter are displayed in Figure 3.13, which show distinct diffraction peaks for each NTs that
can be indexed to the (111), (200), (220) and (311) reflections of the face centered cubic (fcc)
structure of the metal, showing the pure crystalline nature of the prepared NTs. It can be
observed a displacement in the (100) peak from ~38.1° to 38.4° for trimetallic AgAuPd NTs
and 38.6° for trimetallic AgAuPt Nts and tetrametallic AgAuPdPt NTs. Same behaviour is also

visible with the peak indexed to the (200) reflection. The (100) and (200) reflections of the
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trimetallic and tetrametallic nanostructures appears between the values of the pure metals,

suggesting the presence of an alloy.

- Ag —Ag
- Pd ——AgAu
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i ---- AU — AgAuPt
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Figure 3.13. XRD patterns of the Ag NWs (black), AgAu multidomain NT (red), AgAuPd NTs
(blue), AgAuPt NTs (pink) and AgAuPdPt NTs (green). Dotted lines correspond to JCPDS
standard for Ag (Black, 04-0783), Pd (green, 05-0681), Pt (red, 04-0802) and Au (grey, 04-
0784).

3.3.5 Surface Reactivity. One of the main interests in these multimetallic NTs is their
use as catalysts, in which activity (activation energies), selectivity (binding energies) and
importantly, reusability (stability of high-index crystal facets) are expected to strongly depend
on their surface atomic structure, composition and accessibility. To study this point, the
catalytic performance of the as-obtained multimetallic NTs using the reduction of 4-
nitrophenol to 4-aminophenol by sodium borohydride (NaBH4) as model reaction (Scheme
3.2) was evaluated [46]. The reaction was easily monitored by UV-vis spectroscopy following
the decrease of the absorption peak of 4-nitrophenolate at Amax = 400nm. During the entire
process, the nanostructures acted as a catalyst to transfer electrons from BHs to

4-nitrophenolate ions, enabling their reduction. Additionally, in the reaction system, the

67



Chapter 3. Multidomain and Multimetallic Nanotubes

concentration of BHs” was much higher than the concentration of 4-nitrophenol, so it was

possible to consider its concentration as constant during the reaction.
NO, NH,

NTs
4 t 3NaBH, —— 4 + 3NaBO, + 2H,0

OH OH

Scheme 3.2 Reduction of 4-nitrophenol to 4-aminophenol by NaBH4, catalysed by

multimetallic NTs.

The reduction process of 4-nitrophenol to 4-aminophenol was monitored by
measuring the temporal evolution of UV-Vis absorption spectra of the reaction mixture in the
presence of Ag NWs, bimetallic AgAu multidomain NTs, trimetallic AgAuPd, AgAuPt NTs and
tetrametallic AgAuPdPt NTs synthesized step by step or with the simultaneous addition of
the noble metal precursors (Figure 3.14A-F). To facilitate comparison, the characteristic
absorption band at 400 nm was also plotted, offering a good linear correlation with first order
kinetics (Figure 3.14G-H). As can be seen, the fastest reduction rate was found for
tetrametallic AgAuPdPt NTs, evidencing that the presence of the four metals in a single
structure synergistically enhanced the catalytic performance of the sample. The catalytic
activity of trimetallic samples was found to slightly decrease, as the AgAuPd NTs were more
active for the investigated reaction than the AgAuPt NTs. This can be explained in terms of Pd
having greater catalytic activity than Pt. As expected, bimetallic AgAu multidomain NTs
presented an even lower catalytic activity, on average for times lower than the tetrametallic
catalysts. Finally, the Ag NWs were not able to efficiently catalyse the reduction reaction,
which translated into a very low reaction rate constant, 2 orders of magnitude lower than

that obtained for multimetallic NTs.
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Figure 3.14 Time dependent UV-vis absorption spectra of the catalytic reduction of 4-

nitrophenol to 4-aminophenol in the presence of: A. Ag NWs; B. AgAu multidomain NTs; C.

AgAuPd NTs; D. AgAuPt NTs; E. AgAuPdPt NTs; F. AgAuPdPt (simultaneous addition). G.

Kinetic trace of the absorbance at 400 nm during the reduction of 4-nitrophenol to 4-

aminophenol. H. Kinetic rate constants.
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Chapter 4

Silver Nanorods

In this chapter, a high yield, simple, and robust one-pot polyol method for the
production of low aspect ratio (2.8) green silver nanorods (Ag NRs) is presented. In this
method, the presence of tannic acid (TA), favours the nucleation of decahedral seeds needed
for the production of monodisperse Ag NRs. These Ag NRs were further used as sacrificial
templates to produce Au hollow nanostructures via galvanic replacement reaction with
HAuCls at room temperature. The synthesis, characterization and possible mechanism for the

formation of Ag NRs is presented.
4.1 Introduction

Silver NRs are emerging as interesting materials with increasing importance, from the
perspectives of both fundamental science and potential plasmonic and electronic applications
[1-3]. Their unique size and shape-dependent physical and chemical properties make them
attractive for many technologies including, among others, optical and flexible electronic
devices, catalysis, surface enhanced Raman scattering (SERS)-active platforms, nanocarriers

and (bio)sensing [1, 4-6].

The reproducible fabrication of highly monodisperse Ag NRs with controlled sizes is a
challenging task. The first studies, pioneered by Murphy and co-workers [7], reported the
production of cylindrical Ag NRs in water by the use of CTAB as a shape-directing agent and
citrate-stabilized Ag seeds, which opened the possibility of solution phase methods for the
growth of anisotropic metal nanostructures. However, the abundant presence of self-
nucleating spherical and anisotropic (platelets and prisms) by-products, hamper reproducible
synthesis. These restrictions arise from the difficulties in controlling the anisotropic growth of
the Ag crystals after the nucleation of the Ag seeds, typically attributed to the lack of control
of their crystal structure (a mixture of single crystal and penta-twinned phases) [8]. In this
regard, the controlled production of Ag seeds with a decahedral structure has been reported

as a necessary requirement to break the fcc symmetry and grow Ag anisotropic structures [9,
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10]. However, this synthetic crystallographic control of Ag seeds is still difficult to achieve and
only a few strategies have reported the controlled production of decahedral Ag seeds via
complex time-consuming photochemical irradiation methods [11, 12]. Alternatively, high
qguality Ag NRs with a pentagonal cross section have been produced via seeded-growth
strategies using well-faceted decahedral seeds of another metal, mainly Au or Pd [3, 9, 13-
17]. An aqueous approach for the synthesis high aspect ratio Ag NRs and NWs using sodium
citrate in the presence of sodium dodecylsulfonate, although the synthetic procedure is
simple, the lack of monodispersity of the final products is an important factor to take into

account [18].

The problem of seed crystalline dispersity has been partially overcome when
producing long Ag nanowires (Ag NWs) by the solution-phase seeded-growth polyol approach
[19-25], pioneered by Xia and co-workers. Although extensive research has been performed
in this system [24-26], this route has been limited to the production of high aspect ratio Ag
NWs with relatively large diameters (> 40 nm) and, more importantly, highly polydisperse
lengths up to 50 um. In this regard, especially interesting is the work of El-Sayed and co-
workers [27] who reported the possibility of obtaining short Ag NRs of ~20 nm in diameter
and different lengths, by the temporal quenching of the Ag NWs growth process.

Nevertheless, this technique resulted in very low Ag conversion rates and reaction yields.

However, the relatively large and polydisperse size of standard Ag seeds, the lack of
synthetic control of their crystallinity (often a mixture between single crystal and
dodecahedral), and the tendency to form abundant by- products in their production, limit the
control of the final Ag NR morphology [11, 12]. Additionally, there are multiple synthetic steps
involved in most preparation procedures, which entail tedious post-processing protocols and
limit the accurate, reproducible and robust production of Ag NR structures. As a result, it
remains difficult to synthesize Ag NRs with controlled sizes and low aspect ratios in high yields

and with fairly monodisperse distributions.

Herein, we take advantage of a well-established polyol synthesis of Ag nanostructures
to report a simple and robust kinetically controlled one-pot method for the synthesis of short
Ag NRs in high yield. With this method, ~94% of Ag precursor was converted into Ag products
with a high degree of morphological control (>80% of the products were Ag NRs). These short

Ag NRs have an exceptional colloidal stability and a high absorbance in the visible range. Here
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the controlled formation and growth of Ag NRs with an average length of 55 nm and diameter
of 19 nm is achieved by the use of tannic acid (TA) as co-reducing agent at substoichiometric
concentrations [28, 29] in the ethylene glycol (EG) reduction of CF3COOAg in the presence of
high molecular weight PVP (MW 1,300,000). As previously reported,[29-31] the use of a co-
reducer favours the massive nucleation of monodisperse seeds, which further grow by the
incorporation of the remaining precursor in solution, leading to the high yield production of
highly monodisperse low aspect ratio (2.8) Ag NRs. These Ag NRs can be further grown or
used as sacrificial templates to produce Au hollow nanostructures via galvanic replacement

reaction (GRR) with HAuCls, which reveals their homogeneous crystal structure.
4.2 Materials and methods.

4.2.1 Materials

Ethyleneglycol anhydrous, 99.8% (EG), silver trifluoroacetate (CFsCOOAg), silver
nitrate (AgNOs), hydrochloric acid (HCl), polyvinylpyrrolidone (PVP, MW 1,300,000; 350,000),
tannic acid (TA ), gold (lll) chloride trihydrate >99,9% (HAuCl. . 3H;0) and
cetyltrimethylammonium bromide > 99% (CTAB) were purchased from Sigma-Aldrich. All
chemicals were used as received without further purification. Distilled water passed through

a Millipore system (p = 18.2 mQ) was used in all experiments.
4.2.2 Methods

4.2.2.1 Synthesis of Ag NRs. In a typical procedure, 5 mL of EG were added to a 100
mL three necked round bottom flask, and heated under magnetic stirring in an oil bath pre-
set to 170°C. After 10 min, 60 uL of TA (30 mM in EG to a final concentration 0.25mM) was
injected into the flask. 0.5 mL of HCl solution (3 mM in EG) was then injected into the reaction
solution, followed by the addition of 1.25 mL PVP, (20 mg/mL) into the reaction solution.
Finally, 0.4 mL of CFsCOOAg (282 mM in EG) was added into the mixture. After 20 min the
reaction was stopped by placing the reaction flask in an ice-water bath. Resultant Ag NPs were
purified by centrifugation (8000g) in order to remove the EG the excess of TA and PVP, and

further redispersed in MQW before sample characterization.

4.2.2.2 Synthesis of AgAu hollow alloy NRs. In a typical procedure, 0.25 mL of Ag NRs
(10'2 NPs/mL) were dispersed in 2 mL of MilliQ water, then 1 mL of CTAB (20 mM) and 10 uL
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of ascorbic acid (15 mM) were added. 0.3 mL of a solution of HAuCls (1ImM) was injected at a
rate of 25 puL/min using a syringe pump. The reaction was stirred for 30 min and the product
were collected by centrifugation (8000g for 10 min) and then suspended in water for further

characterization.
4.2.2.3 Characterization

Absorption spectra of the as synthesized Ag NPs were acquired with a Shimadzu UV-
2401 PC spectrophotometer. An aliquot of the NPs solution was placed in a cuvette, and

spectral analysis was performed in the 300-800 nm range at room temperature.

The morphology and size of the NPs were visualized using FEI Magellan 400L XHR SEM, in
transmission mode, operated at 20 kV. STEM/ HAADF images were obtained in a FEI Tecnai
G2 F20 S-TWIN HR(S) TEM, operated at an accelerated voltage of 200 kV. A droplet of the
sample was drop cast onto a piece of ultrathin carbon-coated 200-mesh copper grid (Ted-
pella, Inc.) and left to dry in air. XRD data were collected on a PANalytical X'Pert

diffractometer using a Cu Ka radiation source.
4.3 Results

4.3.1 Synthesis of Ag NRs. In the method present in this chapter, EG acts as both,
solvent and reducing agent. In a typical synthesis of Ag NRs, an EG solution, containing a
specific amount of CF3COOAg, high molecular weight PVP (MW 1,300,000) and TA, is heated
to 170°Cin asilicon oil bath under magnetic stirring for 20 min. The solution turns from yellow
to orange, red and finally intense green after 15 minutes as shown in Figure 4.5 inset. It is

then cooled down and prepared for analysis.

HAADF-STEM images of the obtained product, shown in Figure 4.1A and D, together
with TEM images, shown in Figure 4.1B, demonstrate that the as-obtained product consists
of uniform Ag NRs with an average length of 55.6 £ 9.3 nm and average diameter of 19.3
3.0 nm (see Figure 4.1C). The average aspect ratio of these Ag NRs is 2.8. The image contrast
variations within the same Ag NRs as shown in Figure 4.1E, suggest the presence of a multi-
twinned structure. This is confirmed in Figure 4.1F which shows an HR-TEM image of a single
Ag NR, in which the presence of twin boundaries is clearly visible. From one of the facets on

the edge, it is possible to identify the face centered cubic (f.c.c.) Ag phase. Details of the red
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squared region and its corresponding fast Fourier transformation patterns are shown on
Figure 4.1G, indicating that the NR is composed of f.c.c. Ag phase with a lattice parameter of

a =0.408 nm, and this particular facet is visualized along its [011] zone axis.

(1-11) (200)

+{11-1}

[011] Agf.c.c

Figure 4.1 A. Low magnification HAADF-STEM image. B. Low magnification TEM image C.
Particle size distribution of Ag NRs. Upper: width, bottom: Length. D. HAADF-STEM image E
and F. TEM images of Ag NRs. G. HRTEM image of the red squared area in F and its

corresponding power spectrum

Figure 4.2A shows the UV-Vis spectrum of the as synthesized Ag NRs. Interestingly,
these Ag NRs exhibit two strong absorption bands, located at 410 and 625 nm, which can be
assigned to the transverse and longitudinal SPRs respectively. The as-prepared colloidal
sample appears intense green, as displayed in the Figure 4.2B, which is definitely different
from the colour of spherical Ag NPs (yellow) and Ag NWs (white) [22, 28]. Figure 4.2C shows
the measured XRD patterns, in which four diffraction peaks can be seen, indexed as (111),
(200), (220) and (311) planes, which can be attributed to the fcc structure of Ag (JCPDS file
No. 04-0783, red dot lines). The alterations in the XRD peak intensity profile with respect to

the standards (the 111 peak is enhanced), and the differences in the peak width measured at
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medium height (the 111 peak is narrower), accounts for the anisotropic growth of the rods in

the [111] crystal direction. No diffractions peaks due to impurities, Ag precursor or Ag,O were

observed.
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Figure 4.2 A. UV-Vis spectrum of the as synthesized Ag NRs B. Photograph of aqueous
dispersion of Ag NRs. C. XRD patterns of Ag NRs, in red bulk positions and relative intensities

of the different diffraction peaks.

In order to evaluate the reproducibility of the method, four independent syntheses
were performed. The results shown in Figure 4.3, suggest a good reproducibility of the
method, due to the high abundance of Ag NRs in all cases (>80%). The average width and
length are 20.8 + 2.2 and 56.3 + 6.7 nm, respectively. The average position of the transversal

and longitudinal absorptions bands are 405 + 5.3 and 615 + 8.0 nm respectively.
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Figure 4.3 TEM images, particle size distribution and UV-vis spectra of 4 (A-D) synthesis of

Ag NRs.

Regarding the mechanism, the key factors for the reproducible production of Ag NRs

in high yields are i) the use of TA as a co-reducing agent, ii) the presence of high molecular

weight PVP (MW 1,300,000), iii) relatively high temperatures, and iv) the use of CF3COOAg as

source of Ag* ions.

4.3.1.1. Effect of tannic acid (TA). In detail, the role of TA at low concentration is to

produce the initial rapid reduction of a fraction of the Ag precursor [28], which at the given

conditions, results in the production of decahedral seeds. Once the TA has been exhausted,

EG slowly reduces the remaining Ag precursor promoting the uniform growth of the formed

seeds, avoiding conditions for new nucleation of NPs and consequently the formation of by-

products, as shown in Scheme 4.1 [28, 32].
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Scheme 4.1 Representation of Ag NRs formation. Decahedral seeds are produced by
reduction of Ag* precursor in the presence of TA. Further growth of these Ag seeds with

remaining Ag produces Ag NRs.

In control experiments, the yield of Ag NRs dramatically decreased (down to 10%) by
performing the reaction in the absence of TA, leading to the production of a large number of
by-products such as spherical NPs, nanoplateles and NCs, and only a small fraction of Ag NRs,
which were heterogeneous in length and diameter (Figure 4.4A, left). As expected, the effect
of TA on the final yield and morphology of Ag NRs was concentration dependent. Thus, when
the final concentration of TA was increased from 0.0025 mM to 0.025 mM (Figure 4.4A,
center and right) the amount of by-products decreased. When the concentration was fixed at

0.25 mM Ag NRs, a high morphological control (>80%) was obtained (Figure 4.4C).

4.3.1.2 Effect of PVP. As previously discussed, the formation of decahedral seeds is
necessary for the anisotropic growth of Ag NRs [33] assisted by the presence of high molecular
weight PVP. It is well known that the high molecular weight of PVP binds preferentially on the
side of {100} facets of the multiple twined Ag crystals [11, 34-37] leading to the facile
deposition of Ag atoms onto the {111} facets. In addition, variations in the molecular weight
of PVP also allow control of the morphology and yield of the final products. Thus, while the
use of PVP with a high molecular weight (MW 1,300,000) favoured the formation of uniform
Ag NRs, experiments performed using a PVP with a lower molecular weight (MW 360,000) led
to the formation of Ag NRs with a low aspect ratio (2.2), together with a large amount of
spherical by-products, as shown in Figure 4.4B. When the PVP with the lowest molecular
weight (MW 10,000) was used, the reaction aggregate after a few minutes of the addition of
the Ag precursor. These results indicate the importance of the PVP molecular weight or length

for the colloidal stabilization of the Ag nanostructures formed during the polyol reaction.
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4.3.1.3 Effect of Ag Precursor. Another control parameter is the reactivity of the Ag
precursor. The formation of Ag NRs of low aspect ratio was successfully achieved when using
CF3sCOOAg as a precursor, while the choice of AgNOs, widely used in the standard polyol
synthesis, consistently led to the formation of heterogeneous Ag NWs together with different
by-products, as shown in Figure 4.4D, this result was probably due to the higher stability of
the trifluoroacetate group [38, 39], since as previous studies suggest the nitrate group may
decompose at elevated temperatures generating ionic and/or gaseous oxidant species which

can interfere with the NRs formation process [39].

4.3.1.4 Effect of temperature. Results demonstrate that the morphology of Ag NRs
also strongly depends on the reduction rate of Ag* ions, which is ultimately determined by
the reaction temperature. Thus, running the reaction at 120°C the reducing strength of EG
was not enough to drive the growth of Ag NRs, resulting in a final spherical product (Figure
4.4E, left), whereas the increase in temperature to 170°C increased the abundance of Ag NRs
(Figure 4.4.E, centre). When the reaction was carried out at reflux (197°C), the number of by-
products increased dramatically (Figure 4.4E, right). Taken together, we found that the best
results were obtained at 170°C, with PVP of high molecular weight (MW 1,300,000), using
CF3COOAg as silver precursor, in the presence of TA at 0.25 mM and traces of HCI (Figure
4.4C).

As previously reported [40, 41], the addition of small amounts of HCl has an
outstanding impact on the control of the final structure of Ag NRs, which can be associated
with Ag surface adsorption. Thus, the presence of Cl assists the anisotropic growth of the Ag
NRs via the stabilization of certain facets to direct the synthesis toward a precise

crystallographic structure by forming AgCl domains [42].
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Figure 4.4 TEM image of samples obtained according to variation of: A. Concentration of TA.
B. PVP molecular weight. C. TEM image of samples obtained after optimization of reaction

parameters. D. Ag precursor. E. Reaction temperature. Scale bar is 500 nm for all images.
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The different sets of experiments performed suggest the possibility of controlling (to
some extent) the aspect ratio of the final Ag NRs by carefully adjusting synthetic conditions,
in particular the reaction time. Thus, by decreasing the reaction time, the aspect ratio of the
observed Ag NRs was lower (see Figure 4.5). However, this is associated with a decrease in
the reaction yield, which suggests that Ag NRs grow by incorporation of Ag precursor from
solution. The time-dependent UV-vis spectra in Figure 4.5 show a systematic red-shift of
longitudinal and transversal plasmonic bands, which can be univocally associated with an

increase in the aspect ratio of Ag NRs.
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Figure 4.5. Time-dependent UV-vis spectra and photographs of aqueous dispersion of Ag NR

at different times, 1 min, 5 min, 10 min, 15 min and 20 min.

4.3.2. Synthesis of hollow AgAu NRs. The produced Ag NRs can be transformed into
noble-metal hollow AgAu NRs, via GRR at room temperature [43, 44]. This reaction, sensitive
to the chemical (oxidation state) and the physical (accessibility) nature of the surface and core
Ag atoms, has been reported as standard techniques to produce exotic noble metal structures
with hollow interiors, exhibiting unique physicochemical properties [43, 45, 46]. Figure 4.6A
shows TEM and HR-TEM images of the Au-based hollow nanostructures obtained by adding a
specific amount of HAuCls to an aqueous suspension of the Ag NRs in the presence of CTAB.
As previous studies show, the use of CTAB as complexing agent assists the formation of Au
complexes [47, 48], which controls the reactivity of the Au salt [49], solubilizing at the same

time the Ag insoluble species (AgCl) formed during the reaction [43]. As a result, highly
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crystalline hollow AgAu alloy nanostructures were obtained. Details of the indicated regions
in Figure 4.6A (FFT shown in inset) reveal the crystallinity of the obtained alloy structures,
composed of an fcc AgAu phase [43]. Figure 4.6B shows HAADF-STEM images of the final
hollow nanostructures where it can be clearly seen how they are faceted and retain the 5-

twinned rod-like morphology of the original Ag NRs.

e

Figure 4.6. A. TEM and HR-TEM images of hollow AgAu alloy NRs. Inset is the corresponding
power spectrum of the HR-TEM image. B. HAADF STEM images of hollow AgAu alloy NRs.

Figure 4.7A shows the STEM-EDS line scans obtained over the longitudinal (blue) and
transverse (yellow) section of the hollow NRs. Elemental mapping profiles of Ag (red line) and
Au (green line) indicate that end tips of the NR were mostly rich in Ag and covered by an outer
thin (< 1nm) Au layer. Interestingly, despite the high uniformity, some of the obtained hollow
structures presented some in-homogeneities in terms of degree of voiding. This is associated
with the limited range in GRR for mass transfer. Figure 4.7B shows the UV-vis absorption
spectra of a colloidal solution of as-synthesized Ag NRs before (dotted line), and after (hollow
AgAu NRs, solid line), the addition of Au3* precursor solution. Interestingly, the characteristic
Ag absorption band at ~410 nm progressively vanishes while a new band at ~700 nm,
corresponding to the LSPR band of the hollow AgAu NRs, gradually rises. Such hollow
nanostructures strongly absorb in the water window (near infra-red) which opens their
applicability in biomedicine such as photo-thermally triggered drug release, optical imaging,

and cancer phototherapy [50].
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Figure 4.7. A. HAADF-STEM images of a single hollow AgAu alloy NR and EDS line scan results

through the blue (left) and yellow (right) arrow, where red line correspond to Ag and green

line to Au. B. UV-Vis absorption spectra of Ag NRs (grey-dotted line) and AgAu hollow alloy

NRs (black line).
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Chapter 5

Hybrid Nanostructures

In this chapter, a facile one-pot approach for the production of heterodimer AgCeO,,
Ag@Ce0; core-shell and hybrid AuCeO; NPs is presented. This novel and facile procedure is
based on an assisted redox approach that involves the noble metal and the cerium precursors.
In the case of AgCeO, nanostructures, the adjustment of synthetic conditions, such as pH,

allows the formation of heterodimer or core-shell nanostructures.
5.1 Introduction

The design of new protocols for the production of complex hybrids NPs in order to
expand their functionalities is an important field of research [1]. Atomic compositional and
morphological control at the nanoscale allows the possibility of achieving new combinations
of materials with enhanced or even new properties via the additive and synergic coupling
between individual components [2]. Therefore, well defined hybrid metal-metal oxide NPs
have attracted enormous attention because of their combined optic [3], magnetic [4], and
catalytic properties [5], that cannot be obtained in monometallic NPs. The results from these
studies show that the production of metal-metal oxide hybrid nanostructures should go
beyond the simple combination of both materials in a single structure and involve control of

the spatial distribution of each individual domain in both the structure and interface.

Despite recent advances in the production of hybrid NPs, a long-standing barrier has
been the control of each component and the independent adjustment of the interface of
these systems with enough precision. One of the main direct benefits of combining different

NP functionalities is their use in improving both activity and selectivity in catalysis.

To date, a series of core@shell noble metal@oxides, such as Au@TiO; [6], Au@SiO;
[7], Pt@CeO; [8], Au@CeO; [9], have been synthesized using templating strategies. In the
metal/CeO, systems, the synergistic effect occurring at the interface can increase the
performance (activity, selectivity and reusability) for a wide variety of reactions [10, 11]. Many

of these synergic effects depend on the atomic interactions between the metal and the oxide
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materials [12], which are influenced by their size and interfacial area. The first attempts to
produce metal/CeO, nanocomposites involved the random mixing of large CeO, NPs and
noble metal NPs, or the thermal treatment of oxide powders impregnated with a metal
precursor [10]. There have been a number of recent improvements in the morphological and
compositional control of metal/CeO, NPs using colloidal seeded growth strategies. These
strategies have allowed the production of well-defined morphologies, including core@shell
structures based on the growth of a CeO; shell onto a metallic core [13-16], one-step synthesis
of noble metal@Ce0,[17, 18], nanostructures and Au-CeO, Janus-like NPs [19]. However, the
preparation of these NPs often requires multiple and complex steps, e.g. Kaneda and co-
workers adopted a reverse micelle technique followed by calcination to produce Ag@CeO;
[14, 15] and Au@CeO; [13] core-shell NPs with remarkable catalytic properties. Despite these
developments, there have been no reports on the production of well-defined heterodimer
AgCeO; NPs. As a result, a general, simple one pot aqueous approach between a Ag precursor
and Ce(NOs)3.6H,0 for the preparation of stable colloidal solutions of monodisperse
heterodimer AgCeO; nanostructures, is herein presented. Furthermore, by slightly modifying
reaction conditions, this approach can be used to obtain both Ag@CeO; core-shell

nanostructures and AuCeO; hybrid NPs.
5.2 Materials and methods

5.2.1 Materials

Silver trifluoroacetate (CFsCOOAg), silver nitrate (AgNOs), cerium(lll) nitrate
hexahydrate (Ce(NOs)s), sodium hydroxide (NaOH), gold (lll) chloride trihydrate >99,9%
(HAuCls . 3H20) and sodium citrate tribasic dihydrate (SC), were purchased from Sigma-
Aldrich. All chemicals were used as received without further purification. Distilled water

passed through a Millipore system (p = 18.2 mQ) was used in all experiments.
5.2.2 Methods

5.2.2.1 Synthesis of heterodimer AgCeO; NPs. In a typical procedure, 500 mL of MQW
were added into a 1L three necked round bottom flask, 1.47 g of SC was added. The solution
was heated until 100°C under magnetic stirring. Prior to boiling, 5 mL of AgNO3 25 mM and 5

mL of Ce(NOs3)s 25 mM were sequentially injected to the solution, and it was heated at 100°C
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for 4 hours. After heating, the solution had an orange colour and a UV-Vis spectrum was

acquired.

5.2.2.2 Synthesis of core-shell Ag@CeO; NPs. In a typical procedure, 500 mL of MQW
were added to a 1L three necked round bottom flask, 1.47 g of SC was added. The pH of the
solution was adjusted to pH 10 with the addition of a few drops of a NaOH solution. The
solution was heated until 100°C under magnetic stirring. Prior to boiling, 5 mL of AgNOs 25
mM and 5 mL of Ce(NOs)3 25 mM were sequentially injected to the solution, and it was heated
at 100°C for 4 hours After heating, the solution had an orange colour and a UV-Vis spectrum

was acquired.

5.2.2.3 Synthesis of hybrid AuCeO; NPs. In a typical procedure, 500 mL of MQW were
added into a 1L three necked round bottom flask, 1.47 g of SC was added. The solution was
heated until 100°C under magnetic stirring. Prior to boiling, 5 mL of HAucls 25 mM and 5 mL
of Ce(NOs)3 25 mM were sequentially injected to the solution, and it was heated at 100°C for

4 hours. After heating the solution had a reddish colour and a UV-Vis spectrum was acquired.

5.2.2.4 Characterization. Absorption spectra of the as synthesized NPs were acquired
with a Shimadzu UV-2401 PC spectrophotometer. The morphology, size and chemical
composition of the NPs were visualized using FEI Magellan 400L XHR SEM, in transmission
mode operated at 20 kV. TEM, HR-TEM, and STEM/ HAADF images were obtained with a FEl
Tecnai G2 F20 S-TWIN HR(S) TEM, operated at an accelerated voltage of 200 kV. A droplet of
the sample was drop cast onto a piece of ultrathin carbon-coated 200-mesh copper grid (Ted-
pella, Inc.) and left to dry in air XRD data were collected on a PANalytical X’'Pert diffractometer

using a Cu Ka radiation source.
5.3 Results

5.3.1 Synthesis of heterodimer AgCeO. NPs. Colloidal solutions of heterodimer
AgCeO, NPs were obtained by the reaction of AgNOs with Ce(NOs)s at equimolar
concentrations, in a refluxing aqueous solution of SC (10 mM) (see section 5.2.2.1 for
experimental details). After the injection of the Ag and Ce precursors into the SC solution,
the solution turned from transparent to yellow, and then after 1 hour to orange (See Figure
5.1B), indicative of the formation of heterodimer AgCeO; NPs. The reaction was continued

for 4 hours until no further changes in the UV-Vis spectra were observed (Figure 5.3). UV-vis
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spectrum of the as synthesized heterodimer AgCeO, NPs is presented in Figure 5.1A (black
line). As can be observed, the heterodimer particles exhibit two intense absorption bands
around 250 nm (see Figure 5.3B) and 412 nm corresponding to the CeO; and SPR of the Ag
NPs respectively. It has been reported [20] that 19 nm citrate stabilized Ag NPs show a SPR
band near 404 nm (Figure 5.1B red line). The difference in the SPR band between these citrate
stabilized NPs and the heterodimer AgCeO; NPs in this study can be explained by the
interaction between the plasmonic Ag and the small CeO; domains. Such a redshift has been
observed previously in core@shell NPs [21]. The simultaneous addition of the cerium
precursor had an effect on the final morphology of the Ag NPs, since, without the addition of
Ce(NO3); the resulting Ag NPs synthesized in SC 10 mM were formed by anisotropic
nanostructures as depicted in Figure 5.1C. The colour of the solution was also different as is
shown in the inset of Figure 5.1C. As expected, this UV-Vis spectrum was quite different to

the one obtained for the heterodimer NPs with a SPR band at 407 nm (Figure 5.1A, blue line).
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Figure 5.1 A. UV-Vis spectra of AgCeO, NPs (black line), Ag 20 nm NPs (red line) and Ag
synthesized in SC 10 mM (blue line) B. TEM image of AgCeO, NPs. C. TEM image of Ag NPs
synthesized in SC 10 mM. Insets show a photographs of the corresponding colloidal solution.

Scale bar represent 100 nm for all images.
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TEM (Figure 5.2A) and HAADF-STEM (Figure 5.2B) images of AgCeO; NPs, reveal the
formation of highly monodisperse heterodimer hybrid nanostructures composed of two
pseudo-spherical domains with average diameters of 19.1 + 3.1 nm for the Ag domain (Figure
5.2C) and 24.7 £ 3.6 nm for the CeO, domain (Figure 5.2D). In the HAADF-STEM images (Figure

5.2B), the Ag NPs with brighter contrast can be clearly distinguished from CeO, NPs with grey

contrast.
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Figure 5.2 A. TEM images and B. HAADF-STEM of heterodimer AgCeO; NPs. C. Size distribution

of Ag domain. D. Size distribution of CeO, domain.

The growth of the heterodimer nanostructures is reflected in the SPR absorption band
obtained by UV-Vis (Figure 5.3B). Figure 5.3A shows a photograph of aliquots of the reaction
of heterodimer AgCeO; taken at different reaction times. At shorter times (30 min) poorly
defined AgCeO; NPs are shown by TEM image, which correlate with the appearance of a
broad band at 403 nm, characteristic of small Ag NPs [20]. In Figure 5.3C, CeO, NPs can also
be observed. At longer times, the SPR absorption band at 403 nm increases and presents a
small redshift until 410 nm, as well as the number of heterodimer NPs also rises, the
absorption band in the near UV region increases which is indicative of the formation of CeO;

species.
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Figure 5.3 A. Photographs of the vials at different times of reaction. B. UV-vis spectra of
heterodimer AgCeO; NPs growth C. TEM images of heterodimer AgCeO, NPs at different time

of reaction. Scale bars represent 100 nm for all images.

Figure. 5.4A shows a HR-TEM image obtained from an individual heterodimer AgCeO,
NP. The Ag domain consists of a multi-twinned NP and the CeO, part consists of multiple
nanocrystallites having sizes about ~3 nm. Detail of the red squared region (Figure 5.4B)
reveals the presence of multiple crystallites merged together. The corresponding power
spectrum of the region (Figure 5.4C) shows that these nanocrystallites are composed of a face
centred cubic CeO; phase with a lattice parameter of a= 0.5412 nm. Multifaceted Ag NPs were
found to be composed of face centred cubic Ag phases with a lattice parameter of a= 0.4085
nm. As shown in the inset in Figure 5.4A (green square), the orientation of the Ag NP allows

us to visualize only the {111} plane of the f.c.c. Ag phase.
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Figure 5.4 A. HRTEM image of a heterodimer AgCeO, NP. Inset shows the detail of the green

squared region. B. Detail of the red squared region and C. its corresponding power spectrum.

Figure 5.5A shows a HR-TEM image of two heterodimer AgCeO; NPs. The interface of
both domains is highlighted in the yellow square (Figure 5.5B). Its corresponding power
spectrum (FFT) is presented in Figure 5.5C in which the diffraction spots corresponding to the
{111} planes of f.c.c. CeO; phase (d =0.312 nm) are marked with red circles and the diffraction
spots corresponding to the {111} planes of f.c.c. Ag phases (d = 0.236 nm) are marked with
green circles. Figure 5.5D shows a false coloured inverse FFT, revealing the quasi-epitaxial
relationship between the Ag and CeO, NPs. As marked with grey parentheses, Ag {111} planes
are aligned with the CeO, {111} planes. In addition, and due to the different lattice parameter,

there are four Ag {111} planes for each three CeO; {111} planes (lattice mismatch of 24%).
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Figure 5.5 A. HRTEM image of heterodimer AgCeO, NPs. B. Detail of the yellow squared region

C. its corresponding power spectrum (FFT) D. Inverse FFT showing the epitaxy between Ag

and CeO; NPs.

The elemental chemical composition, obtained by EELS (Figure 5.6A), of a single
heterodimer AgCeQO; NP, clearly demonstrates that the heterodimers are composed of pure
Ag and CeO; phases. Elemental maps of individual Ag (blue), Ce (red), O (green) and composite

are shown in Figure 5.6B.

Ag map O map

Ce map

Figure 5.6 A. HAADF-STEM image of heterodimer AgCeO; NPs. B. EELS chemical composition
maps obtained from the area indicated in the white rectangle in A. Ce (red), O (green) and Ag

(blue) maps and their composite. The scale bar is the same for all composition maps.
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The crystal structure of the heterodimer AgCeO, NPs was also investigated by XRD,
shown in Figure 5.7. Two series of peaks can be seen in the diffraction pattern, which are
clearly associated with the cubic fluorite CeO, phase (JCPDS 34-0394) (Figure 5.7, blue line)
and the fcc structure of Ag (JCPDS file No. 04-0783) (Figure 5.7, red line). The peak positions
are attributed to Ag (111), (200), (220), (311) and (222) planes of a face-centred cubic
structure and CeO; (111), (200), (220), (311) planes of fluorite structure. The lattice
parameters, a, 5.510 A for CeO, and 4.101 A for Ag, were found to be slightly higher than the
reference values of CeO, (5.411 A [22]) and Ag (4.079 A [23]), indicating an interaction
between both domains. The crystallite size of CeO; calculated by the Scherrer equation
corresponds to 5.83 nm which agrees with the size measured from TEM images. No peaks
corresponding to other Ag-containing or Ce-containing phases were detected in the XRD

patterns of the as-synthesized heterodimer.
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Figure 5.7 XRD diffraction pattern of heterodimer AgCeO, NPs (black line), Ag (red line) and
CeO; (blue line).

In order to evaluate the reproducibility of the method, five independent synthesis
were performed. Results shown in Figure 5.8 suggest an excellent reproducibility of the
synthetic methodology presented because the heterodimer morphology of the resulting

AgCeO; nanostructures is the same for all the synthesis. Furthermore, the LSPR band positions
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due to the Ag domain absorption of all synthesis are the same and correspond to 409 nm. In

the same way, the absorption due to the CeO, domain appears around 250 nm.
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Figure 5.8 TEM images, Ag domain size distribution, CeO, domain size distribution and UV-Vis
spectra of 5 (A-E) synthesis of heterodimer AgCeO; nanostructures. Scale bars represent 100

nm for all images.
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The following results clearly demonstrate that the adjustment of synthetic parameters

allow the control of the final morphology of the hybrid nanostructures.

5.3.1.1 Effect of Ag precursor. In the first instance, the effect of the Ag precursor in
the reaction was studied. Remarkably, when CF3COOAg was used instead of AgNOs, with all
the other reaction parameters kept constant, no significant differences were observed and
heterodimer AgCeO, NPs with the same morphology were obtained, as can be observed in
Figure 5.9A-B. Analysis of TEM (Figure 5.9A) and HAADF-TEM (Figure 5.9B) images of the
heterodimer AgCeO, synthesized using CF3COOAg, shows that the size of the Ag domain is
slightly smaller (15.2 £ 3.8 nm) than in the case of AgNO3 (19.1 £ 3.1 nm). This can be
corroborated with the SPR band of heterodimer AgCeO; NPs synthesized with CF3COOAg
which has a strong absorption band at 405 nm (Figure 5.9C) corresponding to a smaller size
of the Ag domain, this value its slightly higher than 15 nm Ag NPs (401 nm) [20], due to the

interaction between the Ag and CeO; domains.
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Figure 5.9 A. TEM and B. HAADF-TEM images of heterodimer AgCeO, NPs synthesized with
CFsCOOAg as Ag precursor. C. UV-Vis spectra of heterodimer AgCeO; NPs synthesized with
CF3COOAg (black line) and AgNOs (red line) as Ag precursor. Scale bars represent 100 nm.
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5.3.2 Synthesis of core-shell Ag@CeO, NPs. It is well established that reaction pH
defines the reactivity of the noble metal precursor and the protonation state of the citrate
ions, finally determining the reaction mechanism, and therefore the final NPs morphology
[20, 24, 25]. At different pH, the reactivity of Ag* and Ce3* precursors changes. When the
reaction was carried out at an initial pH 10 adjusted with NaOH, the colour of the reaction
changed from yellow to brown in less than one minute. Finally, after 4 hours of reaction, the
final colour of the solution was orange as is shown in the inset of Figure 5.10B. The
morphology of the resulting NPs, corresponded to a mixture between core@shell Ag@CeO;
nanostructure, heterodimer AgCeO; NPs, polydis2perse Ag NPs and CeO; nanosponge-like
structures, as displayed in Figure 5.10B. At this pH, the reactivity of the Ce3* precursor
increased allowing the formation of core@shell nanostructures, while the reactivity of Ag*
decreased and the size of the resulting core was smaller than in the case of the heterodimer
nanostructures. The abundance of core-shell Ag@CeO; NPs was 46% with an overall diameter
of 19.3 £ 2.1 nm, where the core was formed by Ag NPs with an average size of 8.5+ 1.2 nm,
and the shell corresponded to the CeO, domain with a thickness of ~5nm. The remaining 54%
corresponded to a mixture of heterodimer AgCeO; NPs (30 %), CeO2 NPs (18%), and Ag NPs
(6%). UV-Vis spectra (Figure 5.10A, red line) show a peak at 406 nm which was redshifted in
comparison with Ag NPs of similar sized (397 nm for 10 nm Ag NPs [20]) due to the interaction
between the core and shell domains. When the reaction was done at an initial pH of 5
adjusted with HNO3s, the reaction proceeded very slowly, and only after 15 minutes the colour
of the reaction started to change to pale yellow. The inset photograph in Figure 5.10C shows
that after 4 hours of reaction the final colour of the solution remained yellow. TEM image in
Figure 5.10C shows that no hybrid structures were obtained when the initial pH was 5 and
only Ag NPs with an average size of 20.6 + 3.8 nm were formed. The UV-vis- spectra (Figure
5.10A) show a sharp absorption band at 403 nm which corresponds to reported values for Ag
NPs of this size [20]. Therefore, at acidic pH values the cerium precursor cannot be oxidized

to form CeO; NPs.
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Figure 5.10 A. UV-Vis spectra of hybrid AgCeO, NPs synthesized at pH 7 (black line), pH 10
(red line) and pH 5 (blue line). B. HAADF-STEM image of Ag@CeQO; NPs synthesized at pH 10.
C. TEM image of AgCeO; NPs synthesized at pH 5. Scale bars represent 50 nm for all images.

The elemental chemical composition, obtained by EELS (Figure 5.10), of a single
Ag@CeO; core-shell NPs, clearly demonstrate that the nanostructure is composed of an Ag

core and a CeO; shell. Elemental maps of individual Ag (blue), Ce (red), O (green) are shown

Figure 5.11. HAADF-STEM image of a core-shell Ag@CeO; NP. EELS chemical composition

in Figure 5.11.

maps. Ag in blue, O in red and Ce in green. The scale bar is the same for all the images.
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5.3.3 Synthesis of hybrid AuCeO; NPs. Following the same procedure described for
the production of heterodimer AgCeQ; in section 5.2.2.1, but using HAuCls as a metal
precursor, colloidal solutions of monodisperse hybrid AuCeO nanostructures were obtained.
Figure 5.12A-B present a HAADF-STEM and TEM images of as synthesized NPs and reveal the
formation of hybrid nanostructures. The contrast difference in the microscope images clearly
show that the particles are formed by a gold core, surrounded by CeO; crystallites. After the
injection of the Au*3 precursor, the solution turned instantaneously from transparent to dark,
and after a few hours to dark red as shown in Figure 5.12C. By means of the size distribution
analysis shown in Figure 5.12D, the average diameter of the hybrid AuCeO, nanostructures
was 9.4 £ 2.0 nm, whereas the average diameter of the Au core was 4.4 £ 1.2 nm and 2.8 =

0.7 nm for the CeO; crystallites.
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Figure 5.12. A. STEM-HAADF, B. TEM images and. C. Photograph of aqueous dispersion of
hybrid AuCeO; NPs. D. Size distribution of overall hybrid NPs, Au core and CeO; crystallites.
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As also seen in the HRTEM image (Figure 5.13), this sample consists of CeO; crystallites
around a ~5 nm Au core NP forming a core@shell nanostructure. On the right, detail of the
red squared region and its corresponding power spectrum, which reveals that the shell

nanocrystallite have f.c.c. CeO; phase as the AgCeO; sample showed in Figure 5.4.
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Figure 5.13 : HRTEM image showing the polycrystalline shell around the Au core. On the right,
detail of the red squared region and its corresponding power spectrum revealing that the

shell is composed of the f.c.c. CeO; phase, are presented.

Evidence of the hybrid structure can be seen in the absorption UV-Vis spectra
displayed in Figure 5.14A. In this image, the peak around 270 nm corresponds to CeO;
nanostructures while the SPR band at 525 nm can be assigned to the Au NPs. The 5 nm Au
NPs present a SPR band at 510 nm [26] and the redshift obtained in the case of the hybrid
AuCeO; NPs was caused by the interaction between the CeO; and the Au. The crystal structure
of the hybrid AuCeO; nanostructure was further investigated by X-ray diffraction. As shown
in Figure 5.14B, two series of peaks were present in the diffreaction pattern, which could be
clearly assigned to the cubic fluorite CeO; phase and the to the cubic Au phase. The XRD
analysis of hybrid AuCeO, NPs, showed peak positions attributed to Au (111), (200), (222),
(311) and (212) planes of a face-cantered cubic structure and CeO; (111), (200), (220), (311)

planes of fluorite structure.
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Figure 5.14 A. UV-Vis spectra of hybrid AuCeO, NPs in black, and 5 nm Au NPs in red. B. XRD
pattern of hybrid AuCeO; NPs.

Figure 5.15 shows EELS chemical composition maps of Ce (green), O (red) and Au
(blue) maps from the Au@CeO; nanostructures in the STEM-HAADF image. As seen in these
maps, the nanostructure is composed of an Au core and a CeO; shell. The Ce and O are

distributed quite homogeneously throughout the NPs.

Figure 5.15 HAADF-STEM image of core-shell Au@CeO, NPs. EELS chemical composition

maps. O in red, Au in blue and Ce in green. The scale bar is the same for all the images.
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5.3.4. Insights into the formation mechanism. The overall formation mechanism can
be described in terms of: i) the initial reduction of the metal precursor ions by the presence
of SC, Ce3* or the combination of both, followed by ii) the slow oxidation and hydrolysis of
Ce3* jons catalysed at the surface of the metal NP. In these processes SC plays multiple roles.
First, SC provides the conditions by which nucleation and growth of noble metal NPs is
favoured, acting as a reducer and stabilizer. Second, SC acts as a pH buffer, keeping the
solution slightly alkaline (pH>7), promoting the conditions by which the Ce3* is oxidized by O2
or noble metal cation. This was proved by performing the reaction at acidic pH where only
the formation of Ag NPs was observed. Third, SC allows adjusting the reactivity of a Ce
precursor towards stable species, preventing the formation of isolated CeO, NPs. In these
conditions, SC acts as a directing agent for assisting the CeO, growth provided that the

hydrolysis of Ce** requires the presence of the noble metal surface to be catalysed [27].
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Chapter 6

Heterodimer Hollow Noble Metal-CeO, Nanostructures

The heterodimer AgCeQO; nanostructure previously described in Chapter 5 can be
transformed into heterodimer AgAuCeO,, AgPtCe0O,, AgPdCeO, hollow NPs at room
temperature by means of the GRR of the AgCeO, nanostructures with the corresponding
noble metal precursor. Heterodimer AgPdCeO; hollow NPs were tested as a catalyst for the
selective hydrogenation of alkynes, displaying good to excellent alkene selectivity, similar to

the Lindlar catalyst but without incorporating toxic lead.
6.1 Introduction

Catalysis is essential in green chemistry and it is vital for sustainable processes design
[1]. With the aim of more efficient catalysis, in the last few years, the design of metal NPs has
become quite sophisticated by controlling particle size, morphology and composition.
Hydrogenation is by far the most extensively applied catalytic process in the chemical industry
[2], with a continuously increasing scope for application, such as multistep synthesis of fine

chemicals and pharmaceuticals [3].

The selective hydrogenation of alkynes to alkenes is one of the most important
reactions in the manufacturing of bulk and fine chemicals. As environmentally friendly
alternatives to the Pb based Lindlar catalyst [Pb(OAc),-Pd/CaCOs], Pd [4], Fe [5] and Cu [6]
metals have been used. Gold NPs have also attracted attention due to their selectivity
towards alkenes [7, 8]. However, Au catalysis systems have a limited substrate scope and the

requirements of high temperature and additives limit its applicability.

Catalyst modification by introducing another component allows the fine tuning of its
catalytic properties [9]. In general bimetallic NPs are known to improve catalytic performance

for hydrogenation relative to monometallic NPs [10].

One of the most efficient ways of enhancing the C=C bond hydrogenation selectivity
is by promoting Pd catalysts with another metal [11, 12]. Thus, in recent years, there has been

increasing interest in bimetallic compositions as promising catalysts for fine organic synthesis
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[13]. The addition of group IB elements to Pd, considerably enhances the selectivity of the
catalyst in the hydrogenation of the C=C bond. Much attention has been focused on Pd-Ag as
a very promising alkyne hydrogenation catalyst. There have been a number of studies
confirming the efficiency of the Pd-Ag catalyst in hydrogenation. Karakhanov and co-workers
[14] found that the product selectivity for a wide variety of alkynes can be increased by using
a Pd-Ag hybrid catalyst supported on surface immobilized dendrites. Nikolaev and co-workers
[15] demonstrated that the introduction of Ag into the Pd/Al, O3 system enhances the stability

of the catalyst in hydrogenation of phenylacetylene.

It should be noted that the properties of bimetallic catalysts depend significantly on
the degree of NPs homogeneity, and it is mandatory to prevent the formation of Pd crystal
domains, which are more active but les selective in the hydrogenation reaction [16]. In the
ideal case, the composition of each NP must correspond to the proportions of the
components in the catalyst as a whole; however, it has been difficult to attain this degree of
homogeneity. From this standpoint, conventional preparation methods are not always
acceptable and generally do not avoid the formation of Pd NPs. In this regard, GRR, starting
from an Ag template and a Pd precursor, is an efficient way to prepare unprecedented
uniform hollow AgPd NPs. Additionally, the positive effect of CeO, in hydrogenation reactions

has been proved [17, 18].

Catalytic hydrogenation of alkynols is nowadays considered a basic process for
producing fine and intermediate chemicals [19]. Two important examples are in the
production, through highly selective processes, of fragrant substances used in perfumes and
cosmetics, and the production of intermediate precursors in the synthesis of the vitamins E

and K and of the provitamin B-carotene [20].

Until now, there have been no reports of well-defined heterodimer hollow noble
metal-CeO; NPs. In this context, by means of the galvanic replacement reaction, using the
heterodimer AgCeQO; as sacrificial templates, however, as is explained in this chapter, it is
possible to obtain heterodimer AgAuCeO;, AgPdCeO; and AgPdCeO; hollow nanostructures,
by using the corresponding metal precursor. The catalytic performance of the heterodimer
AgPdCeO; hollow nanostructure was evaluated using the selective hydrogenation of alkynes

and alkynols.
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6.2 Materials and methods

6.2.1 Materials

Hydrochloric acid (HCI), nitric acid (HNQOs), polyvinylpyrrolidone (PVP, MW 55,000),
ascorbic acid (AA), gold (lll) chloride trihydrate >99,9% (HAuCls . 3H,0), potassium
hexachloropalladate (IV) (K2PdCls), and Potassium tetrachloroplatinate (Il) (K,PtCls) were
purchased from Sigma-Aldrich. Cerium (IV) oxide, nanopowder (15-30nm APS Powder, S.A.
30-50 m?/g) was purchased from Alfa Aesar. Absolute ethanol employed as solvent for the
catalytic experiments was purchased from Merck (ACS. Iso. Reag). All chemicals were used
as received without further purification. Distilled water passed through a Millipore system (p

=18.2 mQ) was used in all experiments.
6.2.2 Methods

6.2.2.1 Synthesis of heterodimer AgAuCeO; hollow NPs. In a typical procedure, 1.0
mL of AgCeO, NPs ([Ag°] = 1mM) were added to a vial containing 2 mL PVP (5mM) and 1 mL
of MQW and 200 pL of AA (0.15 mM). 700 uL of HAuCls (1 mM) was injected at a rate of 5
uL/min using a syringe pump. The reaction was stirred for 30 min, and the product was then

recovered by centrifugation (8000g, 15 min).

6.2.2.2 Synthesis of heterodimer AgPtCeO; hollow NPs. In a typical procedure, 0.5
mL of AgCeO NPs ([Ag®] = 1mM) were added to a vial containing 1 mL PVP (5mM) and 250 uL
HNOs3 (20 mM). 250 pL of K2PtCls (1 mM) was injected at a rate of 10 uL/min using a syringe
pump. The reaction was stirred for 24 hours, and the product was then recovered by

centrifugation (8000g, 15 min).

6.2.2.3 Synthesis of heterodimer AgPdCeO; hollow NPs. In a typical procedure, 0.5
mL of AgCeO, NPs ([Ag°] = 1mM) were added to a vial containing 1 mL PVP and 200 uL HNOs
(20 mM). 200 pL of K,PdCls (1 mM) was injected at a rate of 10 puL/min using a syringe pump.
The reaction was stirred for 1 hour, and the product was then recovered by centrifugation

(8000g, 15 min).
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6.2.2.4 Synthesis of AgPd hollow NPs. The standard protocol for the preparation of
hollow AgPd NPs consisted of two simple steps: i) First, 200 mL of the Ag NPs solution
(prepared by scaling up the seeded-growth method reported by Bastus et al [21]. were
precipitated by centrifugation and re-dispersed in 15 mL of PVP 55K (275 mg/mL). The
solution was left in a glass vial under soft stir for 24 hours to ensure PVP molecules capped all
the surface of the Ag templates. ii) After this, 2.5 mL of HCI (250 mM) and 0.5 mL of 1 mM of
K2PdCle were simultaneously added to the solution. After this very first injection, an additional
volume of 9.5 mL of the precursor was added to the vial in 19 consecutive 0.5 mL injections
with a time delay of 5 minutes between each one. During the whole process the solution was

kept under vigorous stir, at room temperature, until the reaction was complete.
6.2.2.5 Characterization

Absorption spectra of the as synthesized AgCeO; NPs were acquired with a Shimadzu
UV-2401 PC spectrophotometer. The morphology, size and chemical composition of the NPs
were visualized using FEI Magellan 400L XHR SEM, in transmission mode operated at 20 kV.
TEM, HR-TEM, and STEM/ HAADF images were obtained in a FEI Tecnai G2 F20 S-TWIN HR(S)
TEM, operated at an accelerated voltage of 200 kV. A droplet of the sample was drop cast
onto a piece of ultrathin carbon-coated 200-mesh copper grid (Ted-pella, Inc.) and left to dry
in air. XRD data were collected on a PANalytical X’Pert diffractometer using a Cu Ka radiation

source.

6.2.2.6 Catalytic semi-hydrogenation of alkynes. The catalytic reactions were
performed in a five position Par 477 autoclave equipped with glass-tubes and magnetic
stirrers. In a typical experiment, each tube was charged with 5 mL of ethanol, 0.33 mmol of
the substrate and the corresponding catalyst. The autoclave was then pressurized with 10 bar
of hydrogen, and heated at 50 °C during a selected time. After the reaction, the autoclave was
cooled down, depressurised, and the ethanolic solution analyzed by gas chromatography. The
conversion and selectivities were determined using an Agilent 7890A provided with a MS

5975C detector using a HP5-MS column (30 m, 0.25 mm, 0.25 um).
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6.3 Results

6.3.1 Synthesis of heterodimer AgAuCeO,, AgPtCeO; and AgPdCeO. hollow
nanostructures. Previously produced heterodimer AgCeO, NPs were transformed into
heterodimer bimetallic noble metal (Ag and Au, Pt or Pd) hollow-CeO; NPs, in the presence
of PVP as stabilizer agent via GRR at room temperature (see methods for experimental

details), as is shown in the Scheme 1.
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Scheme 1. Representation of the formation of heterodimer noble metal hollow-CeO; NPs

starting from AgCeO; heterodimer NPs.

When HAuCls was used as metal precursor, the evolution of the GRR could be easily
followed by means of UV-vis, as the SPR peak position, as well as the colour of the NPs
colloidal suspension, strongly depend on the degree of hollowing, which is directly related to
the amount of gold precursor added to the reaction (see Figure. 6.1). By adding different
amounts of the gold precursor into a fixed volume of heterodimer AgCeO, NPs, the colour of
the solution changed from orange to brown, then purple and finally blue, as shown in the
inset pictures of Figure 6.1. The UV-Vis spectra of the obtained sample varied with the HAuCl,4
amount added, the SPR peaks red-shifted from 410 nm for heterodimer AgCeO; NPs, to
620 nm for heterodimer AgAuCeO; hollow NPs.
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Figure 6.1. UV-Vis spectra of heterodimer AgCeO, NPs (dotted line) and the galvanic

replacement reaction with different volumes of HAuCls 1 mM.

In Figure 6.2A a selection of HAADF-STEM and HRTEM images of heterodimer
AgAuCeO; hollow NPs is shown. The sample consisted of heterodimer nanostructures in
which a hollow AgAu domain with a brighter contrast and an average diameter of 22.8 + 3.6
nm, was coalesced with a polycrystalline CeO; domain. These images are quite similar to those
of the previously reported AgCeO; heterodimers in Chapter 5. It is somewhat clear then, that
the heterodimer nanostructure originating from AgCeO; sample keeps its morphology after

the GRR with the Au precursor, as commonly observed in GRR processes.

Figure 6.2B shows HAADF-STEM and TEM images, revealing the homogeneity of the
heterodimer AgPtCeO, NPs across the sample. The metal part consisted of AgPt hollow NPs
with an average diameter of 25.4 + 3.1 nm and wall thicknesses of ¥4 nm. The diameter of
initial Ag NPs was 19.1 £ 3.1 nm, indicating that the diameter of the metal part had increased

about 6 nm with the addition of Pt.

Figure 6.2C shows TEM images of heterodimer AgPdCeO. hollow NPs. The
nanostructures were composed of a 23.1 £ 3.5 nm hollow AgPd domain with a wall thickness
of ~5 nm, attached to a polycrystalline CeO, domain. By comparing these images in Figure.
6.1 with the previous heterodimer AgCeO, sample, which was used as a template, it can be
seen that the CeO; part of the dimers is exactly the same as the starting sample, therefore

the presence of the CeO; moiety did not impede the formation of hollow nanostructures.
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After the GRR, the nanostructures maintained theirs heterodimer morphology suggesting a

strong connection between metal and the CeO; nanocrystals.

200 nm

50 nm

Figure 6.2. A. HAADF-TEM, TEM images of heterodimer AgAuCeO; hollow NPs. B. HAADF-
TEM, TEM images of heterodimer AgPtCeO; hollow NPs and C. TEM images of heterodimer
AgPdCeO; hollow NPs.

Figure 6.3A-C shows the STEM-EDS line scan results over the green arrows in the
HAADF-STEM images of the heterodimer hollow noble metal metal-CeO; NPs, the red line
corresponds to Ce, the blue line is Ag and the turquoise line is Au (in Figure 6.3A), Pt (in Figure
6.3B) and Pd (in Figure 6.3C). In Figure 6.3A, a single heterodimer AgAuCeO; hollow NP is
presented. As can be seen, the most outer part of the shell (~1 nm in size) is richer in Au

compared to the other parts of the hollow nanostructures. In Figure 6.3B, a shell of
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approximately 3.6 nm of the ~28 nm AgPt domain is clearly visible in the intensity profile,
where the intensities of Ag and Pt are also higher than in the rest of the hollow NP. It is
important to highlight here that the most outer part of the shell (~1 nm in size) is richer in Pt.
In Figure 6.3C, a 3 nm Pd rich outer shell is clearly visible in the intensity profile. Ag and Pd
are present in the rest of the hollow NPs. In all cases Ce is present along with the noble metal
in the junction of the heterodimer nanostructure (see the Ce profile) revealing tight bonding

between the hollow and CeO; domains of the hybrid.
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Figure 6.3. A-C. HAADF-STEM images and EDS line scanning profiles of heterodimer
AgAuCeO;, AgPtCeO; and AgPdCeO; hollow NPs respectively.

The XRD pattern of the heterodimer AgCeO; nanostructure (Figure 6.4 black line) and
heterodimer AgAuCeO; (Figure 6.4 red line), AgPtCeO; (Figure 6.4 blue line) and AgPdCeO;
(Figure 6.4 purple line) hollow NPs shows that the diffractions peaks at 20 = 28.6°, 33.1°, 47.3°
and 56.4° are in good accordance with the standard diffraction peaks of the fluorite phase of
Ce0O; (Figure 6.4 blue dotted line). The other diffraction peaks are attributed to the hollow
bimetallic domains and correspond to JCPDS standard (Figure 6.4 dotted lines Ag (black, 04-
0783), Pd (green, 05-0681), Pt (red, 04-0802) and Au (grey, 04-0784)). The lattice
parameters, a, 4.07 A for Au, 4.03 A for Pd and 3.96 A for Pt , were found to be slightly
different from the references values (4.065 A for Au, 3.859 A for Pd and 3.912 A for Pt [22]),
indicating the possible formation of an alloy between Ag and the noble metal added through

GRR.
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Figure 6.4. XRD patterns of heterodimer AgCeO, (black) and heterodimer AgAuCeO: (red),
AgPtCeO; (green) and AgPdCeO; (blue) hollow NPs. Dotted lines correspond to JCPDS
standard for Ag (brown, 04-0783), CeO; (light blue, 34-0394), Pd (green, 05-0681), Pt (orange,
04-0802) and Au (grey, 04-0784).

6.3.2 Selective hydrogenation of alkynes catalysed by heterodimer AgPdCeO; hollow

nanostructures.

The catalytic potential of the heterodimer AgPdCeO; hollow NPs in the selective
hydrogenation of alkynes and alkynols was studied. The hydrogenation experiments were
carried out in ethanol under 10 bar H, and 50°C. A series of terminal / internal alkynes as well
as alkynols were tested to explore the substrate scope. The results are summarized in

Table 1.

Regarding terminal alkynes, both aliphatic and aromatic alkynes were transformed
into the corresponding alkenes with high conversion and selectivity. In the case of 1-octyne
(Entry 1, equation 6.1) and 1-ethynylcyclohexene (Entry 13, equation 6.2) total conversion
was observed at relatively short reaction times (<2h) with a selectivity towards the alkene of

~95%. For the tested terminal alkynes, phenylacetylene displayed the lowest conversion (74%
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after 12 h, entry 12, Equation 6.3) with a 12% of the products corresponded to ethylbenzene.
(Table 6.1).

Table 6.1. Substrate scope of selective hydrogenation of alkynes and alkynols catalysed by

heterodimer AgPdCeO; hollow NPs.

. Hy R R,
T Tcat R/1:\RZ ’ R/1_/ ' R/1_/
cis-A trans-A B
Entry?® Catalyst R1 Rz Time, Conv, Sel. A% Sel.
h % Isomer% or B%
sel. cis%

1 AgPdCeO; CH3(CHa)s H 2 100 94(2) 6
2 AgPdCeO;  CHj3(CHa)4 CHs 2 100 96(96) 4
3 AgPdCeO; CH3(CHz)2 CHs(CH2)2 2 100 100(93) 0
4 AgPdCeO; CH3(CH:z)2 CHs(CH2)2 5 100 100(91) 0
5 AgPdCeO; CH3(CH:2)2 CHs(CH2)2 20 100 95 (85) 5
6 PdAg® CHs3(CH2)2  CHs3(CHa): 20 13 100 (78) 0
7 Ce0, CH3(CH2), CHs(CHz), 20 7 79 (88) 21
8 Lindlar® CHs3(CH2)2  CH3(CHa): 2 100 98 (86) 2
9 Lindlar® CH3(CHz)2  CH3(CH,): 5 100 93 (74) 7
10 Lindlar® CHs3(CH2)2  CHs3(CHa): 20 100 79 (63) 21
11 Nanoselect” CHs(CH2) CH3(CHa)2 2 100 0 100
12 AgPdCeO, Ph H 2 74 88 12
13 AgPdCeO, Cy=P H 1 100 96 4
14 AgPdCeO, Ph CH,CHs 16 13 82(97) 18
15 AgPdCeO, Ph CH20OH 16 62 84(100) 16
16 AgPdCeO,  (CH2)30H H 1 100 88(1) 12

@ Reaction conditions: Substrate (0.33 mmol), cat (0.032 mol% Pd), 5 mL ethanol. 10 bar H,,

50°C; P1-ethynylcyclohexene; €0.032 mol % Pd vs 4 —octyne; 90.64 mol% CeO, (hanopowder,

15-30 nm) vs 4-Octyne; €0.032 mol% Pd vs 4-Octyne; ¢ Pd Nanoselect catalyst, LF-200 0,032

mol% Pd.
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H, H
H3;C(HC)s—=——H > —

H3C(H;C)s H3C(H;C)s

Equation 6.1. Hydrogenation of 1-octyne.

o= S

Equation 6.2. Hydrogenation of 1-ethynylcyclohexene

Equation 6.3. Hydrogenation of phenyl acetylene

Various internal aliphatic alkynes also gave the alkenes selectivity, 2-octyne (Entry 2,
Equation 6.4) and 4-octyne (Entries 3-5, Equation 6.5). In the case of 2-octyne, an alkene
selectivity of 95% was displayed. Similarly, in respect of 4-octyne, the evolution of the reaction
products over time was studied by analysing the reaction after 2, 5 and 20 hours. At 2 hours
(Entry 3) of reaction, the conversion was 96% and the alkene selectivity 99% (cis:trans, 94:6).
For longer reaction times (5 hours, Entry 4), the substrate was fully converted and the alkene
selectivity was maintained at about 95%. Even after 20 hours of reaction (Entry 5), the
overhydrogenation product did not exceed 5%, thus evidencing the good resistance of the

AgPdCeO; NPs against the overhydrogenation reaction.

_ H, /ot _ [ CH,
H3;C(H,C)y—==—"CH; —> H,C(H,C), CH,3
H3C(HC)a HyC(H,C)4
cis-A trans-A B

Equation 6.4. Hydrogenation of 2-octyne.
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l_\
H3C(H,C), (CH,),CHg
H, - (CH),CH
HaC(H,C)y—==—(CH,),CHy ——> A . e
HsC(H.C),
(CHR),CH3 B
HsC(H2C)2
trans-A

Equation 6.5. Hydrogenation of 4-octyne.

In order to gain insights into the source of the selectivity for this catalyst, hollow AgPd
NPs (see Figure. 6.4) were tested under the same catalytic conditions. The activity of hollow

AgPd NPs was very low (13% after 20h, entry 6) in comparison to hollow AgPdCeO, NPs.

Figure 6.4. TEM images of hollow AgPd NPs. Scale bars represents 100 nm for all images.

Similarly, in order to evaluate the role of CeO; in the catalytic performance of
AgPdCeO; NPs, a control experiment using commercial CeO, NPs was carried out (Entry 7).
Under the tested conditions, the activity of the CeO, NPs was negligible, only 7% of alkyne
conversion was observed after 20 hours of reaction with an alkene selectivity of 79%. This
observation could suggest that the hydrogenation activity observed for heterodimer
AgPdCeO; hollow NPs can be attributed to a possible synergistic effect between the domains

formed of the nanostructure.

For comparison purposes, the Lindlar catalyst was tested in the hydrogenation of 4-

octyne (Entries 8-10) under the same conditions employed for the heterodimer AgPdCeO,
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hollow NPs. The Lindlar catalyst displayed full conversion of the alkyne after 2 hours of
reaction (Entry 8). It is remarkable that both, the alkene selectivity and also the cis selectivity
decreased from 95 to 79% and 86 to 63% respectively, when the reaction was continued for
20h (Entry 10). This observation suggests that under the tested conditions, Lindlar catalyst do
not prevent overhydrogenation or isomerization processes whereas the heterodimer

PdAgCeO; NPs does.

With the aim of evaluating the effect of the Ag alloying in the heterodimer PdAgCeO;
hollow NPs, a commercial catalyst based on pure Pd (not Pb poisoned) was also tested in the
hydrogenation of 4-octyne (Nanoselect LF-200, Entry 11). Under the tested conditions, full
overhydrogenation of the alkyne occurred after 2 hours of reaction. This observation
evidences the positive effect of alloying the Pd phase with Ag for the moderation of the
hydrogenation activity. Indeed, the promoting effect of silver in PdAg bimetallic systems for
the selective hydrogenation of alkynes is widely documented in the literature [23, 24]. The
superior performance of heterodimer AgPdCeO; hollow NPs in terms of the prevention of the
over-hydrogenation reaction in comparison with the pure Pd Nanoselect catalyst, could be
explained by one or a combination of the following effects. Firstly, the electronic effect of the
alloying of Pd with Ag can moderate the catalyst activity, preventing the formation of sub-
surface hydrides which are generally responsible for over-hydrogenation issues in palladium
based catalysts operating above atmospheric pressures [9]. Secondly, a synergic effect
between the CeO; and the bimetallic hollow nanostructure could impact positively on catalyst

selectivity, as reported for other CeO; containing hybrid nanocatalysts [25].

Curiously, for the internal alkyne substituted with phenyl rings, 1-Phenyl-1-butyne
(Entry 14, Equation 6.6) displayed a remarkably low conversion of 13% even after prolonged
reaction times (16 hours). Additionally, in spite of their low conversion, this alkyne suffered

from marked overhydrogenation issues of 18% towards the corresponding alkane.

CH,CH; CH2CH;

H, CH,CH; T
Q%CHZCH3 e + +

cis-A trans-A B

Equation 6.6. Hydrogenation of 1-Phenyl-1-butyne.
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Considering that that internal alkynes such as 4-octyne, did not evidence such a
retardation in the conversion or premature overhydrogenation, it is possible that a sum of
electronic and/or steric effects of the phenyl ring on the triple bond (e.g. charge
delocalization) in combination with their particular adsorption properties at the surface of the

heterodimer PdAgCeO; hollow NPs, are responsible for the observed reactivity constrains.

Reducible moieties including benzyl (Entries 12, 14, 15), and cyclohexenyl (Entry 13)

were not affected in the reaction.

Regarding the alkynols, both aliphatic and aromatic alkynols were transformed into
the corresponding alkenol with total conversion and high selectivity: (88% toward the
corresponding alkene) in the case of 4-pentyn-1-ol (Entry 16, Equation 6.7) and a discrete
conversion (62%) and excellent selectivity (100%) towards the cis-alkene in the case of 3-

phenyl-2-propyn-1-ol (Entry 15, Equation 6.8).

H H
H, _ +
HO(H,C);—=—H —>
HO(H,C)3 HO(H,C);
Equation 6.7. Hydrogenation of 4-pentyn-1-ol
CH,OH CH,0OH
H, CH,OH
=-CH,OH ——> + +
cis-A trans-A B

Equation 6.8. Hydrogenation of 3-phenyl-2-propyn-1-ol.

A plausible explanation for a synergy in the heterodimer AgPdCeO; hollow NPs in the
selective hydrogenation of alkynes could arise from the in situ formation of a polar hydrogen
species through the heterolytic dissociation of H, [25]. The cooperative dissociation of H; into
polar hydrogen species H** and H % has been reported previously for Au, Ag and basic metal
oxides as CeQ; [26, 27]. The mechanism of the heterolytic dissociation in the case of
heterodimer AgPdCeO; hollow NPs, could be attributed to a similar cooperative effect. It is
also reported that polar hydrogen species are favourably reactive to alkynes instead of

alkenes, due to the electrophilicity of alkynes [28].
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Chapter 7.

General Conclusions.

Al the nanostructures presented in this thesis were fully characterized in order to
determine their morphology, size and composition by different techniques including: UV-Vis
spectroscopy, SEM, TEM, HR-TEM, HAADF-STEM microscopy, EDS line scan composition
analysis or EDS elemental mapping composition analysis, EELS chemical composition analysis

and XRD.

Herein, is a compilation of the various interim conclusions made throughout the

thesis.
Hollow Complex Nanostructures.

The effect of different surfactants on the synthesis of AgAu nanoboxes was studied. When
halogenated surfactants such as CTAB or CTAC were used, different nanostructures ranging
from pinholed nanoboxes to double walled nanoboxes were obtained. The amount of gold
precursor added to the reaction determined the final morphology of the nanoboxes as well
as the optical properties of the resulting nanostructures. When CTApTS, a non-halogenated
ionic surfactant was used, only single walled nanoboxes with and irregular thick wall were

obtained.

When PVP was used changes in concentration produced both, well-defined single walled

nanoboxes or highly porous nanoboxes with a SPR band around 1000 nm.

Different microscope techniques, such as, HAADF-STEM images, TEM images and EDS
elemental mapping and line scanning analysis were used to determine the morphology, size

and composition of the produced nanostructures.

A sensing experiment to measure the response of spherical Au NPS and single walled
nanoboxes to sequential conjugation events with BSA and anti-BSA was conducted. This
experiment showed that the hollow nanoboxes were 4 times more sensitive than the

spherical solid counterpart.
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Multidomain and Multicomponent Nanotubes

A facile and effective methodology was presented for the production at room temperature of
bimetallic AgAu multidomain NTs, trimetallic AgAuPt, AgAuPd and tetrametallic AgAuPdPt

NTs starting from Ag NWs.

The morphology of the obtained nanostructures was controlled by the addition of CTAB
and/or AA in a suspension containing Ag NWs. Sequential GRR was used for the production
of multimetallic nanostructures. In the formation process, the decrease in the reduction rate
of AuCls by CTAB and AA played a key role in the generation of the bimetallic AgAu
multidomain NTs. In the formation of the multimetallic nanostructures, CTAB played an

important role as a directing agent for the epitaxial deposition of the metal.

The catalytic performance of the multimetallic NTs was evaluated by the reduction of 4-
nitrophenol to 4-aminophenol with NaBH4 at room temperature. The findings show that all
the nanostructures synthesized exhibited a good catalytic performance two orders of

magnitude higher than Ag NWs.
Ag Nanorods

In summary, a general polyol method for the facile synthesis of short Ag NRs (length
of 55.6 £ 9.3 nm and diameter of 19.3 + 3.0 nm, aspect ratio 2.8), was developed. This method
used EG as solvent and reducing agent, CFsCOOAg as a Ag precursor, high molecular weight
PVP as a stabilizer and directing agent and TA at sub-stoichiometric concentrations as a co-

reducer.

The effect of different parameter on the production of Ag NRs were studied. This
parameter were: TA concentration, PVP molecular weight, reaction temperature, and silver
precursor. From the study of these parameter the optimal conditions for the production of
monodisperse low aspect ratio Ag NRs are: TA 0.25 mM, PVP molecular weight 1,300,000, a

temperature of 170°C and CF;COOAg as silver precursor.

The produced Ag NRs were transformed into hollow AgAu NRs, via GRR at room
temperature with HAuCl, in the presence of CTAB. These hollow AgAu NRs presented a LSPR
band in the near infrared region, which make them a good candidate for biomedical

applications.
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Hybrid Nanostructures

Well defined, monodisperse heterodimer AgCe0Q,, core-shell Ag@CeO, and hybrid
AuCeO; NPs were synthesized via a novel, facile and reproducible one-pot aqueous approach.
This synthetic strategy allowed the formation of noble metal-CeO, nanostructures, with

control of the interface between the noble metal and the CeO, domains.

In the case of AgCe0; nanostructures, by adjusting the initial pH of the reaction it was
possible to control the final morphology of the hybrid AgCeO; NPs, from heterodimer to core-

shell nanostructures.

In the formation process of the noble metal-CeO; hybrid nanostructures, sodium

citrate plays multiple key roles in complexing, directing, stabilizing and as a reducing agent.

Heterodimer Hollow Noble Metal-CeO2 Nanostructures

The heterodimer AgCeO; nanostructures were used as a template for the production
of heterodimer AgAuCeO,, AgPtCeO; and AgPdCeO, hollow NPs, via GRR with the

corresponding metal precursor, at room temperature.

The results suggest that the simple and scalable synthetic strategy presented will be
of great significance for the design and preparation of active and stable catalysts with complex
compositions and heterodimer hollow nanostructures. Specifically, it was demonstrated that
heterodimer AgPdCeO, hollow NPs, act as efficient catalysts for highly selective
hydrogenation of various alkynes and alkynols with H,. Furthermore, the dimeric structure of
heterodimer AgPdCeO; hollow nanostructures can effectively exploit the interfacial
cooperative catalysis between AgPd and CeO; for the dissociation of H; in a heterolytic

cleavage, allowing the selective hydrogenation of alkynes and alkynols.
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Appendix 1. List of Abbreviations

Amax: maximal absorption wavelength
AA: ascorbic acid

Ab: antibody

BSA: bovine serum albumin

Bp: boiling point

CTAB: cetyltrimethylammonium bromide
CTAC: cetyltrimethylammonium chloride
CTApPTS: cetyltrimethylammonium p-toluene sulfonate
EDS: energy dispersive spectroscopy

EG: ethylene glycol

FCC: face-centered cubic

GRR: Galvanic replacement reaction

HAADF-STEM: High angle annular dark field scanning transmission electron microscopy

HHDMA: hexadecyl(2-hydroxyethyl)dimethylammonium dihydrogenphosphate

JCPDS: Joint Committee on Powder Diffraction Standards
MIN: minutes

MQW: milli Q water

MW: Molecular weight

NC(s): Nanocube(s)

NP(s): Nanoparticle(s)

NT(s): Nanotube(s)

NW(s): Nanowire(s)

PVP: polyvinylpyrrolidone

SC: Sodium citrate

SERS: surface enhanced Raman scattering
SPRs: surface plasmon resonance

STEM: scanning transmission electron microscop
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TA: Tannic acid
TEM: transmission electron microscopy
UV-Vis: Ultraviolet visible

XRD: X-ray diffraction
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