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“One of the secrets of success is to refuse  

to let temporary setbacks defeat us.” 
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ABSTRACT 

 

Rodrigues, T.S. Hollow metal nanostructures as the active phase in supported and 

unsupported catalysts: optimizing performances by controlled synthesis. 2017. 234p. PhD 

Dissertation - Graduate Program in Chemistry. Institute of Chemistry, University of São Paulo, 

São Paulo. 

 

This dissertation describes the development of a variety of well-defined nanomaterials 
based on noble metals displaying hollow interiors followed by their application as 
heterogeneous catalyst towards different chemical transformations. In this work, we employed 
a simple and robust galvanic replacement reaction approach and its combination with 
additional metal deposition over preformed templates using hydroquinone as auxiliary 
reducing agent. This enabled us to precisely control physicochemical features of the produced 
nanomaterials for catalytic application such as size, composition, shell thickness, surface 
morphology, number of surface atoms exposed, nature of exposed surface facets, and plasmon 
band intensity and position. In addition, we could successfully address a well-established 
challenge in heterogeneous catalysis by noble metals, which is the fabrication of supported 
materials in which the metal component presents a uniform dispersion over the entire surface 
of the support without any detectable agglomeration. To this end, the developed approaches 
for syntheses were scaled up by more than 100 folds, which enabled us to produce enough 
amount of particles for the uniform incorporation over the commercial silica support. 
Interestingly, all produced supported nanomaterials displayed satisfactory catalytic activities 
towards gas phase oxidation reactions and exceptional stabilities on all procedures, 
demonstrating that our developed approach may inspire the synthesis of noble metal 
nanostructures displaying attractive features for catalytic applications and uniform dispersion 
over solid supports to produce solid supported catalysts. As the nanomaterials obtained in this 
work displayed controlled and well-defined properties, we could stablish a precise correlation 
between their catalytic or photocatalytic performances and the physicochemical properties that 
define them. Thus, we showed that by relatively simple adjustments in the synthesis protocols, 
a rational maneuvering over properties such as size, shape, surface morphology, and 
composition can be successfully achieved. This represents a powerful tool for boosting the 
catalytic performances of hollow nanomaterials towards a variety of chemical transformations 
with completely distinctive mechanisms and nature. In fact, only a few groups have 
demonstrated the synthesis in large scale of nanomaterials with truly well-defined shapes and 
sizes in which these parameters can be tightly controlled. Thus, we believe that this dissertation 
contributes towards the manufacture of supported catalysts containing well-defined and 
controlled nanomaterials for applications in practical catalytic systems. 

  
Keywords: Hollow nanomaterials; noble metals; hybrid nanomaterials; nanocatalysts; 
heterogeneous catalysis. 
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Chapter 1 

 

Introduction 

 

1.1. Nanomaterials and nanotechnology 

 

The concept of nanotechnology was introduced for the first time in 1959 by Richard P. 

Feynman.1 Thenceforward the concept demonstrated by Feynman have been widely employed 

in variety of fields and has made possible many revolutionary developments in physics,2 

chemistry,3 biology,4 medicine,5enf engineering,6 telecommunications,7 etc, by a simple idea 

of manipulating the matter at an extremely small scale such as molecules and atoms. Thus, a 

new concept was born in science: “nanotechnology”. With the advance of research, its 

definition modified from field to field over the last decades.8 More specifically, in field of 

chemistry, the concept of nanotechnology was firstly described considering what was in fact 

innovative for the time: the obtaining and characterization of materials on a scale inferior to 

the materials conventionally obtained. Thus, the first definition of nanotechnology comprised 

only the aspect of size, in which nanomaterials should be an object having a size in the range 

of approximately 1 - 100 nanometers.9  

However, many scientific discoveries showed that the manipulation/restructuring of 

matter creating structures in the nanoscale order of nanometers led to nanomaterials with 

enhanced or new properties compared to their bulk materials counterparts.9 In this context, the 

IUPAC (International Union of Pure and Applied Chemistry) launched in 2012 a more specific 

concept, which determines that a nanomaterial should not only be a solid at the nanoscale, but 

a nanostructured solid that presents significantly superior properties because it is at this scale: 
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“…materials with dimensions on the nanoscale (approximately 1 nm to 100 nm) have structure, 

properties, and interactions that can be quite different from macroscopic materials…”. 

Since the discovery of nanostructured materials, an intense research has been performed 

for the development of new methods of synthesis to obtain the most diverse materials with the 

a range of properties (size, shape, composition, and structure). In this context, thanks to the 

advancement of science and engineering, the number of protocols became huge. However, all 

of them can be classified as a part of two main approaches defined in 1989 in by Foresight 

Institute in order to distinguish the molecular manufacturing of conventional manufacturing: 

“top-down” or “bottom-up” approaches.10–12 These both concepts consider only the particle 

size direction in which the process is executed. More specifically, as depicted in Figure 1.1, 

the “top-down” approach is identified when larger structures are reduced in to smaller sizes 

(nanoscale) such as nanophotolithography and inkjet printing techniques. On the other hand, 

in the “bottom-up” approach, the opposite scenario is achieved. Herein, the nanomaterials are 

produced by chemical or physical methods, in which atoms or molecular components are 

assembled or self-assembled to originate the target nanodevice.10–12 Examples of bottom-up 

approaches include systems that self-assemble, a process that is triggered by a local change in 

a chemical or physical condition. Related techniques include templating and scaffolding 

methods, such as biomineralization, which rely on backbone structures to support and guide 

the nucleation and growth of a nanomaterial. 



 

	 11 

 
 
Figure 1.1. Scheme showing the top down and bottom up approaches in nanotechnology13 

 

In fact, all methods previously described have them importance in the development of 

the nanotechnology. However, among them the “bottom-up” approach, the chemical methods 

(solution-phase methods) stand out due their high productivity in terms of amount of 

nanoparticles obtained per synthesis (occasionally more than 1017 nanoparticles L-1)14 using 

relatively simple and fast procedures, in which the physicochemical properties that define the 

nanoparticles (size, shape, composition, crystallinity, and structure) can be controlled by 

varying the experimental conditions and the reactants.  The general approach of the solution-

phase method involves the use of solvents, stabilizers, metal precursors, capping and reducing 

agents.15 In this context, many reports have evaluated the effect capping agents have in the 

synthesis of metal nanoparticles based on their different interaction forces with specific 

crystallographic facets of the nanomaterials.16–19 In fact, by employing this strategy, numerous 

exciting results have been reported demonstrating the synthesis of metal nanostructures 

displaying an exceptional variety of well-defined shapes, as depicted in Figure 1.2. 
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Figure 1.2. Different shapes of metal-based nanostructures synthetized by “bottom-up” 
approaches (chemical methods). 

 

Thus, thanks to advances in synthesis,  significant development have taken place for 

the engineering of a variety of nanodevices and in fields such as electronics,20,21 medicine and 

healthcare, energy,4,5,22,23 biotechnology,4 and information technology24. As a consequence, 

nanoparticles have occupied a prominent place in the modern science and technology being 

employed in at least one step for the production of many supplies daily consumed. They are 

also largely employed in the fabrication of a variety of devices such as photography supplies, 
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catalysts, biological labelers, photonic, electronic, optical, and information storage devices, 

building materials such as concrete and asphalt, among others.6,24–27 

 

1.2. Nanomaterials in catalysis 

 

The use of catalysts is a reality for about 90% of the current chemical processes, 

highlighting the great applicability in a variety of fields such as petrochemical, pharmaceutical, 

agrochemical, environmental remediation, and others.27,28 In this context, heterogeneous 

catalysts occupy a prominent position, considering that these materials, at least in principle, 

can be easily separated from the reaction mixture, making possible their reuse for several 

cycles, reducing operational costs and minimizing the production of toxic residue and 

effluents.27 In this context, heterogeneous catalysts based on nanoparticles standout due their 

well-established superior properties compared to conventional industrial catalysts, which are 

essentially composed of polycrystalline nanoparticles with poorly defined facets and broad 

distributions in terms of both size and shape. These features consequently lead to deteriorating 

effects on the catalyst decreasing their stability, durability, and activity and/or selectivity.29,30 

In fact, the catalytic behavior presented by a specific material is not only associated 

with nature of the components in its structure but is also extremely dependent on the 

physicochemical properties that defined the catalyst.31–37 Among these properties, the most 

fundamental and simple is the size, which emerged as an important property with the discover 

of nanomaterials and has been intensively demonstrated as a feature that strongly affect the 

catalytic performance of a catalyst towards a target application.32–34,38,39 As depicted in Figure 

1.3, the understanding on how the size affects the catalytic behavior of a specific material is 

intuitive and can be easily explained by geometric parameters. More specifically, for a fixed 

amount of any solid, the progressive decrease in its size leads to the increase in specific surface 
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area (surface are per unit of mass) and, consequently, an increase in number of surface atoms 

(or number of atoms exposed) is also achieved. Thus, the progressive decrease in the size is a 

power tool to maximize the atomic exposition and, thus, enhance the catalytic performance.   

 

 
 
Figure 1.3. Scheme showing the increase in the surface are and number of atoms exposed with 
the increase in particle size. 

 

As consequence of the fast growth in the use of nanomaterials as catalysts for a variety 

of applications, a new and very promising field in the nanoscience was created: the 

nanocatalysis. Nanocatalysis has been based on the utilization of a variety of materials that 

include of metals, semiconductors, oxides, and other compounds that play pivotal roles in many 

important chemical reactions.40–44 The central objective of the research in nanocatalysis is the 

development of catalysts displaying the highest activity, selectivity, and durability under low 

energy consumption conditions. Unfortunately, this scenario is merely hypothetic, and most 

catalysts reported to date do not meet these requirements.  

Nanocatalysis fundamentally emerges as a new field in catalysis that combines the best 

characteristics of homogeneous and heterogeneous catalysis.45 In homogeneous catalysis, 

atoms, ions, or molecules in solution are used as catalysts. Here, the catalytic species are totally 

dispersed and the maximum of atomic exposition is achieved leading to a good activity and 

selectivity.46 On the other hand, as the catalysts are in solution, their separation and reuse in is 

considerably difficult. In the most of the cases, the catalysts are disposed after the product 
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purification.46 In heterogeneous catalysis, the active material is in a distinct phase relative to 

the other components. Thus, even presenting lower activity and selectivity, its reusability is a 

very interesting feature.47,48 Consequently, nanocatalysis can understand as bridge connecting 

homogeneous and heterogeneous catalysis (Figure 1.4): ultrasmall nanoparticles with sizes 

progressively decreased relatively near to atomic dimensions displaying high performances as 

homogeneous catalysts. However, as solids, can be separated and reused as heterogeneous 

catalysts. 

 

 
 
Figure 1.4. Scheme showing the increase in the surface are and number of atoms exposed with 
the increase in particle size. 
 

Supported nanomaterials  

 

The use of solid materials (such as powders, pellets, pieces, etc) as catalysts is very 

important for applications in practical catalytic systems. In the context gas-phase reactions, for 

example, it is imperative. Supported catalysts contribute to easier separation from the reaction 

mixture as well as to avoid particle agglomeration, allowing them to be reused for several 

cycles, reducing operational costs and minimizing the production of toxic waste and effluents. 

However, the development of efficient methods for the “heterogenization” of catalysts based 
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on metallic nanoparticles has become a great challenge due to the demand for materials with 

high catalytic activities and that are stable, recyclable, have high surface areas and are 

economically attractive.49,50 The main limitation is the generation of heterogeneous catalysis 

based on supported noble metals, in which the metal component presents a uniform dispersion 

over the entire surface of the support (without agglomeration).51 For instance, the synthesis of 

supported catalysts is characterized by poor control over size, shape, composition of the noble 

metal component.51–53 This scenario is characterized by the rudimentary approaches for the 

preparation of the most commercial catalysts, which still being produced by "mixing, shaking 

and baking" of multicomponent. This leads to the formation of nanoscale structures displaying 

poor control over the structure physicochemical properties. Also, as the synthesis of controlled 

nanostructures in solution are limited in terms of large-scale production, their deposition over 

solid supports by post-synthesis impregnation methods, for example, remains difficult. In this 

context, a heterogeneous catalyst is often a hybrid material composed of active sites that will 

catalyze the reaction (usually transition metals) on the surface of a solid, which is denoted as 

support or matrix.27 Usually, they have high surface areas (up to 1400 m2.g-1), which is desired 

to maximize the number of active sites per unit volume of the material.  

Hybrid nanomaterials based on oxides containing metallic nanoparticles with 

dimensions ranging from 1 to 50 nm on their surface, such as gold (Au) and rhodium (Rh), for 

example, have played a central role in catalysis.50,54 In this context, the preparation of catalysts 

using the principles of nanoscience opens new perspectives for increasing activity and 

developing new catalytic systems. Its aim is the control of chemical reactions by changing the 

size, composition and morphology of the catalysts, which are well-established parameters that 

defined the properties of a catalyst.41,44 Therefore, at least in principle, its properties can be 

adjusted through the control over these parameters, opening the possibility of the design of 

nanomaterials presenting optimized or desirable performance for an application of interest. 
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Because of this, the synthesis of supported nanomaterials has been extensively reported in the 

last decade.55–60 However, obtaining hybrid materials containing truly controlled metal 

nanoparticles is still challenging and remains limited. This problem can be illustrated by the 

synthesis of catalysts containing Au, Rh, or Ni nanoparticles, which, when incorporated into 

different solids such as TiO2 (Figure 1.5A),61 iron oxides (Figure 1.5B), 62 

Mg4Al2(OH)12(CO3)·nH2O (Figure 1.5C),63 partially reduced graphene oxide (Figure 1.5D),64 

titanate nanotubes (Figure 1.5E), 65 CeO2 (Figure 1.5F),66 polystyrene (Figure 1.5G),67 carbon 

nanotubes (Figure 1.5H),68 SiO2 (Figure 1.5I-J),69–71 Carbon black (Figure 1.5K),72 graphene 

(Figure 1.5L),73 present poor control over their shape, dispersion and uniformity, which limit 

the precise correlation between their structures, properties and performances. In addition, most 

of the synthesis protocols recently reported have large scale limitations, which produce at most 

hundreds of milligrams of catalysts (at low active phase levels), limiting the application of 

these systems in Pilot and industrial scales.61–68 

 

Figure 1.5. Scheme showing the increase in the surface are and number of atoms exposed with 
the increase in particle size.61-73 
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1.3. Plasmon-enhanced/mediated catalysis 

 
Ag and Au-based nanostructures have attracted much attention from the scientific 

community because of their excellent optical properties, which are a result of surface plasmon 

resonance (SPR) resonance of these metals.74,75 This phenomenon refers to the collective 

oscillation of the conduction electrons in relation to the positive structure of the nuclei that 

comprise the metal (Figure 1.6). The SPR can be observed through the interaction between the 

metallic nanostructure and an incident electromagnetic field, in which the oscillation of the 

electric field of the incident beam is the driving force for the collective oscillation of the 

electrons. In Ag and Au nanostructures, SPR typically occurs in the spectral region from visible 

to ultraviolet, which is extremely interesting because it allows the use of visible light as a source 

of plasmonic excitation.74,75 

 

 
 
Figure 1.6. (A) Collective oscillation of electrons and (B) separation of charges on the surface 
of the nanoparticle due to the incidence of an electromagnetic beam. 

 

Interestingly, among several possible applications, the enhancement of catalytic 

processes by SPR in the surface of Ag and Au nanoparticles has been recently explored. This 

intensification of catalytic processes due to plasmonic excitation can occur through several 

pathways, as illustrated in Figure 1.7. More specifically, four different mechanisms can 

enhance/mediate catalytic processes: i) the antenna effect, in which the plasmonic 
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nanostructure acts as a truly  antenna capturing and transferring electrons from the electron 

beam to another specie; ii) charge transfer due to the formation of electron-hole pair 

(transference of electrons or holes), which can enhance both oxidative and reductive process, 

and iii) local the heating achieved from the constant oscillation of the electron cloud of the 

plasmonic nanoparticles.76 

 

 
 
Figure 1.7. Possible routes intensification of reactions via plasmonic excitation of metal 
nanoparticles.76 

 

An important aspect is the fact that SPR is a phenomenon whose magnitude is 

extremely dependent on nanoparticle properties such as size, morphology and composition, 

which can be manipulated and allow the maximization of this effect.77–79 In this context, based 

on the morphology of the proposed nanostructures, the effect of plasmonic excitation of the Ag 

and Au, for example, can be a powerful tool for the enhancement of the catalytic activities of 

nanoparticles in which these components are present. Thus, to use of the knowledge generated 

in the field of plasmon-enhanced catalysis by correlating the performances with properties as 

size, composition, morphology, and dispersion may serve as a platform for the optimization of 

variety of processes that are of industrial interest. 

 

1.4. Hollow nanomaterials 

 
Among the huge variety of nanomaterials developed in past decades, nanostructures 

displaying hollow interiors and porous and thin walls have attracted significant attention 

because of their special and unique properties such as high chemical and thermal stability, high 
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specific surface area, high porosity, low overall density, lighter weight, high reactivity (as a 

consequence of high concentration of defective sites and ultrathin walls) and 

biocompatibility.80–86. Hollow nanomaterials have been extensively investigated towards many 

different applications that include catalysis, (conventional heterogeneous catalysis, 

photocatalysis, electrocatalysis, and plasmon-enhanced catalysis), energy production and 

storage, medicine (drug delivery, photo and thermal treatments, etc.), surface enhanced raman 

spectroscopy (SERS), encapsulation, protection of environmentally sensitive biological 

species, among others.5,87,88 Thus, in order to progressively optimize their performances 

towards these applications, new synthetic approaches have been reported and, consequently, 

an exceptional number of well-defined hollow nanomaterials have been produced including 

tubes, shells, cages, frames, dendrites, among other examples, as depicted in Figure 1.8. 

 

 
 
Figure 1.8. Scheme showing examples of well-defined hollow nanomaterials 
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In the context of catalysis, hollow nanomaterials are considered as a promising 

candidates due to the presence of high concentration of highly reactive sites such as stacking 

faults, twin planes, and high index facets.87 As this class of nanomaterials present a well-

defined hollow center, they are also considered as a type of nanoreactor, in which the cavity 

plays a pivotal role in the enhancement of the catalytic activity and selectivity.89 In fact, the 

precise understanding on how the hole improve the catalytic behavior remains unclear.90 

However, as depicted in Figure 1.9, when a hollow nanomaterial is employed as catalyst, the 

atoms in the interior of the nanoparticles are not “wasted”. Thus, an additional role over 

catalytic properties is observed. At worst, disregarding the possible higher reactivity of the 

inner atoms, at least an increase in the number of active sites is obtained. Thus, in addition to 

the outer atoms, which are already naturally available to catalyze reactions, a significant 

contribution of the atoms of the interior is achieved.  

 

 
 

Figure 1.9. Scheme showing examples of well-defined hollow nanomaterials 
 

Concerning the methods for the synthesis of hollow nanomaterials, two main 

approaches deserve special attention: i) template-mediated approach and ii) template-free 

approach. Herein, as expected, the main difference is the utilization (or not) of a preformed 

template (e.g., metal nanoparticles such as Au, Ag, and Pd, SiO2 beads, polymeric structures) 

during the synthesis of the hollow material. The employed template can be described as 
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chemical (sacrificial) or physical depending. This concept is related to the possible 

consumption (dissolution) of the template during the step of coating of their surfaces. More 

specifically, chemical templates are consumed in this during the coating step, justifying the 

sacrificial terminology. However, the physical templates keep unchanged and is only removed 

in next step. The main reported template-mediated approaches for the synthesis of hollow 

nanomaterials are the template etching, dissolution, or degradation, nanoscale Kirkendall 

effect, and galvanic replacement reaction. On the other hand, the only reported template-free 

approach is the Ostwald ripening. The next four subsections describe the synthesis of hollow 

nanostructures using the mentioned synthetic approaches. 

 

Template etching, dissolution, or degradation 

 

Template etching or dissolution  can be easily described as a two-step process. In the 

first step, the surface of a preformed template displaying desired properties (usually size, shape, 

and composition) is covered with a second phase, leading the formation a core-shell structure. 

In a second step, the selective removal of the template is performed by a post-treatment, which 

leads to the formation of hollow particles as depicted in Figure 1.10. Interestingly, by using 

templates based on nanostructures displaying well-defined morphologies that include spheres, 

triangular plates, cubes, rods, and wires, It is possible the production of hollow structures with 

various morphologies similar to those of the employed templates. 

 

 
 
Figure 1.10. Scheme showing the mechanism of formation of hollow nanomaterials by 
Template etching or dissolution approaches. 
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Among the several methods developed for coating the surface of preformed templates, 

chemical deposition, layer-by-layer assembly, and adsorption are the mostly employed 

techniques. Herein, the chemical deposition standout due its relative simplicity, high output 

(high concentration of nanoparticles per synthesis), and robustness compared to other 

procedures. Concerning the step for the template removal, chemical and physical methods can 

be applied. The choice of the best protocol will be made considering the properties of the 

species involved, which determine the efficacy and selectivity of the process.84,91–93 

The chemical methods are based on the selective etching (chemical 

oxidation/dissolution) by using specific reagents that selectively oxidize and remove the 

template from the core-shell structure generated in the first step of coating. As an example of 

this procedure, we can highlight the synthesis of o Pt-enriched icosahedral nanocages 

displaying ultrathin walls (Figure 1.11).94 In this case, in a first step, Pt atoms were uniformly 

deposited on the surface of preformed Pd icosahedral seeds by chemical reduction of PtCl6
2- 

precursor in the presence of ethyleneglycol. This leads to the formation a Pd@Pt core-shell 

structure. After this step, the selective removal of the Pd core is performed by using a 

concentrated HNO3 solution. Herein, the selective Pd dissolution is achieved by the stability of 

Pt in a HNO3 solution. Thus, only Pd is dissolved and the outer layer of Pt remains unaffected 

making possible the formation of the icosahedral Pt-enriched nanocage. Interestingly, as only 

a few layers of Pt were deposited over the Pd template, an ultrathin wall of Pt was obtained. 

However, for the synthesis of hollow nanomaterials displaying thicker walls more layers of Pt 

could be deposited in the first step.  
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Figure 1.11. Pt-enriched icosahedral nanocages displaying ultrathin walls obtained by 
selective removal of the Pd core from Pd@Pt icosahedral structure by using a concentrated 
HNO3 solution.94 

 

On the other hand, the physical methods (template dissolution or degradation) are 

basically performed under the same steps described in the template etching approach. However, 

the removal of the template is performed by dissolution using specific solvents (usually organic 

solvents) or by thermal treatments (calcination or pyrolysis).92 In this context, for the use of 

these procedures organic templates such as polymers are demanded due their solubility in 

organic solvents and relatively low temperature of degradation. An interesting illustrative 

example of this strategy is the synthesis of metal oxide hollow (SnO2, Al2O3, Ga2O3, CoO, 

NiO, Mn3O4, Cr2O3, La2O3, Y2O3, Lu2O3, CeO2, TiO2, and ZrO2) spheres by using 

carbonaceous polysaccharide microspheres as templates (Figure 1.12).92  In this reported 

approach, the first step concerns in the adsorption of metal ions in solution onto the surface of 

the template, which presents a high concentration of -OH functional groups at the surface. 

Thus, the metal ions are strongly attached to the surface of the carbonaceous saccharide 

microspheres making possible a subsequent step of template removal without loss of shape of 
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the metallic outer layer. Finally, due its relatively low thermal stability compared to the metallic 

outer, the carbonaceous template can be easily, selectively, and efficiently removed by a step 

of calcination, which leads the formation of hollow spheres. 

 

Figure 1.12. Schematic representation of the formation of metal oxide hollow spheres by using 
carbonaceous microspheres as templates.92 
 

Nanoscale Kirkendall effect  

 

The Kirkendall effect is a general procedure for the production of hollow 

nanostructures, which concerns in the concise explanation on why holes can be formed in 

multicomponent structures. More specifically, this effect associated the formation holes as 

consequence of diffusive migrations among different atomic species in metals and alloys under 

heating conditions due to the differences in diffusion rates between the involved components. 

Mechanistically, as depicted in Figure 1.13, the Kirkendall effect starts when vacancies are 

concentrated in a region of fast diffusion region of the nanostructures. Thus, when the vacancy 

concentration exceeds the saturation limit, the formation of holes is observed as consequence 

of the nucleation of the vacancies leading to the formation of diverse variety of hollow micro 

and nanostructures. Herein, the formation of filaments that connect the core and the shell is 
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commonly associated to the preferential nucleation of holes near the core–shell interface.91,95–

98 

 
 
Figure 1.13. Scheme showing the mechanism of formation of hollow nanomaterials by 
Template etching or dissolution approaches. 

 

The first demonstration of the nanoscale Kirkendall effect was the synthesis of hollow 

CoS by the reaction between Co nanoparticles elemental sulfur (S) under heating at 180 °C.95 

Herein, in agreement with the original proposition by Kirkendall, during the reaction process, 

an outward migration Co is observed due to its superior diffusion rate compared to S. Thus, the 

supersaturation of vacancies is achieved leading to their aggregation and formation a hole in 

the center of the nanomaterial. Interestingly, the same behavior is observed for the synthesis 

employing Se instead of S. However, the slower reaction rate between Co and Se made possible 

the isolation of particles at the different stages of the hollowing process. As depicted in Figure 

1.14, the shape evolution matches exactly the Kirkendall mechanism applied for the synthesis 

of hollow nanomaterials. 
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Figure 1.14. Scheme showing the mechanism of formation of hollow nanomaterials by 
Template etching or dissolution approaches.95 
 

Ostwald ripening  

 

Ostwald ripening is considered a well-established mechanism in the synthesis of a 

variety of nanomaterials and, interestingly, is also used for explain the formation of 

nanoparticles displaying hollow interiors. The driven force for the occurrence of Ostwald 

ripening is the difference in the chemical potential among particles with different sizes, which 

grow into bigger nanoparticles, which present higher stability due to the minimization in total 

surface area of the system. More specifically, the target process involves the dissolution smaller 

particles, which have higher solubility than the large ones, followed by the redeposition over 

the surface of large crystals which consequently grow.  In the context of the synthesis of hollow 

nanomaterials the Ostwald ripening is the only example self-templating method (performed 

under absence of a preformed template during the synthesis).84,96,99 

In order to illustrate the mechanism involved in the formation of hollow nanomaterials 

by Ostwald ripening, we selected the formation of hollow Cu2O nanospheres by aggregation 

and reductive transformation of colloidal CuO nanoparticles.100 This present work 
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demonstrated clearly the Ostwald ripening mechanism by providing the evolution of the crystal 

morphology as function of reaction time, as depicted in Figure 1.15. In the first step, small 

nanoparticles are generated in the reaction mixture and attach each other into spherical 

aggregates with diameters in the range of 100−200 nm. With the reaction progress, the 

formation o hole at center of the obtained agglomerate showing a type of core evacuation. 

Interesting, the hollowing process is achieved gradually in the center of Cu2O nanospheres 

leading the formation of thinner shells. As the formation of larger nanoparticles is 

thermodynamically favored and smaller nanoparticles show superior solubility compared to 

larger ones, the observation of Ostwald ripening mechanism is intuitive for this target system. 

However, why hollow interiors are observed in the obtained Cu2O nanospheres? This 

explanation can be easily provided by a precise analysis in the TEM images of the obtained 

agglomerates. Herein, it is observed that the smaller nanoparticles are located at the center of 

the agglomerates. Thus, as consequence of their higher surface energy, solubility, and tendency 

of relocation, the Ostwald ripening mechanism is observed. 

 

 
 
Figure 1.15. Scheme showing the mechanism of formation of hollow nanomaterials by 
Template etching or dissolution approaches.100 
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Galvanic replacement reaction  

 

Galvanic replacement reaction is largely employed template-mediated approach for the 

fabrication of a wide variety of hollow nanocrystals and is considered a very simple approach 

compared to the other procedures to the same end especially considering that the additional 

step of template removal is not required. Galvanic replacement reaction can be easily described 

a typical electrochemical process between one performed metal template (also denoted as 

sacrificial template) and metal ions with higher reduction potential. Thus, electrons are 

transferred from the template, which is partially oxidized and dissolved together with the 

reduction and deposition of metal ions to metal atoms. Interesting, the final structure of the 

obtained nanomaterials is characterized by a hollow nanostructure that presents a similar shape 

of the initial template as depicted in Figure 1.16.81,82,84,91,101 

 

 
 
Figure 1.16. Scheme showing the mechanism of formation of hollow nanomaterials by 
Template etching or dissolution approaches. 

 

The best example that illustrates the galvanic replacement reaction approach for the 

synthesis of hollow nanomaterials is the synthesis of bimetallic AgAu nanoparticles (shells, 

cages, frames, and tubes). This system is basically described by the progressive addition of 

AuCl4
- precursor into a suspension containing preformed of Ag nanoparticles (spheres, cubes, 

wires, etc). Herein, the galvanic replacement reaction is started by the corrosion of Ag atoms 

at more reactive sites such as defects, stacking faults, or steps. During this process, Ag atoms 

are oxidized to Ag+ and dissolved into solution and simultaneously AuCl4
- is reduced and 
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deposited on the surface of the Ag template leading to the formation of a thin and incomplete 

layer of Au on the Ag template, which prevent the direct oxidation of Ag. However, due to an 

alloying process, additional Ag is oxidized and a small surface hole is typically formed, which 

serves as site for continuous dissolution of Ag from the core and AuCl4
- deposition. In this 

context, with the increase in the amount of AuCl4
- precursor added to the suspension, an 

increase in the hollowing degree is achieved and a variety of hollow structures can be obtained. 

Thus, by the careful tuning in the molar ratio AuCl4
-:Ag it is possible to create hollow 

nanomaterials displaying different hollowing degrees and, consequently, different 

structures.82,91,102 Figure 1.17 shows an example of this strategy employing Ag nanospheres as 

sacrificial templates in the reaction with Au3+ precursor. 

 
 
Figure 1.17. Scheme showing the mechanism of formation of hollow nanomaterials by 
Template etching or dissolution approaches.82 
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Another promising strategy involving the galvanic replacement reaction is the 

combination with a co-reduction process involving the employing of an auxiliary reducing 

agent such as ascorbic acid, hydrazine, and hydroquinone, for example.103,104 In this procedure, 

the galvanic replacement process enables the formation of hollow interiors and, as expected, 

the final structure of the generated nanoparticles also resembles the sacrificial template. 

However, additional metal deposition onto the surface of the hollow nanoparticles is achieved 

by reduction of metal ions promoted by the auxiliary reducing agent. Thus, another strategy for 

shape control is achieved by coupling both galvanic replacement and coreduction processes.101 

More specifically, the control over surface morphology can be enabled by adjusting reaction 

parameter such as molar ratio metal:metal precursor, temperature, and nature and amount of 

the auxiliary reducing agent.14,37,38,101,105,106 

An example of this strategy is the control of the size and surface morphology of AgAu 

nanodendrites (Figure 1.18).14 Herein, the precise adjust in the number of Ag nanoparticles 

used as templates in the process provided a fast and effective approach for the manipulation 

over the size and morphology of nanoparticles produced via a combined galvanic replacement 

and reduction reaction. More specifically, when the number of Ag nanoparticles employed is 

increased, larger nanodendrites are obtained as consequence of the increase in the number of 

sites available for Au heterogeneous nucleation and growth. More specifically, for a fixed 

concentration of AuCl4
–

(aq), when the number of Ag nanospheres is increased, a decrease in the 

amount of Au available for the growth of Au branches at the surface of each seed is achieved. 

Thus, a decrease in the overall diameter and in the size of the individual branches is observed 

in the resulting nanodendrites. 
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Figure 1.18. SEM images of AgAu nanodendrites displaying controlled surface morphologies 
obtained by varying the volume of Ag NP seed suspension employed during the synthesis: (A) 
1 µL, (B) 3 µL, (C) 5 µL, and (D) 10 µL. 
 
 
1.5. Scope of this work 

 
This project proposes the use of methodologies based on the galvanic replacement 

reaction and its combination with additional metal deposition in the presence of hydroquinone 

as an auxiliary reducing agent as a platform for obtaining a variety of metallic nanostructures 

with hollow interiors displaying controlled and well-defined morphologies, sizes, and 

compositions for applications in catalysis and plasmonic photocatalysis. In addition, to enable 

the application of nanomaterials in gas-phase transformations, the synthetic developed 

approaches need to be scale-up in order to produce sufficient amount of nanoparticles, which 

must be incorporated on a solid support for the production of a powdered catalyst. 

In the first part of this work (Chapters 2, 3, and 4), we present the use of the galvanic 

replacement reaction between preformed Ag nanoparticles (spheres and wires) as strategy for 

the synthesis of nanoshells and nanotubes for application in catalysis and plasmonic 

photocatalysis. More specifically, in Chapter 2, trimetallic nanoshells having AgAuPd, 
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AgAuPt, and AgPdPt compositions were obtained by a sequential galvanic reaction between 

Ag nanospheres and the corresponding metal precursors, i.e., AuCl4
-
(aq), PdCl4

2-
(aq), and/or 

PtCl6
2-

(aq). The obtained nanoshells were employed as model systems to investigate the effect 

of the addition of the third metal over the catalytic activities towards the 4-nitrophenol 

reduction, which demonstrated a significant enhancement in the catalytic activities relative to 

the sum of their bimetallic counterparts. In the Chapter 3, by the galvanic reaction between Ag 

nanospheres and AuCl4
-
(aq), well-defined AgAu nanorings displaying SPR extinction that 

matched the emission spectra of a commercial halogen-tungsten lamp were obtained. Thus, 

they were employed as catalysts for SPR-mediated oxidation of methylene blue, under ambient 

conditions, and using the halogen-tungsten lamp as the only energy input. The nanorings 

showed superior performances compared to Ag, Au, and AgAu nanospheres. In the chapter 4, 

AgAu nanotubes displaying controlled and well-defined surface morphologies and optical 

properties were obtained by the galvanic reaction between Ag nanowires and AuCl4
-
(aq) at 25 

or 100 oC. Herein, the reaction temperature was the key element for the control over the 

nanotubes properties. AgAu nanotubes were then employed as catalysts towards the methylene 

blue oxidation by “classical” heterogeneous catalysts and plasmonic photocatalysis, in which 

the understanding on how their performances were dependent on their surface morphologies 

(branched or smooth surfaces) and optical properties (position and intensity of SPR extinction 

bands) was investigated. 

In the second part of this dissertation (Chapters 5, 6, and 7), a combination between 

galvanic reaction between Ag nanoparticles (spheres and wires) and additional metal 

deposition in the presence of hydroquinone was the strategy for the precise control over the 

nanoparticles properties. Chapter 5, describes the synthesis of AgPt hollow nanodendrites, 

which could be scaled up by 100 folds and uniformly supported onto a commercial silica. The 

AgPt nanodendrites displayed good catalytic activities for both the 4-nitrophenol reduction 
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(non supported catalyst) and the BTX oxidation reactions (supported catalyst). In the Chapter 

6, the same strategy was employed. However, Ag nanoparticles with different sizes were as 

templates leading to differences in the outer diameter, shell thickness, and the number of Pt 

surface atoms of the produced nanoshells. The produced AgPt nanoshells were supported onto 

SiO2, and evaluated towards the gas-phase oxidation of benzene, toluene and o-xylene, in 

which their catalytic performances could be correlated with their controlled properties. In the 

Chapter 7, both galvanic replacement and its combination with additional metal deposition with 

hydroquinone were employed for the synthesis of AgPt nanoshells and nanotubes displaying 

controlled surface morphologies. Thus, a systematic investigation on how the number of Pt 

surface atoms and nature of exposed surface facets affected the catalytic performances of AgPt 

nanomaterials towards the CO oxidation (gas-phase) was performed. Herein, AgPt/SiO2 

catalysts were produced after scale-up the synthesis of nanostructures and their uniform 

incorporation over a commercial SiO2. 

Finally, in the last part of this work (Chapters 8 and 9), we present the synthesis in high 

yields of Cu2O spheres displaying well-defined shapes and monodisperse sizes and their 

utilization as catalyst for a “click reaction” and as templates for the synthesis of complexes 

bimetallic nanohybrids. More specifically, in Chapter 8, Cu2O spheres were employed as the 

source of highly catalytic active Cu(I) species towards click reactions between several of 

alkynes and azides to produce a variety of 1,2,3-triazoles under ligand-free and ambient 

conditions (in an open reactor) showing superior performance as compared to a conventional 

homogenous protocol and enabling the synthesis of seven not previously reported products. On 

the other hand, in Chapter 9, Cu2O spheres were employed as sacrificial templates for reducing 

PdCl4
2-

(aq), AuCl4
-
(aq), and Ru3+

(aq), metal precursors. Herein, by simply changing the nature of 

the precursor the final morphologies were strongly affected as consequence of the difference 
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of their kinetic of reduction. The mechanisms concerning of the formation of all nanohybrids 

were provided as well as their catalytic performances toward the 4-nitrphenol reduction. 
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Chapter 2 

 

Probing the Catalytic Activity of Bimetallic versus Trimetallic Nanoshells 

 

2.1. Introduction  

 

Bimetallic and hollow metallic nanostructures, such as nanoshells, are very attractive for 

catalytic and electrocatalytic applications.1–7 While bimetallic compositions allow for the 

combination and/or synergism of catalytic properties between the metal components, their 

hollow interiors provide higher surface-to-volume ratios relative to their solid analogues4,8–13. 

In this context, several investigations on the catalytic activities of bimetallic and hollow 

nanostructures containing gold (Au), palladium (Pd), and platinum (Pt) have been 

demonstrated.14–19  

The addition of a third metal to produce trimetallic compositions represents an emerging 

approach to optimize catalytic activities on noble-metal nanostructures.11,20–22 Trimetallic 

nanoparticles have shown improved catalytic performances relative to their mono- and 

bimetallic counterparts for a variety of reactions that include cyclohexene and glucose 

oxidation, the electrooxidation of formic acid, and C-C coupling.23–26 It has been proposed that 

trimetallic systems may present distinct properties relative to their mono- and bimetallic 

counterparts, which enables, at least in principle, the design of nanomaterials with optimized 

performances.11,21,22,27,28 Despite these very attractive features, studies on the synthesis of 

trimetallic noble-metal nanomaterials are still limited, and the role of the third metal over the 

performances, relative to their bimetallic systems, remains unclear. This is probably due to the 

lack of experimental procedures to the synthesis of trimetallic nanostructures with well-defined 
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shapes and controllable compositions, which hinders the systematic correlation between shape, 

composition, and performance.11,22,27,29–31 

In this paper, we describe a facile and rapid strategy to the synthesis of trimetallic 

nanoshells having AgAuPd, AgAuPt, and AgPdPt compositions by a sequential galvanic 

replacement reaction approach between Ag nanospheres as sacrificial templates and the 

corresponding metal precursors, i.e., AuCl4
-
(aq), PdCl4

2-
(aq), and/or PtCl6

2-
(aq).32 In each of these 

systems, the composition could be systematically tuned by varying the molar ratios between 

Ag and each metal precursor. As the galvanic reaction employing Ag nanospheres as templates 

leads to nanoshells displaying similar sizes/morphology,1 it enables us to separate and 

investigate the effect of composition in the trimetallic materials relative to their bimetallic 

counterparts over their catalytic performances towards the reduction of 4-nitrophenol as a 

model reaction.33 Our data demonstrates a significant enhancement on the catalytic activities 

upon the formation of the trimetallic nanoshells, and the magnitude of this enhancement 

relative to the bimetallic nanoshells of similar compositions was dependent on the nature of the 

metals.   

 

2.2. Experimental Section 

 

Materials and Instrumentation 

Analytical grade silver nitrate (AgNO3, 99%, Sigma-Aldrich), polyvinylpyrrolidone (PVP, 

Sigma-Aldrich, M.W. 55,000 g/mol), ethylene glycol (EG, 99.8%, Sigma-Aldrich), 

chloroplatinic acid hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt basis, Sigma-Aldrich), 

tetrachloroauric acid (HAuCl4.3H2O, ≥99.9%, Sigma-Aldrich), potassium tetrachloropalladate 

(K2PdCl4, ≥99.99%, Sigma-Aldrich), 4-nitrophenol (C6O3NH5, ≥99%, Sigma-Aldrich), and 

sodium borohydride (NaBH4, 98%, Sigma-Aldrich) were used as received.  
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Transmission electron microscopy (TEM) images were obtained with a JEOL 1010 

microscope operating at 80 kV. Samples for TEM were prepared by drop-casting an aqueous 

suspension of the nanostructures over a carbon-coated copper grid, followed by drying under 

ambient conditions. UV-VIS spectra were obtained from aqueous suspensions containing the 

nanostructures with a Shimadzu UV-1700 spectrophotometer. The Ag, Au, Pd and Pt atomic 

percentages were measured by inductively coupled plasma optical emission spectrometry (ICP-

OES) using a Spectro Arcos equipment at the IQ-USP analytical center facilities. 

 

Synthesis of Ag nanospheres 

Ag nanospheres were prepared by the polyol process.29 In a typical procedure, 5 g of 

polyvinylpyrrolidone (PVP) was dissolved in 37.5 mL of ethylene glycol (EG). Then, AgNO3 

(200 mg, 1.2 mmol) was added and mixed until the complete dissolution. The resulting solution 

was heated to 125 °C for 2.5 hours, leading to the appearance of a greenish-yellow color, 

allowed to cool down to room temperature, and diluted to 125 mL of water. 

 

Synthesis of bi- and trimetallic nanoshells  

The syntheses of bi- and trimetallic nanoshells were based on the sequential galvanic 

replacement reaction between Ag nanospheres and Pd, Au, and Pt precursors (PdCl4
2-

(aq), 

AuCl4
-
(aq), and PtCl6

2-
(aq)). In order to obtain the bimetallic nanoshells having AgM controlled 

compositions (M = Au, Pd, or Pt), a mixture containing 5 mL of PVP aqueous solution (0.1 wt 

%) and 1 mL of as-prepared suspension containing the Ag nanospheres was stirred at 100 °C 

for 10 min in a 25 mL round-bottom flask. Then, 2 mL of aqueous solutions of the respective 

metal precursor (0.2, 0.4, 0.6, and 0.8 mM) was added dropwise and the reaction allowed to 

proceed at 100 °C for another 10 min. Similarly, the synthesis of AgAuPd, AgAuPt, and 

AgPdPt nanoshells were obtained by sequentially adding AuCl4
-
(aq) and PdCl4

2-
(aq), AuCl4

-
(aq) 
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and PtCl6
2-

(aq), and PtCl6
2-

(aq) and PdCl4
2-

(aq), respectively, in the galvanic replacement reaction. 

In all cases, the volume of each precursor solution corresponded to 2 mL and their 

concentrations were 0.2, 0.4, 0.6, and 0.8 mM in order to control their compositions. After the 

galvanic replacement reaction, all the suspensions were allowed to cool down to room 

temperature and washed twice with a supersaturated NaCl solution and three times with water 

by successive rounds of centrifugation at 15000 rpm and removal of the supernatant. After 

washing, the nanoshells were suspended in 8 mL of PVP aqueous solution (0.1 wt %). This 

suspension was then employed in the catalytic tests for the 4-nitrophenol reduction reaction.  

 

Catalytic reduction of 4-nitrophenol 

Typically, 0.3 mL of a 1.4 x 10-4 M 4-nitrophenol aqueous solution, 2 mL of 4.2 x 10-2 M 

sodium borohydride aqueous solution, and 200 µL of the suspension containing the synthetized 

nanoshells (diluted in the ratio 1:40 of nanoshell:water) was added into a quartz cuvette. The 

catalytic transformation was monitored by UV−VIS spectroscopy, in which the intensity in the 

absorbance at 400 nm (assigned to 4-nitrophenolate ions) was monitored as a function of time 

(this signal decreased as the consumption of 4-nitrophenolate ions and formation of 4-

aminophenol take place). In this case, the UV-VIS spectra were collected at 13 s time intervals 

in the 350 to 500 nm range. A calibration curve for absorbance as a function of the 4-

nitrophenolate concentration was employed in order to calculate the 4-nitrophenol conversion 

%. The catalytic activities were expressed in terms of substrate conversion versus time. 
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2.3. Results and Discussion 

 

Our studies started with the synthesis of Ag nanospheres by a polyol approach.34 The Ag 

nanospheres were 34 ± 3 nm in diameter, displayed spherical shape and relatively 

monodisperse sizes (Figure 2.1).  

 

 
 
Figure 2.1. TEM image for Ag NPs employed as templates for the synthesis of bimetallic and 
trimetallic nanoshells with controlled compositions following the addition of AuCl4

-
(aq), PdCl4

2-

(aq), and PtCl6
2-

(aq) to aqueous suspensions containing Ag NPs and PVP. 
 

It is well-established that Ag can be employed as templates for the synthesis of 

nanomaterials having bimetallic compositions, hollow interiors, and ultrathin walls by a 

galvanic replacement reaction approach between Ag, employed as sacrificial templates, and a 

more noble metal precursor, such as AuCl4
-
(aq), PtCl6

2-
(aq), and PdCl4

2-
(aq). 1,9 In this process, 

while the shape of the produced nanostructures can be controlled by employing Ag 

nanomaterials displaying distinct shapes as templates, the composition and structure can be 

tailored by adjusting the molar ratio between Ag and the metal precursor during the galvanic 

reaction.1,32 In fact, this route has been employed to the synthesis of bimetallic nanoshells, 

nanotubes, and nanocages, for example.9 Here, we were interested in employing this approach 

to obtain bi- and trimetallic nanoshells having controlled compositions and similar 
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morphologies so that we could probe the effect of the addition of a third metal over the catalytic 

activities as compared to their bimetallic counterparts.  

In order to achieve this goal, the produced Ag nanospheres were employed as chemical 

templates for the synthesis of AgAuPd, AgAuPt, and AgPdPt trimetalic nanoshells by the 

sequential addition of the corresponding metal precursors (AuCl4
-
(aq) and PdCl4

2-
(aq); AuCl4

-
(aq) 

and PtCl6
2-

(aq); and PtCl6
2-

(aq) and PdCl4
2-

(aq), respectively) during the galvanic replacement 

reaction as depicted in Figure 2.2.  

 

 
 
Figure 2.2. Scheme for the synthesis of bimetallic and trimetallic nanoshells by sequential 
galvanic replacement reactions between Ag nanospheres (chemical templates) and Pd, Au, 
and/or Pt precursors (PdCl4

2-
(aq), AuCl4

-
(aq), and PtCl6

2-
(aq), respectively) using PVP as the 

stabilizer, water as solvent, 100 oC as the reaction temperature, and 10 min as the reaction time. 
 

By this route, trimetallic nanoshells having a variety of well-controlled compositions as 

determined by ICP-OES were synthetized as shown in Table 2.1-2.3.  
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Table 2.1. Atomic percentages of Ag, Au, and Pd in the trimetallic AgAuPd nanoshells 
obtained by ICP-OES. The number in parenthesis denotes the concentration (in mM) for the 
corresponding metal precursor solutions (2 mL) added in the galvanic replacement reaction. 
 

 Ag (mol %) Au (mol%) Pd (mol%) Sample 

Au(0.2)Pd(0.2) 83 12 5 Ag83Au12Pd5 

Au(0.2)Pd(0.4) 72 10 16 Ag72Au10Pd16 

Au(0.2)Pd(0.6) 75 9 16 Ag75Au9Pd16 

Au(0.2)Pd(0.8) 72 9 19 Ag72Au9Pd19 

Au(0.4)Pd(0.2) 82 14 4 Ag82Au14Pd4 

Au(0.4)Pd(0.4) 76 12 12 Ag76Au12Pd12 

Au(0.4)Pd(0.4) 72 12 16 Ag72Au12Pd16 

Au(0.4)Pd(0.8) 69 12 19 Ag69Au12Pd19 

Au(0.6)Pd(0.2) 65 29 6 Ag65Au29Pd6 

Au(0.6)Pd(0.4) 60 26 14 Ag60Au26Pd14 

Au(0.6)Pd(0.6) 58 23 19 Ag58Au23Pd19 

Au(0.6)Pd(0.8) 58 23 19 Ag58Au23Pd19 

Au(0.8)Pd(0.2) 61 32 7 Ag61Au32Pd7 

Au(0.8)Pd(0.4) 57 30 13 Ag57Au30Pd13 

Au(0.8)Pd(0.6) 57 29 14 Ag57Au29Pd14 

Au(0.8)Pd(0.8) 56 28 16 Ag56Au28Pd16 
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Table 2.2. Atomic percentages of Ag, Au, and Pt in the trimetallic AgAuPt nanoshells obtained 
by ICP-OES. The number in parenthesis denotes the concentration (in mM) for the 
corresponding metal precursor solutions (2 mL) added in the galvanic replacement reaction. 
 

 Ag (mol %) Au (mol%) Pt (mol%) Sample 

Au(0.2)Pt(0.2) 81 9 10 Ag81Au9Pt10 

Au(0.2)Pt(0.4) 78 9 13 Ag78Au9Pt13 

Au(0.2)Pt(0.6) 75 9 16 Ag75Au9Pt16 

Au(0.2)Pt(0.8) 75 9 16 Ag72Au9Pt16 

Au(0.4)Pt(0.2) 84 10 6 Ag84Au10Pt6 

Au(0.4)Pt(0.4) 78 13 9 Ag78Au13Pt9 

Au(0.4)Pt(0.6) 76 13 11 Ag76Au13Pt11 

Au(0.4)Pt(0.8) 76 9 15 Ag76Au9Pt15 

Au(0.6)Pt(0.2) 79 17 4 Ag79Au17Pt4 

Au(0.6)Pt(0.4) 79 15 6 Ag79Au15Pt6 

Au(0.6)Pt(0.6) 78 11 11 Ag78Au11Pt11 

Au(0.6)Pt(0.8) 75 12 13 Ag75Au12Pt13 

Au(0.8)Pt(0.2) 66 32 2 Ag66Au32Pt2 

Au(0.8)Pt(0.4) 65 24 11 Ag65Au24Pt11 

Au(0.8)Pt(0.6) 64 24 12 Ag64Au24Pt12 

Au(0.8)Pt(0.8) 63 23 14 Ag63Au23Pt14 

 

 



 

	 49 

Table 2.3. Atomic percentages of Ag, Pd, and Pt in the trimetallic AgPdPt nanoshells obtained 
by ICP-OES. The number in parenthesis denotes the concentration (in mM) for the 
corresponding metal precursor solutions (2 mL) added in the galvanic replacement reaction. 
 

 Ag (mol %) Pd (mol%) Pt (mol%) Sample 

Pd(0.2)Pt(0.2) 86 8 6 Ag86Pd8Pt6 

Pd(0.2)Pt(0.4) 80 8 12 Ag80Pd9Pt13 

Pd(0.2)Pt(0.6) 75 7 18 Ag75Pd7Pt18 

Pd(0.2)Pt(0.8) 68 7 25 Ag68Pd7Pt25 

Pd(0.4)Pt(0.2) 83 13 4 Ag83Pd13Pt4 

Pd(0.4)Pt(0.4) 75 13 12 Ag75Pd13Pt12 

Pd(0.4)Pt(0.6) 71 13 16 Ag71Pd13Pt16 

Pd(0.4)Pt(0.8) 66 12 22 Ag66Pd12Pt22 

Pd(0.6)Pt(0.2) 80 19 1 Ag80Pd19Pt1 

Pd(0.6)Pt(0.4) 77 19 4 Ag77Pd19Pt4 

Pd(0.6)Pt(0.6) 77 13 10 Ag77Pd13Pt10 

Pd(0.6)Pt(0.8) 76 12 12 Ag76Pd12Pt12 

Pd(0.8)Pt(0.2) 74 25 1 Ag74Pd25Pt1 

Pd(0.8)Pt(0.4) 71 25 4 Ag71Pd25Pt4 

Pd(0.8)Pt(0.6) 71 23 6 Ag71Pd23Pt6 

Pd(0.8)Pt(0.8) 71 16 13 Ag71Pd16Pt13 

 

For comparison, bimetallic nanoshells having similar compositions were also obtained by 

this route (Table 2.4). It is important to emphasize that the composition was controlled by 

varying the concentration of the 2 mL metal precursor solutions employed during the galvanic 

replacement reaction. Specifically, this was performed by employing 0.2, 0.4, 0.6, and 0.8 mM 

as the concentrations for each precursor solution. 
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Table 2.4. Atomic percentages of Ag, Au, Pd and Pt in the bimetallic nanoshells obtained by 
ICP-OES. The number in parenthesis denotes the concentration (in mM) for the corresponding 
metal precursor solutions (2 mL) added in the galvanic replacement reaction. 
 

 Ag (mol %) Au (mol%) Sample 

Au(0.2) 91 9 Ag91Au9 

Au(0.4) 88 12 Ag88Au12 

Au(0.6) 86 14 Ag86Au14 

Au(0.8) 72 28 Ag72Au28 

 Ag (mol %) Pd (mol%) Sample 

Pd(0.2) 96 4 Ag96Pd4 

Pd(0.4) 90 10 Ag90Pd10 

Pd(0.6) 84 16 Ag84Pd16 

Pd(0.8) 81 19 Ag81Pd19 

 Ag (mol %) Pt (mol%) Sample 

Pt(0.2) 87 13 Ag87Pt13 

Pt(0.4) 81 19 Ag81Pt19 

Pt(0.6) 75 25 Ag75Pt25 

Pt(0.8) 73 27 Ag73Pt27 

 

In order to study the catalytic activity of the trimetallic nanoshells relative to their 

bimetallic counterparts, we focused on one trimetallic composition for each metal combination. 

More specifically, we focused on the Ag56Au28Pd16, Ag78Au9Pt13, and Ag71Pd16Pt13 

compositions for nanoshells containing Ag, Au, and Pd; Ag, Au, and Pt; and Ag, Pd, and Pt, 

respectively. Consequently, we also studied on their bimetallic counterparts: Ag72Au28 and 

Ag84Pd16; Ag91Au9 and Ag87Pt13; and Ag84Pd16 and Ag87Pt13, respectively. 
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Figure 2.3A-C display TEM images for Ag56Au28Pd16, Ag78Au9Pt13, and Ag71Pd16Pt13 

trimetallic nanoshells, respectively. The nanoshells presented spherical shape and were 

relatively uniform in sizes (38 ± 2, 39 ± 3, and 39 ± 3 nm for Ag56Au28Pd16, Ag78Au9Pt13, and 

Ag71Pd16Pt13, respectively). The mass-thickness contrast in the TEM images clearly indicates 

the formation of hollow interiors and thin walls (< 10 nm in shell thickness) for all trimetallic 

nanoshells. Another interesting feature is that the surface of the Ag56Au28Pd16 nanoshells 

(Figure 2.3A) appears to be slightly smoother relative to Ag78Au9Pt13 and Ag71Pd16Pt13 (Figure 

2.3B and 2.3C). EDX analysis revealed no significant particle-to-particle variations in 

composition.  

 

 
 
Figure 2.3. TEM images for Ag56Au28Pd16 (A), Ag78Au9Pt13 (B), and Ag71Pd16Pt13 (C) 
trimetallic nanoshells obtained by the galvanic replacement reaction between Ag and AuCl4

-

(aq) and PdCl4
2-

(aq); AuCl4
-
(aq) and PtCl6

2-
(aq); and PtCl6

2-
(aq) and PdCl4

2-
(aq), respectively. 

 

Figure 2.4A-F shows TEM images for the bimetallic nanoshells counterparts: Ag72Au28 

(Figure 2.4A), Ag84Pd16 (Figure 2.4B), Ag91Au9 (Figure 2.4C), Ag87Pt13 (Figure 2.4D), 

Ag84Pd16 (Figure 2.4E), and Ag87Pt13 (Figure 2.4F).  
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Figure 2.4. TEM images for the bimetallic nanoshells having similar compositions relative to 
the trimetallic systems Figure 2.3: Ag72Au28 (A), Ag84Pd16 (B), Ag91Au9 (C), Ag87Pt13 (D), 
Ag84Pd16 (E), and Ag87Pt13 (F).  
 

Figure 2.5A-C shows the UV-VIS extinction spectra recorded from aqueous suspensions 

containing the Ag nanospheres and the bi- and trimetallic nanoshells having Ag, Au, and Pd 

(Figure 2.5A), Ag, Au and Pt (Figure 2.5B), and Ag, Pt, and Pd (Figure 2.5C) compositions. 

The Ag nanospheres displayed a peak centered at ~410 nm assigned to the dipolar mode of the 

localized surface plasmon resonance (LSPR) excitation.35,36 This peak red-shifted in all 

bimetallic compositions as a result of Ag dissolution from the templates (leading to hollow 

interiors) and deposition of Au, Pd, or Pt at their surface. Conversely, this peak disappeared in 

all trimetallic nanoshells, which is probably related to further oxidation and dissolution of Ag 

from the templates by the sequential galvanic reactions. Therefore, the absence of plasmonic 

peaks for all trimetallic compositions occurs as Ag is dissolved during the galvanic reaction for 
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the synthesis of trimetallic nanoshells (leading to hollow interiors), which is also accompanied 

by the deposition of Pd and Pt at the surface (Pd and Pt do not display LSPR excitation in the 

visible range). 

 

Figure 2.5. UV−VIS extinction spectra recorded from aqueous suspensions containing the Ag 
NPs employed as templates for the synthesis of bi- and trimetallic nanoshells having Ag, Au, 
and Pd (A), Ag, Au and Pt (B), and Ag, Pt, and Pd (C) compositions.  
 

After the characterization of their composition, morphological features, and optical 

properties, we turned our attention to the investigation of the catalytic activities of 

Ag56Au28Pd16, Ag78Au9Pt13, and Ag71Pd16Pt13 nanoshells as compared to their respective 

bimetallic counterparts, i.e., Ag72Au28 and Ag84Pd16; Ag91Au9 and Ag87Pt13; and Ag84Pd16 and 

Ag87Pt13, respectively. We employed the 4-nitrophenol reduction in the presence of excess 

NaBH4 as a model reaction (Figure 2.6A), which can be catalyzed by noble-metal nanoparticles 

via particle-mediated electron transfer from borohydride to 4-nitrophenolate ions.37,38 This 

reaction is relevant as the product from the 4-nitrophenol reduction, 4-aminophenol, represents 

an important intermediate in the synthesis of analgesic and antipyretic drugs 32. It is important 

to emphasize that all the catalytic investigations described in this paper were performed 

employing the same concentration metal nanoshells, and 4-aminophenol is the only product 

from the 4-nitrophenol reduction. 
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Figure 2.6. (A) Scheme for the 4-nitrophenol reduction catalyzed by metallic nanoshells. (B) 
Bar graphs illustrating the 4-nitropneol conversion % as a function of the composition in bi- 
and trimetallic nanoshells having Ag, Au, and Pd (left), Ag, Au and Pt (middle), and Ag, Pt, 
and Pd (right) compositions. All catalytic investigations were performed employing the same 
concentration of metal nanoshells. The 4-nitrophenol conversion was calculated at 130, 208, 
and 195 s for Ag, Au, and Pd (left); Ag, Au and Pt (middle); and Ag, Pt, and Pd (right) 
compositions, respectively. 
 

Figure 2.6B displays the 4-nitrophenol conversion percentages as a function of the 

composition in bi- and trimetallic nanoshells having Ag, Au, and Pd (left), Ag, Au and Pt 

(middle), and Ag, Pt, and Pd (right) compositions. Interestingly, all trimetallic compositions 

displayed higher conversion percentages and thus catalytic activities relative to the sum of their 

bimetallic counterparts, demonstrating the synergism of properties between the three metallic 

constituents relative to the bimetallic nanoshells. As the trimetallic and bimetallic nanoshells 

displayed similar shapes and sizes (and thus surface areas), it is plausible that these detected 

differences in catalytic activities may be assigned to the variation in their composition. 

Moreover, it can be noted that the relative increase in conversion percentages was also 

dependent on the composition of the trimetallic nanoshells, and decreased in the following 



 

	 55 

order: Ag56Au28Pd16 > Ag78Au9Pt13 > Ag71Pd16Pt13. It is important to note that the 4-nitrophenol 

reduction catalyzed by noble-metal nanoparticles is strongly dependent on the nature of the 

metal employed as catalyst. Therefore, it is plausible that the reason for the detected variations 

in activity for the trimetallic nanoshells (Ag56Au28Pd16 > Ag78Au9Pt13 > Ag71Pd16Pt13) may be 

related to the differences in the nature of the metal present in each nanoshell as well as the 

distinct synergism of properties among the three metals in the nanoshell structure as a function 

of composition. 

In order to gain further insights on the observed differences in catalytic activities, Figure 

2.7 depicts the conversion percentage profiles as a function of time for bi- and trimetallic 

nanoshells having Ag, Au, and Pd (A), Ag, Au and Pt (B), and Ag, Pt, and Pd (C) compositions. 

Although all bi- and trimetallic nanoshells can achieve 100 % conversion, the trimetallic 

nanoshells achieve 100 % conversion much faster than their bimetallic counterparts. The 

highest conversion percentages at shorter reaction times were achieved by the Ag56Au28Pd16 

nanoshells. In this systems, its conversion percentage achieve 100 after 130 s, while for 

Ag72Au28 and Ag84Pd16 these values corresponded to of 0.2 and 10.6, respectively, suggesting 

an increase of 826 % in catalytic activity upon the addition of a third metal in the nanoshell 

structure. Similarly, 100 % conversion could be achieved after 208 and 195 s for Ag79Au9Pt13 

and Ag71Pd16Pt13 nanoshells, respectively. At these time intervals, this corresponded to an 

increased of 135 and 56 % relative to the sum of their bimetallic counterparts, i.e., calculated 

using the conversion % obtained for the trimetallic nanoshells relative to the sum of the 

conversion % for both bimetallic counterparts as depicted in Figure 2.6. These results clearly 

show the strong correlation between catalytic activity and composition in metallic nanoshells, 

and that the incorporation of a third metal represent a promising approach to boost the catalytic 

activity in this class of nanostructures. 
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Figure 2.7. 4-nitrophenol conversion % profiles as a function of time for bi- and trimetallic 
nanoshells having Ag, Au, and Pd (A), Ag, Au and Pt (B), and Ag, Pt, and Pd (C) compositions. 
 

 Interestingly, our stability tests showed that all the trimetallic nanoshells could be reused 

with no loss of activity even after 5 catalytic cycles (100 % conversion after each cycle), 

indicating that all trimetallic catalysts were stable under our employed conditions, as depicted 

in Figure 2.8. 

 

 
 
Figure 2.8. Catalytic activity expressed in terms of 4-nitrophenol conversion as a function of 
number of catalytic cycles for (A) Ag56Au28Pd16, (B) Ag78Au9Pt13, (C) Ag71Pd16Pt13 nanoshells.  
 

2.4. Conclusion 

 
In summary, we described a facile strategy for the synthesis of trimetallic nanoshells based 

on AgAuPd, AgAuPt, and AgPdPt which was based on the sequential galvanic replacement 

reaction between Ag and the corresponding metal precursors ((AuCl4
-
(aq), PtCl6

2-
(aq), and 

PdCl4
2-

(aq)). This approach enabled us to systematically control the composition in each of these 

systems. Then, nanoshells having Ag56Au28Pd16, Ag78Au9Pt13, and Ag71Pd16Pt13 compositions 
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were employed as model systems to investigate the effect of the addition of the third metal in 

their composition over the catalytic activities relative to their bimetallic counterparts. Here, the 

4-nitrophenol reduction in the presence of sodium borohydride was employed as the probe 

reaction. Interestingly, our data indicated that all trimetallic compositions displayed 

significantly higher conversion percentages and thus catalytic activities relative to the sum of 

their bimetallic counterparts, demonstrating the synergism of properties between the three 

metals relative to their bimetallic analogues. The relative increase in conversion percentages 

was also dependent on the composition and decreased in the following order: Ag56Au28Pd16 > 

Ag78Au9Pt13 > Ag71Pd16Pt13. The results presented herein clearly show the strong correlation 

between catalytic activity and composition in multimetallic nanoshells, and that the 

incorporation of a third metal may represent a promising approach to boost catalytic activities. 
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Chapter 3 

 

Rational Design of Plasmonic Catalysts: Matching the Surface Plasmon 

Resonance with the Lamp Emission Spectra for Improved Performances in 

AgAu Nanorings 

 

3.1. Introduction 

 

Silver (Ag) and gold (Au) nanostructures display remarkable optical properties in the 

visible range as a result of their localized surface plasmon resonance excitation (SPR).39–44 

Specially, Ag and Au nanorings have attracted interest in the field of plasmonic as their SPR 

can be tuned as a function of their sizes (along longitudinal and transverse directions), wall 

thickness, hollow interiors, and composition (in the case of AgAu nanorings).45–47  However, 

many strategies for the synthesis of Ag and Au nanorings still rely on lithography techniques, 

which require special facilities and complex procedures.48–50 Albeit chemical approaches have 

also been developed, they often rely on the use of 2D nanocrystals (nanoplates) as seeds and/or 

require the utilization of metals such as palladium (Pd) and platinum (Pt), making it not 

attractive for large-scale production.47,51–53 Therefore, despite the progress, facile procedures 

for the synthesis of Ag and Au nanorings remain challenging.  

It has been demonstrated that the SPR excitation in Ag and Au nanomaterials can be put 

to work to mediate and/or enhance a variety of catalytic transformations, such as oxidations,54–

56 reductions,56–58 and coupling reactions.55,56,58,59 Regarding practical applications in the field 

of plasmonic catalysis, the utilization of commercially available and inexpensive lamps as the 

SPR excitation source would be highly desirable. Consequently, the design of Ag and Au 
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nanoparticles having SPR extinction that closely matches the emission spectra of commercial 

lamps represent an intuitive strategy to maximize performance towards SPR-mediated 

transformations.60,61 However, most studies employing white light as the excitation sources 

(instead of lasers or LEDs) still focus on the utilization of conventional nanoparticles as 

catalysts, such as Ag and Au nanospheres, whose SPR extinction do not necessarily match the 

lamp emission. Thus, in principle, a large amount of light power may be wasted is these 

systems. 56,58,60–62  

We report the rational design of AgAu nanorings displaying SPR extinction that closely 

matches the emission spectra of a commercial and inexpensive halogen-tungsten lamp by a 

facile strategy using Ag nanospheres as starting materials. The AgAu nanorings were employed 

as catalysts for the SPR-mediated oxidation of methylene blue in the liquid phase (water as the 

solvent), under ambient conditions, and using a halogen-tungsten lamp as the only energy 

input. We found that the catalytic activity for the AgAu nanorings was significantly higher as 

compared to its Ag and Au nanospheres counterparts. We also performed a series of control 

experiments to unravel the role of hot electrons and holes over the SPR-mediated oxidation of 

methylene blue.  

 

3.2. Experimental 

 

Materials and Instrumentation 

Analytical grade silver nitrate (AgNO3, 99%, Sigma-Aldrich), polyvinylpyrrolidone 

(PVP, Sigma-Aldrich, M.W. 10,000 g/mol), polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 

55,000 g/mol), ethylene glycol (EG, 99.8%, Sigma-Aldrich), sodium citrate dihydrate 

(C6H5Na3O.2H2O, ≥99.9%, Sigma-Aldrich), tetrachloroauric acid (HAuCl4.3H2O, ≥99.9%, 

Sigma-Aldrich), 4-nitrophenol (C6O3NH5, ≥99%, Sigma-Aldrich), MB hydrate 



 

	 62 

(C16H18ClN3S.xH2O, ≥95%, Sigma-Aldrich), and sodium borohydride (NaBH4, 98%, Sigma-

Aldrich) were used as received.  

The scanning electron microscopy (SEM) images were obtained using a JEOL field 

emission gun electron microscope JSM6330F operated at 5 kV. The samples were prepared by 

drop-casting an aqueous suspension containing the nanostructures over a silicon wafer, 

followed by drying under ambient conditions. High-resolution transmission electron 

microscopy (HRTEM) images were obtained with a JEOL JEM2100 microscope operated at 

200 kV. Energy dispersive X-ray (EDX) spectrum was obtained in this instrument with an EDX 

detector configuration which has a total solid angle of �0.13 srad. Samples for HRTEM were 

prepared by drop-casting an aqueous suspension of the nanostructures over a carbon-coated 

copper grid, followed by drying under ambient conditions. UV-VIS spectra were obtained from 

aqueous suspensions containing the nanostructures with a Shimadzu UV-1700 

spectrophotometer. The Ag and Au atomic percentages were measured by inductively coupled 

plasma optical emission spectrometry (ICP-OES) using a Spectro Arcos equipment at the IQ-

USP analytical center facilities. The X-ray diffraction (XRD) data were obtained using a 

Rigaku - Miniflex equipment, CuKα radiation. The diffraction pattern was measured in the 

range of 10 – 90 ° 2θ with a 1 ° min–1 angular speed scan. 

 

Synthesis of Ag nanospheres 

Ag nanospheres were prepared by the polyol process. In a typical procedure, 5 g of 

polyvinylpyrrolidone (M.W. 10,000 g/mol) were dissolved in 37.5 mL of ethylene glycol (EG). 

Then, AgNO3 (200 mg, 1.2 mmol) was added and mixed until complete dissolution. The 

resulting solution was heated to 125 °C for 2.5 hours, leading to the appearance of a greenish-

yellow color, allowed to cool down to room temperature, and diluted to 125 mL of water. For 

the catalytic tests, 1 mL of Ag nanospheres suspension was washed three times with water by 
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successive rounds of centrifugation at 15,000 rpm and removal of the supernatant. After 

washing, the Ag nanoparticles were suspended in 1 mL of deionized water. In this case, the 

concentration of Ag in the nanoparticles suspensions corresponded to 2.2 mM (measured by 

ICP-OES).      

 

Synthesis of Au nanospheres 

The synthesis of Au nanospheres was performed by a seeded growth approach. In the first 

step, Au seeds were synthesized by adding 150 mL of a 2.2 mM sodium citrate aqueous solution 

to a 250 mL round-bottom flask under magnetic stirring. This system was heated to 100 oC for 

15 minutes. Then, 1 mL of a 25 mM AuCl4
-
(aq) solution was added, and the reaction mixture 

was kept at 100°C under vigorous stirring for 30 minutes. The obtained Au nanoparticles were 

employed as seeds for the synthesis of Au NPs having larger sizes by two successive steps of 

Au deposition. For the first deposition step, 1 mL of a 60 mM sodium citrate solution was 

added to the same 250 mL round-bottom flask containing the Au NPs seeds under magnetic 

stirring at 100°C for 5 minutes. Afterwards, 1 mL of a 25 mM AuCl4
-
(aq) solution was added to 

the reaction mixture containing the Au NPs seeds and the reaction mixture was carried out for 

another 30 min. Similarly, a second deposition step could be performed by adding another 1 

mL of a 60 mM sodium citrate solution and 1 mL of a 25 mM AuCl4
-
(aq) solution to the reaction 

mixture obtained after the first deposition step, in which the Au NPs produced after the first 

deposition step served as seeds for further growth. After the reaction, the resulting suspension 

was allowed to cool down to room temperature. For the catalytic tests, 5 mL of Au nanospheres 

suspension was washed three times with water by successive rounds of centrifugation at 15,000 

rpm and removal of the supernatant. After washing, the Au nanoparticles were suspended in 1 

mL of deionized water. Here, the concentration of Au in the nanoparticles suspensions 

corresponded to 2.2 mM (measured by ICP-OES). 
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Synthesis of AgAu nanorings  

The synthesis of AgAu nanorings was based on the galvanic replacement reaction between 

Ag nanospheres and AuCl4
-
(aq). In a typical procedure, a mixture containing 5 mL of PVP 

aqueous solution (0.1 wt %, M.W. 55,000 g/mol) and 1 mL of the as-prepared suspension 

containing the Ag nanospheres (2.2 mM in terms of Ag) was stirred at 100 °C for 10 min in a 

25 mL round-bottom flask. Then, 2 mL of AuCl4
-
(aq) (1.5 mM) was added dropwise and the 

reaction allowed to proceed at 100 °C for another 1 h. After that, the suspension was allowed 

to cool down to room temperature and 10 mL were washed twice with a supersaturated NaCl 

solution and three times with water by successive rounds of centrifugation at 15,000 rpm and 

removal of the supernatant. After washing, the product was suspended in 1 mL of deionized 

water and then employed in the catalytic tests. After this step, the concentration of metal (Ag 

+ Au) in the nanoparticles suspensions corresponded to 2.2 mM (measured by ICP-OES).  

 

Synthesis of AgAu alloyed nanospheres  

In a typical procedure, 0.7 mL of an aqueous 2.0 mM AgNO3 solution, 95 mL of deionized 

water, and 1.0 mL of an aqueous 35 mM sodium citrate solution were transferred to a round 

bottom flask. This flask was placed on an oil bath pre-heated at 105 oC. After boiling for 1 min, 

3.6 mL of a 2.4 mM AuCl4
-
(aq) solution was added and the reaction mixture was further boiled 

for 40 min. After the reaction, the resulting suspension was allowed to cool down to room 

temperature. For the catalytic tests, 4.5 mL of AgAu alloyed nanospheres suspension was 

washed three times with water by successive rounds of centrifugation at 15,000 rpm and 

removal of the supernatant. After washing, the AgAu alloyed nanospheres were suspended in 

1 mL of deionized water. After this step, the concentration of metal (Ag + Au) in the 

nanoparticles suspensions corresponded to 0.1 mM (measured by ICP-OES). 

SPR-mediated oxidation of methylene blue  
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Typically, 10 mL of a 10 mg/L MB aqueous solution and 1 mL of the suspension 

containing the washed catalysts was added min in a 25 mL round-bottom flask. The resulting 

mixture was stirred for 30 min in the dark to achieve the adsorption and desorption equilibrium. 

Subsequently, the suspensions were irradiated with a 300 W halogen tungsten lamp (OSRAM) 

mounted at a 5 cm distance from the glass reactor. In all photocatalytic experiments, the 

temperature of the reaction mixture was carefully controlled and corresponded to 40 oC. During 

the experiments, 1 mL aliquots were taken and centrifuged at 15,000 rpm for 10 min to isolate 

the supernatant. Then, the UV–VIS spectra of the supernatant were measured as a function of 

time in the 500 to 750 nm range to probe the MB photodegradation. A calibration curve for 

absorbance as a function of the MB concentration was employed in order to monitor the 

transformation.  

 

Catalytic reduction of 4-nitrophenol 

Typically, 2 mL of 4.2 x 10-2 M sodium borohydride aqueous solution and the suspension 

containing the catalysts was added into a quartz cuvette. After 5 min, 1 mL of a 1.4 x 10-4 M 

4-nitrophenol aqueous solution was added to the same cuvette. The catalytic transformation 

was monitored by UV−VIS spectroscopy, in which the intensity in the absorbance at 400 nm 

(assigned to 4-nitrophenolate ions) was monitored as a function of time (this signal decreased 

as the consumption of 4-nitrophenolate ions and formation of 4-aminophenol took place). In 

this case, the UV-VIS spectra were collected at 13 s time intervals in the 350 to 500 nm range. 

A calibration curve for absorbance as a function of the 4-nitrophenolate concentration was 

employed in order to monitor the transformation. All reactions were performed under the same 

amount of catalyst (2.2 X 10-6 mmol of metal, which corresponds to 1, 5, and 10 m L of Ag 

nanospheres, Au nanospheres, and AgAu nanorings, respectively). 
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3.3. Results and discussion 

 

We started our studies with the synthesis of AgAu nanorings having SPR positions that 

could match, as much as possible, the emission spectra of a commercial halogen-tungsten lamp 

which is shown in Figure 3.1 (yellow trace). Although the halogen-tungsten lamp emission 

covers the entire visible range, the emission becomes increasingly larger as a function of the 

wavelength, i.e., it steadily increases from 400 to 800 nm. It can be observed that the SPR 

extinction of conventional Ag and Au nanospheres does not match the lamp emission spectra. 

(Figure 3.1, green and red traces respectively). In this case, Ag and Au nanospheres display 

SPR bands centered at 405 and ~ 522 nm, respectively. 

 

 
 
Figure 3.1. UV−VIS extinction spectra recorded from aqueous suspensions containing Ag 
nanospheres (green trace), Au nanospheres (red trace), and AgAu nanorings (blue trace). The 
yellow trace shows the emission spectrum for the commercial tungsten-halogen lamp employed 
as the excitation source in our SPR-mediated catalytic experiments. 

 

It has been established that the galvanic replacement reaction between Ag nanospheres 

and AuCl4
-
(aq) represents an effective strategy for tuning the SPR position in the entire visible 
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range.10,32,63 In this case, the control over the Ag to AuCl4
-
(aq) molar rations enables one to 

control the composition, structure (solid vs hollow interiors), optical properties, and catalytic 

activity of the obtained AgAu nanomaterials.1,10,32,63 Rather than using 2D nanocrystals as 

seeds, AgAu nanorings having a SPR spectrum that closely resembles the emission spectra of 

the halogen-tungsten lamp could be obtained from the aforementioned galvanic replacement 

reaction using “conventional” Ag nanospheres as seeds as shown in Figure 3.1 (blue trace). 

Specifically, the SPR spectra for the AgAu nanorings displayed two SPR bands: one shoulder 

located at 536 nm and a broad signal centered at 725 nm. The detected red-shift and broadening 

of the SPR in the nanorings relative to the Ag and Au nanospheres are in agreement with the 

Au deposition as well as the formation of the hollow interiors in during the galvanic reaction 

(Figure 3.2A).64–66    

 

 
 
Figure 3.2. (A) Synthesis of AgAu nanorings by galvanic replacement reaction between Ag 
nanospheres and AuCl4

-
(aq). TEM (B) and HRTEM (C and D) images for Ag nanospheres. SEM 

(E) and HRTEM (F and G) images for AgAu nanorings. The image in (D) and (G) correspond 
to phase contrast images of the areas highlighted by the white squares in (C) and (F). 
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Figure 3.2B-D shows TEM and HRTEM images of the Ag nanospheres employed as 

templates (whose spectra is shown in Figure 3.1). They were relatively uniform, 

polycrystalline, and 38 ± 3 nm in diameter. The 0.255 nm <111> lattice spacing characteristic 

of fcc Ag could be identified in the HRTEM image. The SEM and HRTEM images of AgAu 

nanorings (Figure 3.2E-G) confirmed that they were also uniform. Moreover, they displayed 

well-defined shapes comprised of hollow interiors and ultrathin walls. The AgAu nanorings 

were 38 ± 4 nm in outer diameter and 8 ± 1 nm in wall-thickness. HRTEM images confirmed 

the presence of 0.255 nm <111> lattice spacing that can be assigned to the presence of fcc Ag 

and Au. ICP-OES results showed that the nanorings contained 81 at. % in terms of Au, which 

is also in agreement with EDX spectra obtained from an individual nanoring (Figure 3.3, 80 at. 

% in terms of Au).  

 

 
 
Figure 3.3. EDX spectrum obtained from an individual AgAu nanoring. 
 
 

Figure 3.4A and 3.4B show the histograms of size distribution for Ag nanoparticles and 

AgAu nanorings.  
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Figure 3.4. Histograms showing the particle size distribution for the obtained Ag nanospheres 
(A) and AgAu nanorings (B). 
 

The XRD patterns (Figure 3.5) also confirmed the formation of Ag and AgAu 

nanostructures without the presence of any significant crystalline impurities. 

 

 

Figure 3.5. X-ray diffraction patterns recorded from the obtained Ag nanospheres (A) and 
AgAu nanorings (B). 
 

The obtained AuAu nanorings presents two very attractive features for SPR-mediated 

catalytic applications: i) their SPR extinction that matches the emission spectra of the halogen-

tungsten lamp; and ii) the ultrathin walls/hollow interiors that enable one to get higher surface 
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to volume rations, and thus surface areas, relative to their solid counterparts. In the next step, 

we employed the SPR-mediated oxidation of methylene blue (Figure 3.6A) as a model 

transformation to benchmark the performance of the AgAu nanorings against its Ag and Au 

nanospheres counterparts. This reaction was carried out under ambient conditions, in the liquid 

phase (water as the solvent), and employing a commercial halogen-tungsten lamp (300 W) as 

the only energy input.  

 

Figure 3.6. (A) SPR-mediated oxidation of methylene blue. C/C0 (B) and ln(C/C0) (C) profiles 
as a function of time employing Ag nanospheres (red trace), Au nanospheres (blue trace), and 
AgAu nanorings (blue trace) as catalysts. A blank reaction without any catalyst was also 
performed (green trace). (D) Pseudo-first order rate constants (k) calculated from (C). (E) 
Stability tests employing AgAu nanorings as catalysts.   
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Figure 3.6B and 3.6C show the variations in C/C0 and ln(C/C0) for the methylene blue 

oxidation as a function of time employing AuAg nanorings, Ag nanospheres, and Au 

nanospheres as catalysts (blue, green, and red traces, respectively) under visible light 

illumination. In all photocatalytic experiments, the temperature of the reaction mixture was 

carefully controlled and corresponded to 40 oC. It can be observed that the utilization of AgAu 

nanorings as catalyst led to an increase in the reaction rate relative to the nanospheres as 

illustrated by the C/C0 profiles as a function of time (Figure 3.6B). The C/C0 ratios after 5h 

corresponded to 0 (total oxidation), 0.22, 0.24, and 0.53 for AgAu nanorings, Au nanospheres, 

Ag nanospheres, and for a blank reaction, respectively. This behavior is also supported by the 

the ln(C/C0) profiles as a function of time (Figure 3.6C) and the calculated pseudo-first-order 

rate constants (k) (Figure 3.6D). For instance, k corresponded to 0.98, 0.23, 0.21, and 0.14 h-1 

for AgAu nanorings, Au nanospheres, Ag nanospheres, and blank reaction, respectively. All 

catalytic experiments were performed under the same metal loading, in which the metal 

concentration in all catalyst suspensions was adjusted to 2.2 mM (as measured by ICP-OES) 

by centrifugation of the suspensions followed by the addition of a water to re-suspend the 

nanostructures. Our results showed that AgAu nanorings displayed improved performances 

relative to Ag and Au nanospheres of similar sizes. The activity for the AgAu nanorings was 

4.3 and 4.7-fold higher relative to the Au and Ag nanospheres, respectively. The AgAu 

nanorings could be recovered from the suspension after at the end of the oxidation reaction by 

centrifugation and re-used for at least ten reaction cycles without any loss of activity, indicating 

their good stability towards this SPR-mediated transformation (Figure 3.6E). For comparison, 

we also synthetized Au nanoparticles 39 ± 2 nm in diameter by a seeded growth approach as 

shown in Figure 3.7.37 Their extinction spectra is shown in Figure 3.1 (red trace).  
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Figure 3.7. TEM and HRTEM (A and B) images for Au nanospheres employed in our 
photocatalytic and catalytic experiments. The image in (B) corresponds to a zoom-in image of 
the area highlighted by the white square in inset of (A). (C) Histogram showing the particle 
size distribution and (D) X-ray diffraction pattern from the Au nanospheres. 
 

In order to exclude the effect of the nanorings bimetallic composition over the catalytic 

performances, we also prepared AgAu alloy nanoparticles having with similar compositions 

relative to the nanorings as shown in Figure 3.8 (81 mol % in terms of Au). 

 

 
 
Figure 3.8. (A) TEM image and (B) UV-Vis extinction spectra for AgAu alloyed nanospheres 
employed in our photocatalytic and catalytic experiments. 



 

	 73 

No significant differences in the SPR-mediated methylene blue conversion was observed 

for the bimetallic AgAu alloys as compared to the monometallic Ag and Au nanospheres 

(Figure 3.9). 

 

 
 
Figure 3.9. SPR-mediated oxidation of methylene blue. C/C0 (B) and ln(C/C0) profiles as a 
function of time employing AgAu alloyed nanospheres as catalysts.   
 

It is plausible that the higher activity of the nanorings relative to the nanospheres can be 

explained both by its increased surface-to-volume ratios and better matching between its SPR 

extinction and the lamp emission spectra. It is important to note that, considering the surface 

area of the nanostructures and the metal loading employed in the catalytic experiments, the 

calculated surface areas corresponded 1,630, 1,570, and 5,100 m2.mol-1 for Ag nanospheres, 

Au nanospheres, and AgAu nanorings, respectively. This indicates that the available surface 

area for the nanorings was 3.1 and 3.2-fold higher relative to Ag and Au NPs, respectively. 

Encouragingly, no degradation products were identified in the GC-MS chromatogram from the 

reaction mixture after the reaction, indicating that the methylene blue was completely 

mineralized by the SPR-mediated oxidation process (Figure 3.10). 
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Figure 3.10. GC-MS chromatogram from the reaction mixture obtained after the SPR-
mediated oxidation of methylene blue catalyzed by AgAu nanorings. 
 

Figure 3.11A-D show the UV-VIS spectra collected as function of time during the 

methylene blue oxidation in presence of AgAu nanorings (Figure 3.11A), Ag nanospheres 

(Figure 3.11B), Au nanospheres (Figure 3.11C), and in the absence of any catalyst (Figure 

3.11D). 

 

 
 
Figure 3.11. UV-VIS spectra collected as function of time during the methylene blue oxidation 
experiments in presence of AgAu nanorings (A), Ag nanospheres (B), Au nanospheres (C), 
and in the absence of any catalyst (D). 
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Figure 3.12 shows the proposed mechanism for the SPR-mediated oxidation of methylene 

blue. The SPR excitation leads to the formation of hot electrons (electrons that transiently 

occupy levels above the Fermi level in the metal) and holes. In this case, hot electrons can be 

charge-transferred to adsorbed O2 molecules to generate -O2 (activated oxygen). Meanwhile, 

holes can also react with water to form the hydroxyl radical (•OH).39,67–74 Therefore, its is 

plausible that both the activated oxygen and hydroxyl radical species can participate in the 

methylene blue oxidation. In order to confirm this hypothesis, we performed a series of control 

experiments. When the reaction was performed in the absence of external illumination, no 

oxidation of methylene blue was detected. When acetonitrile was employed as the solvent and 

the reaction was carried out in N2, no degradation was detected even after 30 min of reaction. 

This is in agreement with the fact that neither -O2 oxygen or •OH species could be generated in 

the absence of O2 and water. When the reaction was carried out in air (and acetonitrile as the 

solvent), 25 % conversion after 30 min was detected (as opposed to 56 % for the reaction under 

O2 atmosphere and employing water as the solvent). This decrease in the conversion occurred 

because only -O2 species can be generated when no water is present. When water was employed 

as the solvent and N2 as the reaction atmosphere, only 34 % conversion after was detected. 

Here, no -O2 species were generated, and only •OH can participate in the methylene blue 

oxidation. Therefore, these results demonstrate that hot electron and holes have similar 

contributions towards the SPR-mediated catalytic oxidation of methylene blue.  
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Figure 3.12. Proposed mechanism for the SPR-mediated oxidation of methylene blue 
employing AgAu nanorings as catalysts, in which the generation of both activated oxygen and 
hydroxyl radicals following the SPR excitation contributed to the oxidation of methylene blue.  
 
 

In order to estimate the contribution from external thermal effects, we compared the 

conversion (%) with and without the visible-light excitation (Figure 3.13). In the absence of 

visible-light excitation and using 40 oC as the reaction temperature, a low conversion of 

methylene blue was detected (Figure 3.13A). Specifically, only 5 % of conversion was 

observed after 24 h as compared to 100 % after only 3 h under visible-light excitation. We also 

performed a control experiment at 80 oC (without visible-light excitation, Figure 3.13B), and 

no improvement in the conversion (%) were observed as compared to the reaction performed 

at 40 oC, indicating that thermal effects should play a minor role over the detected activities as 

compared to the charge-transfer mechanism involving hot electrons and holes. 
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Figure 3.13. C/C0 (A) and ln(C/C0) (B) profiles as a function of time for the methylene blue 
oxidation experiments in the dark employing AgAu nanorings as catalysts at 40 (red trace) and 
80 oC (black trace).   
 

 In order to further illustrate the versatility of the AgAu nanorings as catalyst, we also 

studied their activity as heterogeneous catalysts towards the 4-nitrophenol reduction relative to 

the Au and Ag nanospheres as shown in Figure 3.14. The AgAu nanorings displayed 

significantly improved performances relative to the nanospheres, which can be assigned to their 

higher surface to volume ratios as enabled by their hollow interiors and ultrathin walls. They 

also could be re-used for at least ten reaction cycles without any loss of activity. 
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Figure 3.14. (A) Scheme for the 4-nitrophenol reduction by NaBH4 in the presence catalyzed 
by the AgAu nanorings. C/C0 (B) and ln(C/C0) (C) profiles as a function of time employing of 
AgAu nanorings (blue trace), Ag nanospheres (green trace), and Au nanospheres (red trace) as 
catalysts. A blank reaction without any catalyst was also performed (yellow trace). (D) Bar 
graph showing the pseudo-first order rate constants calculated from (C). Stability tests (E) 
employing AgAu nanorings as catalysts. 
 

3.4. Conclusion 

 
In summary, we have demonstrated that the utilization of a plasmonic nanomaterial, the 

AgAu nanorings, displaying SPR extinction that closely matches the emission spectra of a 

commercial halogen-tungsten lamp as catalyst led to superior performances towards the SPR-



 

	 79 

mediated oxidation of methylene blue relative to conventional nanoparticles (Ag and Au 

nanospheres). Rather than relying on the utilization of 2D nanocrystals as templates, Pd or Pt, 

complicated procedures, and expensive facilities, the AgAu nanorings could obtained by the 

facile galvanic replacement reaction between Ag nanospheres and AuCl4
-
(aq), making it very 

attractive for large-scale production. The SPR-mediated catalytic activity of the AuAg 

nanorings was 4.3 and 4.7-fold higher than Au and Ag nanospheres, respectively. Moreover, 

by performing a series of control experiments, we found that both the generation of hot 

electrons and holes contributed to the SPR-mediated oxidation of methylene blue. While hot 

electrons led to the generation activated oxygen species, holes led to the formation of hydroxyl 

radicals. Both these species can subsequently participate in the methylene blue oxidation 

process with similar contributions. We believe that our results demonstrate that the rational 

design of metallic nanoparticles play an important role for enabling practical applications in 

the field of plasmonic catalysis, in which facile procedures can be employed for the the 

synthesis of the catalysts (attractive for large-scale production) and commercial lamps may be 

used as the only energy input. 
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Chapter 4 

 

AgAu Nanotubes: Investigating the Effect of Surface Morphologies and 

Optical Properties over Applications in Catalysis and Photocatalysis  

 

4.1. Introduction 

 

Metal nanostructures have played a central role in several branches of science and 

technology including electronics,75,76 photonics,77–79 medicine,80,81 energy production,82,83 

environmental remediation,84,85 and catalysis.40,86–88 Among various metallic nanomaterials, 

those based on gold (Au) and silver (Ag) have attracted special attention due to their fascinating 

optical properties in the visible range as a result of their localized surface plasmon resonance 

(LSPR) excitation.67,89 In addition to properties in sensing (enhanced spectroscopies), the 

LSPR excitation can also be put to work towards the promotion and/or enhancement of 

chemical processes, the so-called plasmonic catalysis that has emerged as a new frontier in the 

field of photocatalysis.41,90,91 

Nanoparticles based on noble metals have also been widely employed in the field of 

heterogeneous catalysis and electrocatalysis due to their good stability and catalytic activities 

towards a wealth of transformations including oxidations,42,88,92,93 reductions,83,94 coupling 

reactions,59,95–97 among others.82,98–100 In these applications, it has been established that the 

precise control over their morphological and optical properties is a promising strategy to 

enhance/optimize their performances.98,101–106 Even though a large number of protocols have 

been described for the synthesis of plasmonic nanoparticles, new protocols that further enable 

the understanding and correlation of how catalytic responses are dependent on their 

morphological and optical features are needed to offer further insights into the rational design 
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of catalysts with improved performances. Moreover, difficulties regarding their controlled 

synthesis in relatively larger scales still make their application in real catalytic and 

photocatalytic systems very challenging.104,107  

We report herein the synthesis, in relatively large scales, of well-defined AgAu 

nanotubes displaying controlled and well-defined surface morphologies and optical properties. 

The AgAu nanotubes were obtained by the galvanic replacement reaction between Ag 

nanowires and AuCl4
- ions at 25 or 100 oC. In this case, the reaction temperature control 

enabled us to maneuver the surface morphology and optical properties of the nanotubes in the 

visible range. The AgAu nanotubes were then employed as model catalysts towards the 

methylene blue oxidative degradation due to its importance in the field of environmental 

remediation. More specifically, regarding this transformation, the catalytic performance was 

investigated towards the “classical” heterogeneous catalysts and plasmonic photocatalysis.  We 

focused on the understanding on how the catalytic and plasmonic photocatalytic activities of 

the AgAu nanotubes were dependent on their surface morphologies (branched or smooth 

surfaces) and optical properties (position and intensity of SPR extinction bands).  

 

4.2. Experimental 

 

Materials and Instrumentation 

Analytical grade chemicals silver nitrate (AgNO3, 99%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 55,000 g mol-1), polyvinylpyrrolidone 

(PVP, Sigma-Aldrich, M.W. 10,000 g mol-1), ethylene glycol (EG, 99.8%, Sigma-Aldrich), 

tetrachloroauric acid (HAuCl4•3H2O, ≥ 99.9%, Sigma-Aldrich), hydrochloric acid (HCl, 37%, 

Sigma-Aldrich), Hydrogen peroxide (30 wt.% in H2O, Sigma-Aldrich), ter-Butyl 

hydroperoxide (70 wt.% in H2O, Sigma-Aldrich) and methylene blue hydrate 
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(C16H18ClN3S•xH2O, ≥ 95%, Sigma-Aldrich) were used as received.  

The scanning electron microscopy (SEM) images were obtained using a JEOL field 

emission gun electron microscope JSM6330F operated at 5 kV. The samples were prepared by 

drop-casting an aqueous suspension containing the nanostructures over a silicon wafer, 

followed by drying under ambient conditions. High-resolution transmission electron 

microscopy (HRTEM) images were obtained with a JEOL JEM2100 microscope operated at 

200 kV. Energy dispersive X-ray (EDX) spectra were obtained in this instrument with an EDX 

detector configuration which has a total solid angle of �0.13 srad. Samples for HRTEM were 

prepared by drop-casting an aqueous suspension of the nanostructures over a carbon-coated 

copper grid, followed by drying under ambient conditions. UV-VIS spectra were obtained from 

aqueous suspensions containing the nanostructures with a Shimadzu UV-1700 

spectrophotometer. The Ag and Au atomic percentages were measured by inductively coupled 

plasma optical emission spectrometry (ICP-OES) using a Spectro Arcos equipment. The X-ray 

diffraction (XRD) data were obtained using a Rigaku - Miniflex equipment, CuKα radiation. 

The diffraction pattern was measured in the range of 10 – 90 degree  with a 1 degree min–1 

angular speed scan. 

 

Synthesis of Ag nanowires 

In a typical procedure, 250 mL of EG was pre-heated for 1 hour at 140 °C with vigorous 

stirring, followed by the addition of 10 mL of 3 mmol L-1 HCl (in EG). After 10 min, 150 mL 

of 94 mmol L-1 AgNO3 and 150 mL of 147 mmol L-1 PVP (both in EG) were simultaneously 

added dropwise to this mixture (at a speed of 45 mL h-1) and left overnight, yielding a beige 

suspension. The reaction flask was then allowed to cool down to room temperature. 
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Synthesis of AgAu nanotubes with controlled surface morphologies 

In a typical procedure, a mixture containing 250 mL of PVP aqueous solution (0.1 wt 

%) and 50 mL of as prepared suspension containing the Ag wires was stirred at 25 or 100 oC 

for 10 min in a 1 L round-bottom flask. Then, 100 mL of a 0.6 mmol L-1 AuCl4
-
(aq) solution 

was added dropwise and the reaction allowed to proceed at 25 oC or 100 oC for 1 h. After the 

syntheses, the reaction mixture volumes were reduced to 25 mL and washed twice with a 35 g 

mL-1 NaCl(aq) solution and three times with water by successive rounds of centrifugation at 

7000 rpm and removal of the supernatant. After washing, the AgAu nanomaterials were 

suspended in 400 mL of PVP aqueous solution (0.1 wt %) and storage at room temperature. 

For the catalytic applications, 10 mL of the AgAu nanotubes suspended in PVP aqueous 

solution (0.1 wt %) were washed twice with water by successive rounds of centrifugation at 

7000 rpm and removal of the supernatant and concentrated to 1 mL with water. After this step, 

the concentration of metal (Ag + Au) in the nanoparticles suspensions corresponded to 5.5 

mmol L-1 (as measured by ICP-OES). 

 

Photocatalytic oxidation of methylene blue  

Typically, 10 mL of a 10 mg L-1 MB aqueous solution and 1 mL of the suspension 

containing the washed catalysts were added in a 25 mL round-bottom flask. The resulting 

mixture was stirred for 1 h in the dark to achieve the adsorption and desorption equilibrium. 

Subsequently, the suspension was irradiated with a 300 W halogen tungsten lamp (OSRAM) 

mounted at a 2 cm distance from the glass reactor. During the experiments, 1 mL aliquots were 

taken and centrifuged at 15,000 rpm for 10 min to isolate the supernatant. Then, the UV–VIS 

spectra of the supernatant were measured as a function of time in the 500 to 750 nm range to 

probe the MB photodegradation. A calibration curve for absorbance as a function of the MB 

concentration was employed in order to monitor the transformation. The experiments 
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employing hydrogen peroxide and ter-Butyl hydroperoxide were performed by adding 

stoichiometric amount of oxidants necessary to the complete oxidation of methylene blue after 

1 h of stirring in the dark, which correspond to 1.7 and 2.2 µL of hydrogen peroxide and ter-

Butyl hydroperoxide, respectively. 

 

4.3. Results and discussion 

 
Our studies started with the synthesis of Ag nanowires displaying well-defined shapes, 

smooth surfaces, and monodisperse sizes by a polyol approach108 as shown in Figure 4.1. 

 

 
 
Figure 4.1. SEM (A) and HRTEM (B-D) images for Ag nanowires employed as starting 
materials for the synthesis of AgAu nanotubes. The image in (D) corresponds to phase contrast 
images of the areas highlighted by the red square in (C). 
 

The obtained Ag nanowires were 155 ± 15 nm in width and > 1 µm in length. Figure 

4.1B-D depict high-resolution transmission electron microscopy (HRTEM) images for the Ag 

nanowires, indicating that they present sharp tips (Figure 4.1B-C) and are enclosed by {200} 

sides facets with lattice spacings of 2.03 Å of characteristic of fcc Ag (Figure 4.1D) in 
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agreement with previous reports.108–110 The histograms of size distribution (Figure 4.2A-B) 

indicate that the nanowires displayed a narrow size distribution, demonstrating the robustness 

of this approach for the synthesis of Ag nanowires in a large scale, which corresponds to an 

increase of 100-folds compared to the conventional polyol protocol.108 

 

 
 
Figure 4.2. Histograms showing the distribution of width (left column) and length (right 
column) for the obtained Ag nanowires (A-B), AgAu 25 nanotubes (C-D), and AgAu 100 
nanotubes (E-F). 
 

As illustrated in Figures 4.3, the strategy for the synthesis of AgAu nanotubes 

displaying controlled surface morphologies was based on the galvanic replacement reaction 

between Ag nanowires and AuCl4
-
(aq) in the presence of PVP at different temperatures: 25 and 

100 oC. Therefore, the nanotubes obtained in the synthesis carried out at 25 and 100 oC were 

denoted AgAu 25 and 100, respectively.  
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Figure 4.3. SEM (A) and HRTEM (B-D) images for Ag nanowires employed as starting 
materials for the synthesis of AgAu nanotubes. The image in (D) corresponds to phase contrast 
images of the areas highlighted by the red square in (C). 
 

At 25 °C, AgAu nanotubes displaying branched surfaces. This occurs due to the 

precipitation of AgCl crystals (Kps � 1.8 × 10-10) onto the surface of Ag during the galvanic 

replacement, which may act as templates for further Au deposition by an island-mode growth, 

which is associated with a lower rate of reconstruction processes such as Ostwald ripening and 

atomic diffusion.9,10,104,111 On the other hand, at 100 oC, no precipitation of AgCl crystals is 

observed, which drives the Au deposition favored by surface reconstruction/diffusion 

processes leading to the formation of hollow structures with smooth surfaces that replicate the 

surface morphology of the Ag nanowires used as templates.9,111,112 Thus, by employing this 

approach, it is possible to obtain AgAu nanotubes displaying distinct surface morphologies and 

thus systematically investigate this effect towards their optical, catalytic, and photocatalytic 

properties. 

Figure 4.4A-D show SEM (Figure 4.4A) and HRTEM (Figure 4.4B-D) images for 

AgAu 25 nanotubes, while Figure 4.4E-H show SEM (Figure 4.4E) and HRTEM (Figure 4.4F-

H) images for AgAu 100 nanotubes.  
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Figure 4.4. SEM (A and E) and HRTEM (B-D and F-H) images for AgAu 25 (A-D) ad AgAu 
100 (E-H) nanotubes. The images in (D) and (H) correspond to phase contrast images of the 
areas highlighted by the red squares in (C) and (G), respectively. (I) and (H) show EDX spectra 
obtained from individual AgAu 25 (I) and AgAu 100 (J) nanotubes. 
 

It can be observed that both nanotubes displayed well-defined shapes and relatively 

monodisperse sizes (also depicted by their size distribution histograms in the Figure 4.2C-F). 

The elongated structures (from the Ag nanowires templates) was kept in both cases. However, 

it is very clear that the nanotubes displayed significant differences in their surface 

morphologies as a function of the temperature in which the galvanic reaction was performed. 

More specifically, at 25 oC AgAu nanotubes displayed branched surfaces, while nanotubes with 

smooth walls were obtained at 100 oC. Also, both AgAu nanotubes presented hollow interiors, 

which can be clearly visualized from the HRTEM images (Figure 4.4B-C and 4.4F-G) due to 

differences in mass-thickness contrast at the center of each nanotube. The AgAu 25 and AgAu 

100 nanotubes were 178 ± 15 and 203 ± 31 nm in width, respectively, and their shell thickness 
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corresponded to 44 and 40 nm, respectively. Interestingly, the HRTEM images for AgAu 25 

and AgAu 100 (Figure 4.4D and 4.4H, respectively) showed that AgAu 25 presented a 

polycrystalline surface comprised of crystalline islands that are randomly oriented as a 

consequence of the island-mode Au deposition at 25 oC. However, AgAu 100 displayed a 

surface enclosed by {200} side facets similarly to the original Ag nanowires as a result of the 

Au epitaxial deposition over the surface of the Ag nanowires.9,111 EDX spectra obtained from 

individual AgAu 25 (Figure 4.4I) and AgAu 100 (Figure 4.4J) nanotubes revealed that their 

composition corresponded to 30.0 and 26.6 at. % in terms of Au, respectively, in agreement 

with ICP-OES results (Table 4.1), which showed 26.7 and 27.2 at. % in terms of Au for AgAu 

25 and AgAu 100, respectively.  

The XRD patterns (Figure 4.5) confirmed the formation of AgAu nanostructures in both 

cases without the presence of any crystalline impurities. 

 
 
Figure 4.5. X-ray diffraction patterns recorded from the obtained Ag nanowires, AgAu 25, and 
AgAu 100 nanotubes. 
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However, as both fcc Ag and Au present a mismatch of only 0.17 % in their lattice 

constants,113 the XRD diffraction peaks for these two species could not be resolved under our 

experimental conditions. Thus, the similar compositions, sizes, and wall thicknesses of the 

AgAu nanotubes enabled us to isolate the effect of the variation in the surface morphologies 

over their optical and catalytic properties. The optical properties of the AgAu nanotubes was 

investigated by UV-VIS spectroscopy (Figure 4.6).  

 

 
 
Figure 4.6. UV−VIS extinction spectra recorded from aqueous suspensions containing Ag 
nanowires (black trace), AgAu 25 (red trace), and AgAu 100 (blue trace) nanotubes. The inset 
depicts a zoom in the 430-850 nm range for AgAu and AgAu 100 nanotubes. 
 

Our results revealed the disappearance of the band associated to LSPR excitation in the 

Ag nanowires (black trace) at 405 nm in the nanotubes as a consequence of Ag dissolution 

from the template by the galvanic reaction with AuCl4
-
(aq) ions together with the Au 

deposition.9,52,112,114,115 In addition, the SPR spectra for both AgAu nanotubes displayed 

significant red-shifts of their SPR bands relative to the Ag nanowires, which is in agreement 
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with the Au deposition as well as the formation of the hollow interiors during the galvanic 

reaction.9,111 As depicted by the inset in the Figure 4.6, the AgAu 100 nanotubes displayed two 

SPR bands (one shoulder located at 510 nm and a broad signal centered at 690 nm) with 

significantly higher intensities as compared the only broad band centered at 850 nm presented 

by the AgAu 25.  

It is important to note that the UV-VIS spectrum for AgAu 100 nanotubes closely 

matches the emission spectra of a commercial halogen-tungsten lamp (Figure 4.7). Therefore, 

they represent potential candidates for improved efficiencies as plasmonic photocatalysis 

employing commercial halogen-tungsten lamp as the energy input.61,114  

 
 

 
 
Figure 4.7. Emission spectrum for the commercial tungsten-halogen lamp employed as the 
excitation source in our photocatalytic experiments. 
 

Conversely, due to the presence of small islands/branches at the surface as well as 

hollow interiors, the AgAu 25 nanotubes represent a promising catalyst for application in 

conventional catalytic process (without light) as the branches/islands at the surface is expect to 

lead to increased surface areas relative to the smooth nanotubes.10,116 Therefore, after the 

synthesis of AgAu nanotubes displaying controlled surface morphologies and optical 

properties, we turned our attention for the investigation of their catalytic and photocatalytic 
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properties towards an oxidative process. To this end, we employed methylene blue oxidative 

degradation as a model reaction due to its relevance in the field of environmental 

remediation.117–119  

Figure 4.8A and 4.8B show the kinetics profiles for methylene blue adsorption in the 

dark using different initial concentrations of this substrate in the presence of AgAu 25 and 

AgAu 100, respectively. 

 
 
Figure 4.8. Kinetics of adsorption profiles of methylene blue in the dark in the presence of 
AgAu 25 (A) and AgAu 100 (B) nanotubes. (C) Langmuirian linear transform of the curves in 
(A) and (B): AgAu 25 (blue trace) and AgAu 100 (red trace) nanotubes. 
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Interestingly, for both AgAu nanotubes and for all employed initial concentrations of 

methylene blue, the equilibrium of adsorption/desorption was reached within 1 h. 120–122 

However, in the presence of AgAu 25 (Figure 4.8A), the amount of methylene blue adsorbed 

per mass unit of catalyst (q) were significant higher for all concentrations as compared to AgAu 

100 (Figure 4.8B). This behavior can be associated to the morphological features presented by 

AgAu 25 such as the presence of islands/branches at the surface that lead to increased surface 

areas relative to the smooth nanotubes.10,116 Figure 4.8C shows a linear transformation of the 

curves depicted in 4.8A and 4.8B, which was determined by plotting the inverse of the number 

of mols of methylene blue adsorbed onto AgAu nanotubes (1/nads) as a function of final 

concentration of methylene blue in solution (C). Thus, according to the Langmuir model 

(Equation 1), we can determine the constant of adsorption of methylene blue (k) for each AgAu 

nanotube under our employed conditions. 

 
1/nads = 1/n0 + (1/n0  k) . 1/C                                                 (1) 

 
Herein, the calculated adsorption constants for methylene blue (k) corresponded to 9.75 

x 10-3 and 4.32 x 10-3 Lmol−1 for AgAu 25 and AgAu 100, respectively, which is also in 

agreement with previous reports.120 

Figure 4.9 shows the methylene blue degradation employing different oxidizing agents 

under visible light illumination (left column) and without visible-light illumination (right 

column) using AgAu 25 (blue trace) and AgAu 100 (red trace) as catalysts and a commercial 

halogen-tungsten lamp as the light source (left column).  
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Figure 4.9. C/C0 profiles as a function of time for the oxidation of methylene blue by 
atmospheric air (A-B), hydrogen peroxide (C-D), and tert-butylhydroperoxide (E-F) 
employing AgAu 25 (blue trace) and AgAu 100 (red trace) nanotubes as catalysts. Blank 
reactions without any catalyst are shown as the black traces. (G) Catalytic stability tests 
employing AgAu 25 and 100 nanotubes as catalysts (blue and red bars, respectively). 
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For comparison, reactions without any catalyst (black trace) were also performed for 

all oxidizing systems. In all experiments, no organic degradation products were identified by 

GC-MS analyses, which indicate the complete mineralization of methylene blue during the 

oxidation processes.114,123,124 In fact, as expected, a progressive increase in the methylene blue 

conversion was observed when stronger oxidizing agents were employed. More specifically, 

the conversion of methylene blue using both AgAu nanotubes as function of the oxidizing agent 

increased in the following order: atmospheric air (Figure 4.9A-B) < hydrogen peroxide (Figure 

4.9C-D) < ter-butyl hydroperoxide (Figure 4.9E-F). However, when the reactions were 

performed with and without illumination an interesting tendency was observed: without 

illumination (right column), the AgAu 25 nanotubes showed a superior catalytic activity 

compared to AgAu 100 in agreement with their larger surface area corroborated by the the 

adsorption experiments. However, under visible light illumination (left column), AgAu 100 

presented superior performances. This behavior can be associated with two very important 

features for photocatalytic processes presented by AgAu 100: i) broader and more intense SPR 

bands in the visible range, and ii) close matching between UV-VIS extinction spectrum for the 

photocatalyst and the emission spectra of the light source employed in the experiments. Thus, 

under the same experimental conditions, AgAu 100 tends to absorb more efficiently the light 

energy and enhance the photo-oxidative process in greater magnitude compared to AgAu 

25.114,125  This results indicate that the control over the morphological and optical properties 

play a very important role in the optimization of catalytic and photocatalytic processes. Figure 

4.9G shows the catalytic stability for the AgAu 25 (blue bars) and AgAu 100 (red bars) 

nanotubes towards methylene blue oxidation using ter-butyl hydroperoxide under visible light 

illumination (the most severe condition employed) expressed as a function of methylene blue 

conversion and the number of catalytic cycles. Interestingly, no significant loss of catalytic 

activity was detected even after 10 catalytic cycles for both materials. This result is in 
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agreement with the SEM images for both materials after the catalytic experiments (Figure 

4.10), which showed both AgAu nanotubes remained unchanged (without any aggregation or 

morphology loss), thus representing promising candidates for application as catalysts towards 

oxidation reactions without the need of a support to stabilize the catalyst. 

 

 
 
Figure 4.10. SEM images for (A) AgAu 100 and (B) AgAu 25 nanotubes after catalytic tests 
using tert-butyl hydroperoxide as oxidizing agent under visible light illumination. 
 

4.4. Conclusion 

 
In this paper, we systematically investigated the dependence of the the catalytic and 

plasmonic photocatalytic performances of AgAu nanotubes as a function of their surface 

morphologies and optical properties towards the oxidative degradation of methylene blue. We 

started by developing the synthesis of AgAu nanotubes having smooth or branched surfaces by 

controlling the temperature during the galvanic replacement reaction between Ag nanowires 

and AuCl4
-
(aq). This difference in surface morphologies also led to distinct optical properties 

(SPR extinction) in the visible range. Interestingly, the catalytic and photocatalytic 

performances of the AgAu nanotubes towards the methylene blue oxidative degradation 

showed a strong dependence on their morphological and optical properties. More specifically, 

AgAu 25 showed a superior catalytic performance without visible-light illumination due to its 

higher surface area as a consequence of its branched walls. However, AgAu 100 showed 
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superior activity in the experiments performed under visible light illumination due to its 

broader and more intense SPR bands which close matched the emission spectrum of the light 

source employed in the photocatalytic reactions. These results show that surface morphologies 

and optical properties play an important and distinct role over the optimization of the catalytic 

or plasmonic photocatalytic properties.  
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Chapter 5 
 

AgPt Hollow Nanodendrites: Synthesis and Uniform Dispersion over SiO2 

Support for Catalytic Applications 

 

5.1. Introduction 

 

Platinum (Pt) nanostructures have been extensively employed as catalysts for a variety 

of transformations such as hydrogenation,17,126 oxidation,127–129 coupling reactions,96,130 and 

electrochemical oxidation/reducion.131–134 As Pt is expensive and low in reserve, approaches 

that enable one to maximize its catalytic performance (and thus reduce the required Pt loading 

in the catalyst) are highly desirable.135,136 Although maneuvering size, shape, and composition 

may improve catalytic performances,1,137–141 the synthesis of Pt nanocrystals in which these 

parameters can be tightly controlled remains limited in terms of large-scale production and 

robustness. In fact, only a few groups have demonstrated the synthesis of Pt nanomaterials with 

truly well-defined shapes and sizes.137,141,142  

Another challenge in heterogeneous catalysis by noble metals comprises the generation 

of supported materials in which the metal component presents a uniform dispersion over the 

entire surface of the support (without agglomeration).143 For instance, the synthesis of 

supported catalysts is characterized by poor control over size, shape, composition of the noble 

metal component.143–145 Also, as the synthesis of controlled nanostructures in solution are 

limited in terms of large-scale production, their deposition over solid supports by post-synthesis 

impregnation methods, for example, remains difficult. 

In order to address the synthesis of Pt based nanostructures with the potential for 

improved catalytic performances, we described herein an approach based on the galvanic 
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replacement reaction between Ag and PtCl6
2- as well as the PtCl6

2- reduction to Pt by 

hydroquinone for the rapid synthesis of AgPt nanodendrites displaying hollow interiors. 10,13 

While hollow nanomaterials may enable higher surface-to-volume ratios relative to their solid 

counterparts,2,14,146 most methods to their synthesis rely on templates that require an additional 

removal steps, use of expensive/toxic reagents (in addition to the Pt precursor), and offer 

limited control over size, structure, shell-thickness, among others.4,9,15,147,148 Here, hollow AgPt 

nanodendrites could be obtained in only 15 s following the addition of PtCl6
2- to a suspension 

containing Ag nanospheres employing water as the solvent, PVP as a stabilizer, hydroquinone 

as a reducing agent, and 100 °C as the reaction temperature. The composition and size (shell 

thickness) could be precisely controlled as a function of the growth time, and the catalytic 

activities towards the 4-nitrophenol reduction were investigated as a function of these 

parameters. With the purpose of tackling the synthesis of supported Pt based catalysts, we 

demonstrate that the synthesis of AgPt nanodendrites could be scale up by 100 folds, and the 

nanodendrites supported onto commercial silica displaying uniform dispersion and no 

significant agglomeration. This material was employed as a solid catalyst towards gas phase 

benzene, toluene, and o-xylene oxidation reactions to demonstrate its application.  

 

5.2. Experimental 

 
Materials and Instrumentation 

Analytical grade chemicals silver nitrate (AgNO3, 99%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 55,000 g/mol), ethylene glycol (EG, 99.8%, 

Sigma-Aldrich), chloroplatinic acid hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt basis, Sigma-

Aldrich), hydroquinone (C6H6O2, 99%, Vetec), L-ascorbic acid (C6H8O6, 99%, Sigma-

Aldrich), sodium borohydride (NaBH4, 98%, Sigma-Aldrich), sodium citrate dihydrate 

(C6H5Na3O7.2H2O, 99%, Sigma-Aldrich), 4-nitrophenol (C6H5NO3, 99,8%, Merck), silica 
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(pore size 22 Å, 800 m2/g, CAS number 112926-00-8, Sigma-Aldrich), benzene (C6H6, >99%, 

Vetec), toluene (C7H8, >99%, Vetec), ο-xylene (C8H10, >99%, Vetec) were used as received.  

Transmission electron microscopy (TEM) images were obtained with a JEOL 1010 

microscope operating at 80 kV or a JEOL JEM2100 microscope operated at 200 kV. Samples 

for TEM were prepared by drop-casting an aqueous suspension of the nanostructures over a 

carbon-coated copper grid, followed by drying under ambient conditions. UV-VIS spectra were 

obtained from aqueous solutions or aqueous suspensions containing the nanostructures with a 

Shimadzu UV-1700 spectrophotometer. The Ag and Pt atomic percentages were measured by 

inductively coupled plasma optical emission spectrometry (ICP-OES) using a Spectro Arcos 

equipment at the IQ-USP analytical center facilities. 

 

Synthesis of Ag seeds 

Ag seeds were prepared by the polyol process.34 In a typical procedure, 5 g of 

polyvinylpyrrolidone (PVP) was dissolved in 37.5 mL of ethylene glycol (EG). Then, AgNO3 

(200 mg, 1.2 mmol) was added and mixed until the complete dissolution. The resulting solution 

was heated to 125 °C for 2.5 hours, leading to the appearance of a greenish-yellow color, 

allowed to cool down to room temperature, and diluted to 125 mL of water. 

 

Synthesis of AgPt hollow nanodendrites  

In a typical synthesis, a mixture containing 9.4 mL of PVP aqueous solution (0.3 wt %) 

and 60 µL of the as-prepared Ag nanospheres suspension was stirred at 100 °C for 10 min in a 

25 mL round-bottom flask. Then, 0.1 mL of hydroquinone aqueous solution (30 mM) was 

added. After 30 s, 47.8 µL of PtCl6
2-

(aq) (12 mM) was added. In order to control and monitor 

the growth of the nanodendrites as a function of time, parallel reactions were performed in the 

same conditions and quenched by cooling the reaction flask in ice water at different intervals: 
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15 s, 1 min, 5 min, 10 min, 30 min and 1 hour. After cooling down to room temperature, each 

suspension containing the hollow nanodendrites was washed twice with a supersaturated 

NaCl(aq) and three times with water by successive rounds of centrifugation at 12000 rpm and 

removal of the supernatant. After washing, the hollow nanodendrites were suspended in 10 mL 

of PVP aqueous solution (0.3 wt %). This suspension was then employed in the catalytic tests 

for the 4-nitrophenol reduction reaction.  

 

Catalytic activity towards the 4-nitrophenol reduction  

In a typical procedure, 1 mL of a 1.4 x 10-4 M 4-nitrophenol aqueous solution, 2 mL of 

4.2 x 10-2 M sodium borohydride aqueous solution, and 100 µL of the suspension containing 

the respective AgPt nanodendrites was added into a quartz cuvette. The catalytic transformation 

was studied by UV−VIS spectroscopy, in which the variations in the absorbance at 400 nm 

(assigned to 4-nitrophenolate ions) at 400 nm was monitored (this signal decreased as the 

consumption of 4-nitrophenolate ions and formation of 4-aminophenol take place). In this case, 

the UV-VIS spectra were collected at 13 s time intervals in the 350 to 500 nm range. A 

calibration curve for absorbance as a function of the 4-nitrophenolate concentration was 

employed in order to calculate the % conversions. The catalytic activities were expressed in 

terms of substrate conversion and TOF (turnover frequency), which was estimated by the slope 

of the TON curves (turnover numbers) up to ~50 % conversion versus time. 

 

Synthesis of 1 wt. % AgPt supported onto SiO2  (AgPt/SiO2)  

In order to prepare AgPt hollow nanodendrites supported on SiO2, the AgPt synthesis 

was firstly scaled up by 100 folds. In this case, the synthesis was performed in a 2000 mL 

round-bottom flask under magnetic stirring at 100 °C and the growth time corresponded to 30 

min.  



 

	 106 

The incorporation of AgPt nanodendrites onto the silica support (1 % wt, Pt basis) was 

performed using a wet impregnation approach.149 Typically, the AgPt nanodendrites obtained 

after 30 min growth by the scaled up procedure were washed and concentrated to 50 mL. This 

suspension was added to a beaker containing 1 g of commercial silica. The resulting mixture 

was stirred at 80 °C, yielding the formation of a paste. Then, 50 mL of water was added and 

this suspension was stirred in same conditions until dryness. The resulting mixture was heated 

at 120 °C for 2 h under air in order to produce the AgPt/SiO2 catalyst. 

 

Catalytic activity towards benzene, toluene and ο-xylene oxidation (BTX oxidation) 

The catalytic oxidation of volatile organic compounds (benzene, toluene, and o-xylene) 

was performed in a fixed bed tubular quartz reactor under atmospheric pressure. The following 

conditions were chosen: 0.030 g of AgPt/SiO2 catalyst, inlet benzene (1.2 g.m-3), toluene (0.7 

g.m-3), ο-xylene (0.5 g.m-3) in air, gas flow rate 20 cm3.min-1, residence time 0.3s, gas hourly 

space velocity 12000 h-1, and temperature in the 25-300 °C range. The reaction data was 

collected after at least 2 h on-stream at room temperature and the products were determined by 

GC-MS. The reactant and product mixtures were analyzed using two on-line gas 

chromatographs equipped with FID and TCD detector and an HP-5 column. The performances 

of the catalysts in an oxidation reaction were studied in the complete oxidation of benzene, 

toluene, ο-xylene by atmospheric air. The catalytic activity was expressed in terms of the % 

conversion of benzene, toluene and ο-xylene, respectively. The conversion of the BTX 

compounds was calculated using the equation 3: 

 

CBTXs (%) = [(BTXs)in - (BTXs)out]·100/(BTXs)in           (1) 
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where CBTXs (%) = percentage of BTX conversion; [BTXs]in = input quantity and [BTXs]out 

= output quantity. 

 

5.3. Results and discussion 

 
Our studies started with the synthesis of Ag nanospheres 32 ± 3 nm in diameter by a 

polyol approach as shown in Figure 5.1A.34 It can be observed that the Ag nanospheres 

displayed spherical shape and relatively monodisperse sizes.  

 

 
 
Figure 5.1. TEM images for Ag NPs (A) employed as templates for the synthesis of AgPt 
hollow nanodendrites with different sizes as a function of the Pt growth time: 15 s (B), 5 min 
(C), and 30 min (D) following the addition of PtCl6

2-
(aq) to a suspension containing Ag NPs, 

PVP, and hydroquinone. The scale bar in the insets corresponds to 20 nm. 
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They were employed as chemical templates for the synthesis of AgPt hollow 

nanodendrites by a combination of galvanic replacement reaction between Ag nanospheres and 

PtCl6
2-

(aq) as well as PtCl6
2-

(aq) reduction to Pt in the presence of hydroquinone (Figure 5.2).  

 

 
 
Figure 5.2. Approach for the synthesis of Ag-Pt nanodendrites by the combination of the 
galvanic replacement reaction between Ag nanospheres and PtCl6

2-
(aq) and the reduction of 

PtCl6
2-

(aq) by hydroquinone using PVP as the stabilizer, water as the solvent, and 100 °C as the 
reaction temperature. 
 

Figure 5.1B-D display TEM images of the AgPt nanodendrites obtained at different 

growth times following the addition of the PtCl6
2-

(aq) precursor to a suspension containing Ag 

nanospheres and hydroquinone. In this case, the PtCl6
2-

(aq) reduction to Pt could be quenched 

in order to control the growth time by cooling at 0oC in an ice bath. Specifically, the growth 

times corresponded to 15 s, 5 min, and 30 min in Figure 5.1B-D, respectively. The formation 

of the hollow interiors can be clearly observed for all AgPt nanostructures, as illustrated by the 

brighter mass-thickness contrast at the center of each nanostructure. Also, it can be observed 

that the surface of the AgPt hollow materials was comprised of Pt islands, even at growth times 

as low as 15 s. The size/shell thickness as well as the Pt content in the hollow nanodendrites 

increased as a function of the growth time. The size (outer diameter) of the AgPt nanodendrites 

corresponded to 36 ± 2; 42 ± 2; and 48 ± 3 nm for 15 s, 5 min, and 30 min growth, respectively, 

while the shell thicknesses were ~ 4, 10, and 16 nm, respectively. The Pt at. % in the AgPt 

nanodendrites were determined by ICP-OES analyses and corresponded to 30, 48 and 51 for 

the materials obtained after 15 s, 5 min, and 30 min, growth, respectively. This is in agreement 
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with the TEM results and the increased deposition of Pt as a function of time. It is important to 

note that the Ag:Pt molar ratio employed in the synthesis of AgPt nanodendrites corresponded 

to 1:20. Thus, it is plausible that higher Pt percentages or Pt hollow nanodendrites may be 

difficult to achieve by adding more PtCl6
2- during the synthesis, as the Ag oxidation/dissolution 

becomes less favored as more Pt is deposited over the surface of the templates during the 

galvanic reaction.[24] 

In order to gain further insights into the morphological features of the AgPt 

nanodendrites, the AgPt materials obtained after 30 min was analyzed by HRTEM, and the 

results are shown in Figure 5.3. Figure 5.3A shows that the formation of the hollow interiors 

and the dendritic morphology comprised of several Pt islands ~ 6 nm in diameter uniformly 

deposited over the surface of the Ag templates. Phase-contrast HRTEM images indicate that, 

while the AgPt nanodendrites are polycrystalline, the individual Pt islands were single-

crystalline, and ~0.22 nm lattice spacings assigned to the Pt {111} could be clearly observed 

(Figure 5.3B).  

 

 
 
Figure 5.3. HRTEM images for the AgPt hollow nanodendrites obtained after 30 min growth 
following the addition of PtCl6

2-
(aq) to a suspension containing Ag NPs, PVP, and 

hydroquinone. While (A) depicts an individual nanodendrite, (B) shows a zoom-in image of 
the area highlighted in red in (A).  
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The formation of AgPt materials as a function of the growth time was also monitored 

by UV-VIS spectroscopy as shown in Figure 5.4. The Ag nanospheres employed as templates 

displayed a clear extinction peak centered at ~410 nm assigned to the dipolar mode of the 

surface plasmon resonance excitation. This peak completely disappeared after 15 s growth, in 

agreement with the Pt deposition together with the Ag dissolution from the templates as a result 

of the galvanic reaction. The appearance of a band at ~245 nm 150 associated with the deposition 

of Pt was also observed. This signal became more intense after 30 min growth as a result of the 

increased Pt deposition as a function of growth time in the presence of hydroquinone, which 

displays a band around ~290 nm.151 After 30 min growth, no significant changes were observed 

in the UV-VIS extinction spectra, in agreement with the absence of significant morphological 

(Figure 5.1B-D) and compositional variations (Table 5.1) after 30 min growth. 

 

 
 
Figure 5.4. UV-VIS extinction spectra as a function of the Pt growth time during the synthesis 
of AgPt hollow nanodendrites employing Ag nanospheres as seeds. The spectra for the Ag and 
AgPt materials were recorded after 0 s (Ag), 15 s, 1 min, 5 min, 10 min, 30 min, and 1 h growth.  
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Table 5.1. Ag and Pt atomic percentages in the AgPt nanodendrites obtained by ICP-OES as a 
function of growth time. 
 

Growth time Ag (at. %) Pt (at. %) Sample 

15s 70 30 Ag70Pt30 

1 min 54 46 Ag54Pt46 

5 min 52 48 Ag52Pt48 

10 min 52 48 Ag52Pt48 

30 min 49 51 Ag49Pt51 

1 h 49 51 Ag49Pt51 

 

In order to unravel the role played by hydroquinone over the formation of the hollow 

nanodendrites, we performed a series of control experiments in which hydroquinone was 

replaced by ascorbic acid, sodium citrate, and sodium borohydride under similar conditions as 

described in Figure 5.1 (30 min growth). The utilization of ascorbic acid led to the formation 

of a Pt chain-like morphology (Figure 5.5A), while sodium borohydride led to the formation 

of relatively big and irregular dendrites (Figure 5.5B). In presence of sodium citrate, the 

formation of AgPt nanoshells together with the deposition of isolated Pt or Ag nanoparticles 

were detected (Figure 5.5C). These results demonstrate that the utilization of hydroquinone 

was crucial to the formation of uniform and hollow nanodendrites. 

 

 
 
Figure 5.5. TEM images of AgPt nanostructures obtained after 30 min growth by replacing 
hydroquinone with ascorbic acid (A) sodium borohydride (B), and sodium citrate (C) as the 
reducing agents under the same experimental conditions as described in Figure 5.1. 
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The formation of AgPt hollow nanodendrites can be explained by a combination of two 

processes: while the galvanic replacement process enables one to obtain hollow interiors as Ag 

oxides to Ag+, the PtCl6
2-

(aq) reduction to Pt in the presence of hydroquinone enables one to 

control the morphology of the deposited Pt at the surface of the Ag nanospheres templates, i.e., 

the deposition of Pt islands over the Ag surface as opposed to the formation of a smooth shell 

as observed in the conventional galvanic replacement approach (Figure 5.6).10  

 

 
 
Figure 5.6. TEM images of AgPt nanoshells obtained after 10 min by the galvanic replacement 
reaction between Ag nanospheres and PtCl6

2-
(aq) in the presence of PVP as the stabilizer, water 

as the solvent, and 100 °C as the reaction temperature. 
 

Due to their morphology comprised of hollow interiors and Pt islands ~ 6 nm in 

diameter over the surface, the AgPt nanodendrites are attractive for catalytic applications. Our 

catalytic studies started with the 4-nitrophenol reduction (Figure 5.7A). Specifically, we were 

interested in probing the catalytic activity as a function of the AgPt morphological and 

compositional changes. Therefore, we chose the AgPt nanodendrites obtained after 15 s, 5 min, 

and 30 min as catalysts, which were denoted according to their atomic compositions 

determined by ICP-OES as Ag70Pt30, Ag52Pt48 and Ag49Pt51, respectively (Table 5.1). It is 

important to note that the same concentration of particles was employed in all our catalysis 

studies.  
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Figure 5.7. (A) Scheme for the 4-nitrophenol reduction by NaBH4 in the presence of AgPt 
hollow nanodendrites as catalysts. (B) Product conversion percentages as a function of time for 
Ag, Ag70Pt30, Ag52Pt48, and Ag49Pt51 compositions (a blank reaction is also shows). (C) 
Conversion percentages at 910 s for Ag70Pt30, Ag52Pt48, and Ag49Pt51 compositions. (D) 
Catalytic activities expressed in terms of TON (turnover number) and (E) TON at the beginning 
of the reactions (up to ~50 % of conversion) as a function of time for Ag70Pt30, Ag52Pt48, and 
Ag49Pt51 compositions.  
 

Figure 5.7B shows the conversion % profiles as a function of time for the Ag70Pt30, 

Ag52Pt48, and Ag49Pt51 nanodendrites (black, blue, and red traces, respectively) as well as for 

Ag nanoparticles (orange trace). A blank reaction without any catalyst was also included for 
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comparison (green trace). In the absence of any catalyst, only 3 % conversion was observed 

after 910 s under our employed conditions. When Ag nanoparticles were used as the catalysts, 

this value corresponded to 12 %, showing that Ag NPs have poor activity towards this 

transformation under our employed conditions. All AgPt nanodendrites displayed much higher 

conversion % at all time intervals relative to Ag nanoparticles. The conversion % values 

increased as a function of the growth time during the synthesis, i.e., increased according to the 

order: Ag70Pt30 < Ag52Pt48 < Ag49Pt51. The conversion % for Ag70Pt30, Ag52Pt48, and Ag49Pt51 

at 910 s corresponded to 84, 90, and 100 %, respectively (Figure 5.7C). This increase in 

catalytic activity is in agreement with the increase in the Pt content in the nanodendrites as a 

function of the growth time during the synthesis. When the catalytic activity is taken into 

account relative to the concentration of Pt, as expressed by TON values in Figure 5.7D, both 

Ag52Pt48 and Ag49Pt51 catalysts exhibited similar TON profiles probably due to their structural 

and compositional similarities. Their TON values increased to 14 and 18, respectively, up to ~ 

300 s, and no further increase was observed at longer time intervals. Interestingly, Ag70Pt30 

catalysts displayed the highest TON values, which progressively increased as a function of 

time during the reaction. The initial TOF values, calculated from the slope of the TON curves 

versus time up to ~ 50 % of conversion (Figure 5.7E) are in agreement with this result, 

decreasing in the order: Ag70Pt30 > Ag52Pt48 > Ag49Pt51. This behavior in catalytic activity in 

terms of TON was the opposite to what was observed from the % conversion profile. More 

specifically, although the catalysts containing higher Pt contents displayed higher conversion 

% under the same concentration of particles, when the concentration of Pt is taken into account, 

catalysts with lower Pt contents displayed increased activity. It is important to recall that our 

TEM results (Figure 5.1) indicated that an increase in the Pt content in the nanodendrites is 

accompanied by an increase in the size of the nanodendrites. Thus, it is plausible that there is 

a decrease on the Pt specific surface area as the growth time and the Pt content in the 
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nanodendrites increased, which in turn leads to an increase in catalytic activity in terms of Pt. 

In addition to the TON, TOF values were also calculate according to Equation 2 considering 

the concentration of 4-nitrophenol converted up to a time “t” as depicted in Figure 5.8A.  

 

 
 
Figure 5.8. Catalytic activity expressed in terms of (A) TOF as a function of time and (B) TOF 
calculated at fixed 13 s intervals as a function of time for Ag70Pt30, Ag52Pt48, and Ag49Pt51 
compositions.  
 

The maximum TOF values were observed at 130 s, and the maximum values 

corresponded to 0.1289; 0.0973 and 0.06027 s-1 for Ag70Pt30; Ag52Pt48 and Ag49Pt51, 

respectively. However, higher values of TOF were observed when we employed the 

concentration of 4-nitrophenol converted at 13 s time intervals as depicted in Figure 5.8B. 

These values corresponded to 0.2803; 0.1124 and 0.0728 s-1 for Ag70Pt30; Ag52Pt48 and 

Ag49Pt51, respectively. Regarding their catalytic stability, the Ag70Pt30; Ag52Pt48 and Ag49Pt51 

nanodendrites could be reused with no significant loss of catalytic activity after 5 catalytic 

cycles (Figure 5.9). 
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Figure 5.9. Catalytic activity expressed in terms of substrate conversion as a function of 
number of catalytic cycles for Ag70Pt30, Ag52Pt48, and Ag49Pt51 nanodendrites. It can be 
observed that no significant loss of catalytic activity was detected after 5 catalytic cycles.  
 

After the synthesis of AgPt hollow nanodendrites with well-defined features and the 

investigation of their catalytic activities as a function of size and composition, we turned our 

attention to the possibility of employing the AgPt nanodendrites supported on commercial SiO2 

as solid catalysts for gas-phase transformations. While the use of solid materials as catalysts is 

imperative in the context gas-phase reactions, they also may allow for easier separation from 

the reaction mixture as well as avoid particle agglomeration relative to unsupported 

nanoparticles in the liquid-phase transformations.143 Despite these attractive features, poor 

control over size, composition and dispersion of the metal component over the support is often 

observed in the synthesis of solid catalysts.143–145 Also, the relatively small scale in which 

controlled metal nanostructures can be currently synthesized limit their deposition over solid 

materials by post synthesis strategies. Interestingly, we found that the described experimental 

approach to the synthesis of hollow AgPt nanodendrites could be scaled up by 100 folds 

(relative to what is described in the experimental section) without any significant changes on 

the morphology (Figure 5.10) and optical (Figure 5.11) properties.  
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Figure 5.10. TEM images for AgPt hollow nanodendrites obtained by scaling up the synthesis 
procedure described in Figure 1 by 100 folds as a function of growth time: (A) 15 s, (B) 5 min, 
(C) 30 min, and (D) 1 h. 
 

 
 
Figure 5.11. UV-VIS extinction spectra as a function of the Pt growth time during the synthesis 
of AgPt hollow nanodendrites employing Ag nanospheres as seeds: (A) AgPt materials 
obtained by scaling up the synthesis by 100 folds; and (B) AgPt materials obtained by the 
standard procedure.  
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We could then deposit the Ag49Pt51 nanostructure over commercial silica by wet 

impregnation methods to produce solid Ag49Pt51/SiO2 catalysts, as shown in Figure 5.12. Here, 

The Pt loading corresponded to 1 wt. %. It can be observed that the dispersion of Ag49Pt51 was 

uniform over the entire SiO2 surface, and no significant agglomeration was detected.  

 

 
 
Figure 5.12. SEM images of Ag49Pt51/SiO2 catalyst obtained by wet impregnation of Ag49Pt51 
nanodendrites onto commercial SiO2. The Pt loading corresponded to 1 wt %. 
 

The Ag49Pt51/SiO2 material was investigated as a solid catalyst towards the gas-phase 

benzene, toluene, and o-xylene (BTX) oxidation reactions. Figure 5.13 shows the obtained 

BTX conversion percentages (%) as a function of temperature. The oxidation of benzene, 

toluene and o-xylene are depicted as the black (squares), red (circles), and blue (triangles) 

curves, respectively. In all experiments, only H2O and CO2 were detected as products as a result 

of the complete BTX oxidation. The BTX % conversion increased with reaction temperature. 

Also, the following order of BTX conversion was observed: benzene > toluene > o-xylene. At 

300 oC, the conversion corresponded to 100, 89, and 60 % for benzene; toluene; and o-xylene, 

respectively. The structure of the aromatic compounds is one important feature that influences 

the catalytic activity.39 The presence of methyl groups in the aromatic ring can makes the 

substrate less susceptible for the oxidation. These results are in agreement with previous  
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reports on BTX oxidation152 and also indicated that the AgPt nanodendrites works as catalysts 

displaying good activities for both reduction and oxidation reactions. 

 

 
 
Figure 5.13. Conversion percentages of benzene, toluene, and ο-xylene oxidation (black, red, 
and blue traces, respectively) as a function of temperature catalyzed by Ag49Pt51/SiO2. 
 

5.4. Conclusion 

 
We addressed herein two challenges in heterogeneous catalysis by Pt: i) the 

development of facile and robust methods to the synthesis of Pt-based nanomaterials with the 

potential for improved catalytic performance, and ii) the generation of supported materials in 

which the metal component presents a uniform dispersion over the entire surface of the support 

(without agglomeration). To achieve these goals, we first described a facile approach to the 
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synthesis of AgPt hollow nanodendrites employing Ag nanospheres as seeds by combining a 

galvanic replacement reaction between Ag nanospheres and PtCl6
2-

(aq) and PtCl6
2-

(aq) reduction 

to Pt in the presence of hydroquinone. AgPt hollow nanodendrites comprised of several Pt 

islands ~ 6 nm in diameter could be obtained in only 15 s following the addition of PtCl6
2-

(aq) 

to a suspension containing Ag nanospheres, and their size/shell thickness as well as 

composition (Pt molar fraction) could be manipulated as a function of the growth time. To 

demonstrate the robustness of our approach, the synthesis of AgPt nanodendrites could be 

scaled up by 100 folds, which enabled us to support the AgPt nanostructures onto commercial 

silica with uniform dispersion and no agglomeration for catalytic applications. Interestingly, 

the hollow nanodendrites worked as catalysts displaying good catalytic activities for both the 

4-nitrophenol reduction (liquid phase catalysis) and the BTX oxidation (gas phase catalysis) 

reactions. We believe the results presented herein may inspire the synthesis of noble metal 

nanostructures displaying attractive features for catalytic applications, such as hollow interiors, 

ultrathin walls, controlled compositions and size, and uniform dispersion over solid supports 

to produce solid supported catalysts. 
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Chapter 6 
 

On the Catalytic Properties of AgPt Nanoshells as a Function of Size: Larger 

Outer Diameters Lead to Improved Performances 

 

6.1. Introduction 

 

Platinum (Pt) based nanostructures have been extensively employed for catalysis and 

electrocatalysis applications.153–157 As Pt represents an expensive metal which is also low in 

reserve, the quest for improved catalytic properties has been a very relevant topic.116,135,136 

Improving catalytic performances in Pt-based catalysts not only has the potential to enable the 

utilization of lower Pt loadings, thus reducing costs, but may also contribute to more 

sustainable industrial processes and clean energy generation.135,136 Consequently, several 

synthetic strategies have been proposed to improve the catalytic performance of Pt-based 

materials. These include the control over the shape and size, the combination with other metals 

(bimetallic and trimetallic compositions), and the generation of Pt-based materials with hollow 

interiors.66,116,158–161 

In order to enable practical applications in catalysis, procedures for the synthesis Pt-

based materials must be robust, scalable, and allow for the preparation of supported catalysts 

in which the active phase (Pt) is well-dispersed over the surface of a solid material (without 

agglomeration). Unfortunately, several reported procedures remain limited towards these 

requirements.100,162 Moreover, a precise correlation and understanding of how catalytic 

properties depend on the various physical and chemical parameters that define a nanocatalyst 

is imperative to optimize performances.163 This, in turn, require the controlled synthesis of 
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well-defined nanocatalysts, which remains a bottleneck in the field of heterogeneous 

catalysis.164 

We report herein on the effect of the size of silver nanoparticles (Ag NPs) employed as 

starting materials over the morphological features and catalytic performances of AgPt 

nanoshells produced by a galvanic replacement between Ag and PtCl6
2- coupled with co-

reduction by hydroquinone. Specifically, we focused on Ag NPs of four different sizes as 

starting materials, and found that the outer diameter and shell thickness of the AgPt nanoshells 

increased with the size of the starting Ag NPs. However, the surface of the nanoshells were 

comprised of small nanoparticle islands, whose size decreased with the increase in the outer 

diameter and shell thickness. The obtained AgPt nanoshells were supported into SiO2, and the 

catalytic performances of the AgPt/SiO2 nanocatalysts towards the gas-phase oxidation of 

benzene, toluene and o-xylene (BTX oxidation) was investigated as a function of outer 

diameter and surface morphology. As our synthetic procedures led to uniform and well-defined 

nanoshells, it enabled the correlation among activity, size, and surface morphology. Our results 

demonstrated that the presence of smaller nanoparticle islands at the surface (despite the larger 

outer diameters and thicker walls) led to a higher Pt surface area and thus catalytic 

performances. It is important to note that gas-phase transformations are highly relevant in the 

context of both science and industry, having direct applications in environmental remediation, 

for example.165 Even though these compounds are proven to be dangerous to our health and 

atmosphere, a variety of processes and activities still contribute to their release to the 

environment. 
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6.2. Experimental 

 

Materials and Instrumentation 

Analytical grade silver nitrate (AgNO3, 99%, Sigma-Aldrich), polyvinylpyrrolidone 

(PVP, Sigma-Aldrich, M.W. 10,000 g/mol), polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 

55,000 g/mol), chloroplatinic acid hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt basis, Sigma-

Aldrich), hydroquinone (C6H6O2, 99%, Vetec), silica (~ 175 m2/g, Degussa), benzene (C6H6, 

>99%, Vetec), toluene (C7H8, >99%, Vetec), and ο-xylene (C8H10, >99%, Vetec) were used as 

received.  

Transmission electron microscopy (TEM) and high-resolution transmission electron 

microscopy (HRTEM) images were obtained with a JEOL 1010 microscope operating at 80 

kV or a JEOL JEM2100 microscope operated at 200 kV. Samples for TEM/HRTEM were 

prepared by drop-casting an aqueous suspension of the nanostructures over a carbon-coated 

copper grid, followed by drying under ambient conditions. The scanning electron microscopy 

(SEM) images were obtained using a JEOL field emission gun electron microscope JSM6330F 

operated at 5 kV. The samples were prepared by drop-casting an aqueous suspension 

containing the nanostructures over a silicon wafer, followed by drying under ambient 

conditions. UV-VIS spectra were obtained from aqueous suspensions containing the 

nanostructures with a Shimadzu UV-1700 spectrophotometer. The Ag and Pt atomic 

percentages were measured by inductively coupled plasma optical emission spectrometry (ICP-

OES) using a Spectro Arcos equipment. The X-ray diffraction (XRD) data were obtained using 

a Rigaku - Miniflex equipment, CuKα radiation. The diffraction pattern was measured in the 

range of 10 – 90 ° 2θ with a 1 ° min–1 angular speed scan. The determination of the number of 

Pt actives sites was carried out in a Micrometrics Chemisorb 2705. Typically, 0.1 g of catalysts 

was dried with N2 flow at 125 °C for 1h. Then, the system was heated at 500 °C for 1 h under 
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O2 flow to remove remaining organic compounds. Afterwards, the samples were cooled down 

to room temperature and then reduced at 550 °C under H2 flow for 80 min and cooled down to 

room temperature under N2 flow. Finally, H2 pulses were provided to the samples until the H2 

consumption ceased. The amount of H2 adsorbed on the catalyst was estimated considering the 

following reaction: H2 + 2Pt à 2PtH, in which 1 H atom is quimisorbed onto 1 Pt atom. The 

value of 0.08 nm²/atom Pt surface area and the 21.45 g.cm-³ Pt density was considered. 

Temperature-programmed reduction with hydrogen (H2-TPR) experiments were performed in 

a Micrometrics Chemisorb 2705 equipment, using 50 mg of catalyst, a temperature ramp from 

25 to 1100 °C at 10 °C·min−1, and a flow rate of 30 mL·min−1 of 5% H2/N2. Surface areas of 

the oxides were measured by N2 adsorption/desorption cycles, according to the BET method, 

using a Micrometrics ASAP 2020 surface area analyzer and Porosity Analyzer. 

 

Synthesis of Ag seeds 

Ag seeds were prepared by the polyol process.34 In a typical experiment, 5 g of 

polyvinylpyrrolidone (PVP) was dissolved in 37.5 mL of ethylene glycol. Then, AgNO3 (200 

mg, 1.2 mmol) was added and mixed until the complete dissolution. The resulting solution was 

heated to 125 °C for 2.5 hours, leading to the appearance of a greenish-yellow color, allowed 

to cool down to room temperature, and diluted to 125 mL of water. 

 

Size controlled synthesis of Ag nanoparticles  

 The synthesis of Ag nanoparticles with controlled sizes was based on seed-mediated 

approach, in which pre-formed Ag nanoparticles were employed as physical templates for 

further Ag deposition. Specifically, the size of the produced Ag nanoparticles was controlled 

by varying the volume of a AgNO3 aqueous solution employed during seeded growth. In a 

typical synthesis, a mixture containing 9.4 mL of a PVP aqueous solution (0.1% wt), 10 µL of 
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as-prepared Ag seeds suspensions, and 150 µL of hydroquinone aqueous solution (30 mM) was 

stirred at 50 °C for 10 min. Then, 43 µL of a AgNO3(aq) was added to the reaction mixture, 

which was allowed to proceed at 50o C for another 1h. Similar procedures, in which the volume 

of the added AgNO3(aq) corresponded to 85, 170, and 340 µL were also performed to produce 

Ag nanoparticles of different sizes. After cooling down to room temperature all Ag suspensions 

were diluted to 10 mL with water. The Ag nanoparticles obtained by employing 43, 85, 170, 

and 340 µL of AgNO3(aq) were denoted Ag 50 nm, Ag 59 nm, Ag 96 nm, and Ag 114 nm, in 

which these values corresponded to the obtained diameters.  

 

Synthesis of size-controlled AgPt nanoshells  

In a typical synthesis, a mixture containing 8 mL of a PVP aqueous solution (0.3 wt %), 

2 mL of the each of the produced Ag NPs suspension, and hydroquinone (30 mM) were stirred 

at 100 °C for 10 min in a 15 mL round-bottom flask. Then, PtCl6
2-

(aq) (12 mM) was added to 

the reaction mixture, which was kept under 100 °C and magnetic stirring for 1 hour. When Ag 

50 nm, Ag 59 nm, Ag 96 nm, and Ag 114 nm were employed as starting material, the volumes 

of 30 mM hydroquinone and 12 mM PtCl6
2-

(aq) corresponded to 20 and 11.2; 41.5 and 20.5; 

83.0 and 39.3; and 166 and 76.8 µL, respectively. In all cases, the Ag:hydroquinone:Pt molar 

ratios were kept constant. The AgPt materials obtained from Ag 50 nm, Ag 59 nm, Ag 96 nm, 

and Ag 114 nm nanoparticles were denoted AgPt 95 nm, AgPt 105 nm, AgPt 133 nm, and AgPt 

163 nm, respectively. Similarly, these values corresponded to the diameters in the obtained 

AgPt nanoshells. After their synthesis, all AgPt nanomaterials were washed twice with a 

supersaturated NaCl(aq) solution and three times with water by successive rounds of 

centrifugation at 7000 rpm and removal of the supernatant. After washing, the AgPt 

nanomaterials were suspended in 10 mL of PVP aqueous solution (0.3 wt %). 
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Synthesis of 0.25 wt. % AgPt supported with SiO2 (AgPt/SiO2) 

The incorporation of AgPt nanoshells with controlled sizes onto the silica support (0.25 

% wt, Pt basis) was performed using a wet impregnation approach.149 Typically, a suspension 

containing the AgPt nanoshells were added to a beaker containing commercial silica (SiO2, A-

175 aerosil, Degussa/Germany, specific surface area 175 m2/g). The resulting mixture was 

stirred at room temperature for 24 h. Then, the resulting solid was washed twice with water 

and twice with ethanol by successive rounds of centrifugation at 7,000 rpm and removal of the 

supernatant. After washing, the catalysts were dried at 120 °C for 2 h under air to produce the 

AgPt/SiO2 catalysts. In order to obtain the needed amount of Pt required for the syntheses of 

AgPt/SiO2 catalysts displaying 0.25 % wt in Pt basis, the syntheses of AgPt 95 nm, AgPt 105 

nm, AgPt 133 nm, and AgPt 163 nm nanoshells as described above was scaled-up by 210, 81, 

35 and 18 folds, respectively. 

 

Catalytic oxidation of volatile organic compounds (VOC) 

The catalytic oxidation of volatile organic compounds was performed using the 

AgPt/SiO2 as catalysts. The catalytic experiments were performed in a fixed bed tubular quartz 

reactor under atmospheric pressure using benzene, toluene and ο-xylene (BTX) as model 

molecules. The following conditions were chosen: 0.030 g catalyst, inlet benzene (1.2 g.m-3), 

toluene (0.7 g.m-3), ο-xylene (0.5 g.m-3) in air and temperature range 25-300 °C. The reaction 

data were collected after at least 2 h on-stream at room temperature. The reaction products were 

determined by GC-MS. The reactant and product mixtures were analyzed using two on-line 

gas chromatographs equipped with FID and TCD detectors and an HP-5 column. The 

performances of the catalysts were studied towards the complete oxidation of benzene, toluene, 

and ο-xylene by atmospheric air. The catalytic activity was expressed in terms of the 
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conversion (%) of benzene, toluene and ο-xylene, respectively. The conversion of the BTX 

compounds was calculated using the equation 1: 

 

             CBTXs (%) = ([BTXs]in - [BTXs]out) ⋅ 100/[BTXs]in               (1)                              

 

where CBTXs (%) = percentage of BTX conversion; [BTXs]in = input quantity and [BTXs]out 

= output quantity.  

 

6.3. Results and discussion 

 
Our studies started with the synthesis of Ag NPs displaying controlled sizes by a seed-

mediated approach, in which relatively monodisperse Ag NPs displaying 33 ± 3 nm in diameter 

(Figure 6.1) obtained by a polyol approach34,110 were employed as physical templates for 

additional Ag deposition (Figure 6.2).  

 

 
 
Figure 6.1. TEM image for Ag NPs employed as templates for the synthesis of Ag 
nanoparticles with different sizes as a function of the volume of Ag+

(aq) added to the reaction. 
 

In this case, by varying the amount of Ag+ precursor employed during seeded growth, 

Ag NPs having different outer diameters were obtained. These Ag NPs were then employed as 
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starting materials for the synthesis of AgPt nanoshells by a galvanic replacement reaction 

between Ag and PtCl6
2-

(aq) and PtCl6
2-

(aq) in the precence of hydroquinone as a co-reducing 

agent. Specifically, we were interested in controlling size and surface morphology of the AgPt 

nanoshells by employing Ag NPs of different sizes as the starting materials, followed by the 

investigation on how the catalytic activities were dependent upon these parameters. For 

instance, would AgPt nanoshells having smaller outer diameters lead to better catalytic 

performances as intuitively expected (that particles having larger outer diameters tend to 

present poorer catalytic activities due to their lower surface to volume ratios as compared to 

smaller particles)? 

 

 
 
Figure 6.2. Schematic showing the syntheses of Ag nanoparticles with controlled sizes by Ag 
deposition over preformed Ag NPs, and AgPt nanoshells by galvanic replacement reaction 
between PtCl6

2-
(aq) and the respective Ag nanoparticle. Both approaches were performed using 

PVP as the stabilizer and water as solvent. 
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Figure 6.3A-D display SEM images for Ag NPs having controlled sizes obtained by 

seeded growth varying the volume of Ag+
(aq) added to a suspension containing Ag NPs seeds 

(Figure 6.1), PVP, and hydroquinone. A progressive increase in the size of the Ag nanoparticles 

as a function of the volume of a 12 mM Ag+
(aq) employed during seeded growth could be clearly 

detected. Specifically, the size of the Ag NPs corresponded to 50 ± 6 (Figure 6.3A), 59 ± 4 

(Figure 6.3B), 96 ± 9 (Figure 6.3C), and 114 ± 17 nm (Figure 6.3D) when the volume of a 12 

mM Ag+
(aq) employed during seeded growth was 43, 85, 170, and 340 µL, respectively. The 

corresponding histograms of size distribution are shown in Figure 6.4A-D. As compared to the 

initial Ag seeds (33 nm, Figure 6.1), the average size of the obtained Ag NPs increased by 17 

nm (52 %), 26 nm (79 %), 63 nm (191 %), and 81 nm (246 %), for Ag 50, 59, 96, and 114 nm, 

respectively. Also, a gradual appearance of faceted surfaces could be observed with the 

increase in size resulting in polyhedral Ag nanoparticles. The exposure of surface facets is often 

observed for fcc metals at sizes > 20 nm due to the minimization of their surface free energy.166–

168  

 

 
Figure 6.3. (A-D) SEM images for Ag NPs with controlled sizes obtained by varying the 
volume of Ag+

(aq) added to a suspension containing preformed Ag NPs, PVP, and 
hydroquinone: (A) 43 µL, (B) 86 µL, (C) 172 µL, and (D) 344 µL. (E-H) SEM images for AgPt 
nanoshells with controlled sizes obtained by the addition of PtCl6

2-
(aq) to a suspension 

containing the respective Ag nanoparticle, PVP, and hydroquinone. The insets in the figure 
correspond to TEM images. 
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After the synthesis of Ag nanoparticles having controlled sizes in the 50-114 nm range, 

we turned our attention to their utilization as starting materials to AgPt nanoshells by a 

combination of galvanic replacement reaction with PtCl6
2-

(aq) in the presence of hydroquinone. 

Figure 6.3E-H depict SEM and TEM (insets) images of the AgPt nanoshells employing the Ag 

nanoparticles depicted in Figure 6.3A-D, respectively, as templates. In all AgPt materials, the 

formation of rough surfaces comprised by small nanoparticle islands could be observed. In 

addition, the formation of hollow interiors could be clearly identified due to the brighter mass-

thickness contrast at the center of each nanostructure (TEM insets). The size (outer diameter) 

of the AgPt nanoshells depicted in Figure 6.3E-H corresponded to 95 ± 7, 105 ± 7, 133 ± 8, 

and 163 ± 11 nm, respectively (histograms of size distribution are shown in Figure 6.4E-H, 

respectively).  

 

 
 
Figure 6.4. Histograms showing the size distribution for the obtained Ag nanoparticles (first 
row) A, B, C, and D for Ag 50 nm, Ag 59 nm, Ag 96 nm, and Ag 114 nm, respectively; and 
AgPt nanoshells (second row) E, F, G, and H for AgPt 95 nm, AgPt 105 nm, AgPt 133 nm, and 
AgPt 163 nm, respectively. 
 

Therefore, these AgPt nanoshells were denoted AgPt 95, AgPt 105, AgPt 133, and AgPt 

163 nm, respectively. In addition to the outer diameters, the shell thicknesses corresponded to 

~19, 21, 24, and 44 nm for the AgPt 95, AgPt 105, AgPt 133, and AgPt 163 nm, respectively. 

These results indicate that, in all cases, a significant growth was observed in the AgPt 
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nanoshells relative to their Ag NPs employed as starting materials as depicted in Figure 6.5. 

More specifically, a growth of 45 nm (90 %), 46 nm (78 %), 37 nm (39 %), and 49 nm (43 %) 

was detected for AgPt 95, AgPt 105, AgPt 133, and AgPt 163 nm, respectively, relative to their 

corresponding initial Ag nanoparticles.  

 

 
 
Figure 6.5. Scheme showing the average outer diameters for Ag nanoparticles with controlled 
sizes (top row) and average outer and inner diameters for the AgPt nanoshells (bottom row). 

 

The Pt at. % in the AgPt nanoshells, as determined by ICP-OES analyses (Table 6.1), 

corresponded to 32, 53, 57, and 58 % for AgPt 95, AgPt 105, AgPt 133, and AgPt 163 nm, 

respectively.  

 
Table 6.1. Containing of Ag and Pt in the AgPt nanoparticles obtained by ICP-OES. 
 

Sample Ag (mol %) Pt (mol%) 

AgPt 95 nm 68 32 

AgPt 105 nm 47 53 

AgPt 133 nm 43 57 

AgPt 163 nm 42 58 
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Interestingly, it was observed that the AgPt 95 nm nanoshells presented lower Pt (%) 

relative to the larger AgPt materials. Theoretically, similar nanoparticle compositions would 

be expected when the Ag:PtCl6
2-

(aq) molar ratio was kept the same. It is plausible that the smaller 

Pt (%) in the AgPt 95 nm nanoshells could be explained as a result of the alloying process 

between Ag and Pt atoms, which is strongly dependent on the particle size. In this case, a higher 

the rate of alloying could lead to an increase in the stability of Ag atoms at the nanoparticle, 

preventing their oxidation and sub-sequential removal by the galvanic replacement with PtCl6
2-

(aq) ions.169–171 

In order to gain further insights into the morphological features of the AgPt nanoshells, 

the AgPt 95 and 163 nm nanoshells (nanoshells having the smaller and the larger outer 

diameters) were analyzed by HRTEM as shown in Figure 6.6. It can be observed that the AgPt 

95 nm nanoshells displayed hollow interiors and a rough surface comprised of several NPs 

islands that were ~ 10 nm in size uniformly deposited over the surface of the material (Figure 

6.6A and 6.6B). While the hollow interiors and rough surfaces comprised of small nanoparticle 

island were also detected for the AgPt 163 nm nanoshells, the size of the nanoparticle islands 

at the surface corresponded to 4 nm (Figure 6.6D and 6.6E). This indicates that, despite their 

large overall diameters, the larger AgPt nanoshells were comprised of smaller nanoparticles 

islands at their surface. Phase-contrast HRTEM images for the AgPt 95 and 163 nm nanoshells 

(Figure 6.6B and 6.6E, respectively) indicate that the individual nanoparticle islands are single-

crystalline, while the entire material is polycrystalline. In this case, the ~0.22 nm lattice spacing 

assigned to the Pt {111} could be detected. As the same concentration of Ag seeds was 

employed in the synthesis of all AgPt nanoshells, larger Ag NPs seeds enable the exposure of 

a larger number of nucleation sites for Pt deposition relative to smaller seeds, contributing to 

the formation smaller Pt NPs islands at the surface of the nanoshells. Moreover, as the 

Ag:hydroquinone:Pt molar ratios were kept constant during the syntheses, Ag seeds having 
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larger sizes required increased amounts of Pt, which led to the detected increase in wall 

thickness with the size of Ag NPs employed as seeds. 

Figure 6.6C and 6.6F depict the EDX spectra for nanoshells 95 and 163 nm, 

respectively, registered from the regions highlighted by the red dashed rectangles in Figure 

6.6A and 6.6D, respectively. Interestingly, the Pt at. % at the surface of the nanoshells 

corresponded to 31 and 58 %, which are in agreement with the ICP-OES data. This also 

demonstrates that Ag is present at the surface of the nanoshells, indicating that Ag can 

migrate/diffuse along the Pt lattice in agreement to what has been reported by our group in both 

AgPt and AgAu systems.1,104,116,172  

 

 
 
Figure 6.6. HRTEM images for the AgPt-95 (A and B) and AgPt-163 (D and E) AgPt 
nanoshells obtained after 1 h following the addition of PtCl6

2-
(aq) to a suspension containing Ag 

NPs, PVP, and hydroquinone. While (A and D) depicts individual nanoparticles, (B and E) 
show zoom-in images of the areas highlighted in red. (C and F) Depict the EDX spectra for the 
AgPt nanoshells showed in A and D, respectively. 
 

In order to evaluate the role played by hydroquinone over the formation of the 

nanoshells, we performed control experiments in the absence of hydroquinone (conventional 

galvanic replacement reaction) as shown in Figure 6.7.  
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Figure 6.7. TEM image for AgPt nanoshells obtained by the addition of PtCl6

2-
(aq) to a 

suspension containing the Ag 50 nm nanoparticle and PVP under absence of hydroquinone. 
 

In this case, we employed Ag NPs 50 nm as the starting material. The presence of 

smoother surfaces as compared to those obtained in the presence of hydroquinone (Figure 6.3E) 

could be detected. Moreover, in the absence of hydroquinone, the formation of AgPt nanoshells 

53 ± 6 nm in outer diameter took place. Thus, the AgPt nanoshells obtained by the conventional 

galvanic reaction in the absence of hydroquinone presented similar sizes (overall diameter) 

compared to the starting Ag NPs. This observation further confirms that the increase in size 

and change of morphology for the formation of AgPt nanoshells in the presence of 

hydroquinone took place by a combination of two processes: i) galvanic replacement reaction 

between the Ag nanoparticle and PtCl6
2-

(aq) that lead to the dissolution of Ag from the cores 

and together with Pt deposition; and ii) PtCl6
2-

(aq) to Pt reduction by hydroquinone that leads to 

further deposition of Pt at the surface leading to increased outer diameters and the formation 

of nanoparticle islands at the surface.10,116,173 

The formation of AgPt nanoshells displaying controlled sizes was also monitored by 

UV-VIS spectroscopy and XRD analyses as shown in Figure 6.8. Figure 6.8A shows the 

extinction spectra for the Ag NPs. The Ag 50 nm NPs displayed an extinction peak centered at 

~ 428 nm assigned to the dipolar mode of the surface plasmon resonance excitation (SPR).174 
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This peak gradually red-shifted to longer wavelengths with the increase in size, which is in 

agreement with the increased charge separation during plasmon oscillation at larger sizes.175,176 

Specifically, the Ag 59, 96, and 114 nm NPs displayed SPR peaks centered at 436, 448, and 

453 nm, respectively. On the other hand, no SPR extinction signals assigned to Ag were 

detected in all AgPt nanoshells (Figure 6.8B), which is agreement with the Ag dissolution from 

the cores to yield hollow interiors as well as Pt deposition at the surface of the nanostructures.116 

The XRD diffractograms for Ag NPs is shown in Figure 6.8C. It can be observed that 

the main peaks assigned to Ag become sharper with the increase in size, indicating that the size 

of the crystallites increase as a function of the outer diameter. Upon the formation of AgPt 

nanoshells (Figure 6.8D), a decrease in all crystallite sizes could be observed which manifested 

itself by the presence of broader diffraction peaks as compared to each corresponding initial 

Ag NPs, in agreement with the formation of AgPt nanoshells. As the Pt lattice has a 3.9 % 

mismatch with Ag (both have fcc lattice), the XRD diffraction peaks for these two species 

could not be resolved under our experimental conditions.177 
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Figure 6.8. UV−VIS extinction spectra recorded from aqueous suspensions containing the 
obtained Ag nanoparticles (A) and AgPt nanoshells (B) with controlled sizes. X-ray diffraction 
patterns for the obtained Ag nanoparticles (C) and AgPt nanoshells (D) with controlled sizes. 
 

After the synthesis of AgPt nanoshells with controlled sizes, we investigated their 

catalytic properties as a function of their size and surface morphology. In particular, we were 

interested in the catalytic activities towards the gas phase oxidation of volatile organic 

compounds (to benzene, toluene, and o-xylene). To this end, the produced AgPt nanoshells 

were supported onto commercial SiO2 by wet impregnation to yield AgPt/SiO2 solid catalysts. 

We focused on commercial SiO2 because this support is inert towards BTX oxidation. 

Therefore, it enables us to isolate and probe the effect of size and surface morphology of the 

AgPt nanoshells over their catalytic performance, which is the main goal of this study. It is 
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important to note that all the supported catalysts (AgPt/SiO2) were prepared so that they had 

the same Pt loading, which corresponded to 0.25 wt. %. This enabled us to exclude the effect 

of the compositional variations in the nanoshells over the performance. Figure 6.9 shows SEM 

images for the produced AgPt/SiO2 catalysts. In all cases, the Pt loading corresponding to only 

0.25 wt. %. It can be observed that all AgPt nanoshells (AgPt 95, 105, 133, and 163 nm) could 

be uniformly incorporated and distributed over the entire SiO2 surface without any 

agglomeration. The solid catalysts were denoted AgPt 95 nm/SiO2 (Figure 6.9A), AgPt 105 

nm/SiO2 (Figure 6.9B), AgPt 133 nm/SiO2 (Figure 6.9C), and AgPt 163 nm/SiO2 (Figure 6.9D) 

according to the size of the supported AgPt nanoshells. 

 

 
 
Figure 6.9. SEM images of (A) AgPt 95 nm/SiO2, (B) AgPt 105 nm/SiO2, (C) AgPt 133 
nm/SiO2, and (D) AgPt 163 nm/SiO2 catalysts obtained by the wet impregnation of the AgPt 
nanoshells onto commercial SiO2. The Pt loading in all catalysts corresponded to 0.25 wt %. 
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 The AgPt/SiO2 catalysts materials were further characterized XRD, H2-TPR, N2 

physisorption, and H2 chemisorption. The XRD analyses (Figure 6.10) indicated that the silica 

support was partially crystalline due the presence of well-defined peaks assigned to α-

cristobalite and tridimitte phases. After the deposition of AgPt, the XRD profiles for AgPt/SiO2 

were comprised of a mixture of SiO2 and AgPt signals, suggesting that no destruction of both 

the SiO2 and AgPt structures were observed after the impregnation process, which is in 

agreement with the SEM data (Figure 6.9). 

 

 
 
Figure 6.10. X-ray diffraction patterns for the (A) pure commercial SiO2, (B) AgPt 95 
nm/SiO2, (C) AgPt 105 nm/SiO2, (D) AgPt 133 nm/SiO2, and (E) AgPt 163 nm/SiO2 catalysts. 
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Table 6.1 shows the values of the textural features for the SiO2 support and the 

AgPt/SiO2 catalysts. The specific surface area for all materials measured by N2 physorption 

was between 145 - 155 m2.g−1. Also, the total volume of pores was in the 0.68 – 0.70 cm³.g-1 

range and average pore diameter was in the 17.5 – 18.8 nm range. These results indicated that 

no significant modification in SiO2 support took place after AgPt incorporation, illustrating the 

robustness of our employed approach for the synthesis of supported catalysts. H2 chemisorption 

was employed to estimate the Pt surface area in all catalysts, which corresponded to 6.29, 6.92, 

7.44, and 7.96 µmol per gram for AgPt 95/SiO2, AgPt 105/SiO2, AgPt 133/SiO2 and AgPt 163 

nm/SiO2, respectively. It is noteworthy the the same Pt loading was employed in these 

measurements, suggesting an increase in the Pt surface area with outer diameters. Moreover, 

relatively high values of metallic dispersion were observed all cases, which corresponded to 

49, 54, 58, and 63 % for AgPt 95, 105, 133 and 163 nm, respectively. This result illustrates that 

our employed approach leads to high Pt exposition (> 49 %), potentially enabling the 

optimization of catalytic performances.116,135,136 As demonstrated in Figure 6.6, it is plausible 

that the increase in the surface area for the nanoshells presenting larger outer diameters may be 

related to the fact that the larger nanoshells are comprised of smaller NPs islands deposited at 

their surface (4 and 10 nm in the AgPt 163 and 95 nanoshells, respectively).  
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Table 6.1. Surface properties of AgPt/SiO2 catalysts obtained by N2 physisorption and H2 chemisorption. 
 

Sample 
Surface area 

(m²/g) 

Total volume of pores 

(cm³/g) 

Average pore diameter 

(nm) 

Metallic area 

(µmol/g catalyst) 

Metallic dispersion 

(%) 

SiO2 155 0.70 18.1 - - 

AgPt-95/SiO2 156 0.68 17.5 6.29 49 

AgPt-105/SiO2 149 0.70 18.8 6.92 54 

AgPt-133/SiO2 153 0.70 18.2 7.44 58 

AgPt-163/SiO2 145 0.68 18.3 7.96 63 
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Figure 6.11 shows the N2-adsorption–desorption isotherms for all AgPt/SiO2 catalysts, 

which corresponded to type IV profiles and hysteresis loop type H1 (in the IUPAC 

classification), which are typical of mesoporous materials (SiO2). All isotherms presented a 

similar behavior in agreement with the fact that no structural modifications were detected after 

AgPt deposition over the SiO2 support.  

 

 
 
Figure 6.11. Adsorption/desorption N2 isotherms for (A) AgPt 95 nm/SiO2, (B) AgPt 105 
nm/SiO2, (C) AgPt 133 nm/SiO2, and (D) AgPt 163 nm/SiO2 catalysts. 

 

The H2-TPR analyses (Figure 6.12) showed an intense peak of H2 consumption centered 

907 °C for pure SiO2 attributed to the reduction of SiO2 phases.178 After AgPt incorporation, 

this peak completely disappeared  indicating an effective interaction between AgPt 

nanostructures and the SiO2 support. This behavior is extremely important in catalysis, as 

several examples have been reported on the enhancement of catalytic activities due to metal 

support interactions.94,179–181 
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Figure 6.12. (A) TPR profiles for pure SiO2 (black trace), AgPt 95 nm/SiO2 (blue trace), AgPt 
105 nm/SiO2 (red trace), AgPt 133 nm/SiO2 (green trace), and AgPt 163 nm/SiO2 (orange trace). 

 

Figure 6.13 shows the conversion percentages (%) for BTX oxidation as a function of 

temperature employing the AgPt/SiO2 as solid catalysts. Only H2O and CO2 were detected as 

products from BTX oxidation in all cases. As expected, the BTX % conversion increased with 

reaction temperature, and the reactivity of the substrates followed the order: benzene > toluene 

> o-xylene in agreement with previous reports on BTX oxidation.116,152,161 It can be observed 

that the conversion % for the AgPt/SiO2 catalysts increased with size in all temperatures. For 

instance, at 450 oC, the conversion % for benzene oxidation corresponded to 54, 57, 62, and 79 

% for AgPt 95 nm/SiO2, AgPt 105 nm/SiO2, AgPt 133 nm/SiO2, and AgPt 163 nm/SiO2, 

respectively. This is in agreement with the H2 chemisorption results, and can be assigned to the 

increase in the Pt surface area with size due to the presence of smaller NPs islands at the surface 

of the nanoshells having larger outer diameters. It is plausible that other factors, in addition to 

the increased surface areas, could also be involved in the catalytic performances. For instance, 

taking the AgPt 95/SiO2 catalyst as a reference, an increase in surface area of 10, 18, and 27% 

was observed for AgPt 105/SiO2, AgPt 133/SiO2, and AgPt 163 nm/SiO2, respectively. 



 

	 145 

According to the BTX conversion results, an increase in the benzene conversion of 6, 14, and 

42 % was detected for AgPt 105/SiO2, AgPt 133/SiO2 and AgPt 163 nm/SiO2, respectively, 

relative to AgPt 95/SiO2. Although this demonstrates a relatively good 

correlation/proportionality between Pt surface area and percentages of BTX conversion, it is 

expected that smaller Pt NPs islands would display increased surface energy/reactivity as well 

as a larger exposure of defect sites and high index faces relative to their larger counterparts, 

which could further enhance their catalytic performances. These results indicate that, in 

addition to the overall diameters, the control over the surface morphology may play an 

important role over the optimization of catalytic activities in metal-based nanocatalysts, which 

can be even more pronounced that the size effect.31 This is in agreement with our previous 

report that showed that the surface morphology was relevant to the optimization of catalytic 

activities in AgPt nanosells having similar sizes, in which nanoshells having smooth surfaces 

displayed increased performances relative to nanoshells with rough surfaces.31 Here, all 

catalysts presented similar crystallinities. Thus, we believe that the crystallinity of the NPs 

should not affect the observed variations in the catalytic performances. 

We also investigated the catalytic stabilities of the AgPt/SiO2 catalysts towards benzene 

oxidation, at 450 oC, for 40 h as illustrated in Figure 6.13E. It can be observed that no 

significant loss of catalytic activity was detected even after 40 h. For instance, a drop from 80 

to only 71 % in benzene conversion was detected for the AgPt 163 nm/SiO2 catalyst (11 % 

drop in activity). For AgPt 95 nm/SiO2, AgPt 105 nm/SiO2, and AgPt 133 nm/SiO2, the drop 

in catalytic activity after 40 h corresponded to 17, 20, and 21 %, respectively.  
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Figure 6.13. (A) Scheme for benzene, toluene, and ο-xylene oxidation employing AgPt/SiO2 
as catalysts. Conversion percentages of benzene (B), toluene (C), and ο-xylene oxidation (D) 
as a function of temperature catalyzed by AgPt/SiO2. (E) Stability experiments for all 
AgPt/SiO2 catalysts over benzene oxidation at 450 °C. 

 

Furthermore, as depicted in Figure 6.14, the overall morphology of all AgPt catalysts 

remained unchanged even after 40 h of reaction at 450 oC, showing that these materials may 

represent promising candidates for gas-phase catalytic applications. It is noteworthy that all 

AgPt/SiO2 catalysts displayed no loss of catalytic activity and remained stable and well-

dispersed over the surface of the commercial silica support without any agglomeration even 

after 40 h of reaction at 450 ⁰C. At this point, if any significant morphological changes took 

place, a decrease in activity would be expected. 
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Figure 6.14. SEM images of (A) AgPt 95 nm/SiO2, (B) AgPt 105 nm/SiO2, (C) AgPt 133 
nm/SiO2, and (D) AgPt 163 nm/SiO2 catalysts after the stability experiments at 5000x 
magnification. 
 

6.4. Conclusion 

 
We described herein a systematic investigation on the catalytic properties of solid 

catalysts comprised of AgPt nanoshells supported onto commercial SiO2 as a function of the 

size of the Ag nanoparticles employed as starting materials for the synthesis of the nanoshells. 

The AgPt nanoshells were obtained by a galvanic replacement reaction between Ag and PtCl6
2- 

coupled with Pt reduction by hydroquinone. By varying the size of the starting Ag NPs, AgPt 

nanoshells having different outer diameters, shells thicknesses, and nanoparticle-sized islands 

at the surface were obtained. The use of larger Ag nanoparticles as starting materials led to 

larger and thicker nanoshells, but that were comprised of smaller nanoparticles islands at the 
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surface. The catalytic activities towards BTX oxidation revealed that the catalytic activities 

increased with the nanoshells outer diameter, indicating that the presence of smaller 

nanoparticle islands at the surface surpassed the increase in outer diameter and shell thickness 

towards the enhancement of Pt surface area and thus catalytic activities. This result indicates 

that the control over surface morphology play a very important role relative to the effect of size 

to the optimization of catalytic performances in catalysts based on noble-metal nanostructures. 
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Chapter 7 

 

Hollow AgPt/SiO2 Nanomaterials with Controlled Surface Morphologies: Is 

the Number of Pt Surface Atoms Imperative to Optimized Catalytic 

Performances? 

 

7.1. Introduction 

 

Platinum (Pt) based nanomaterials display remarkable catalytic activities towards 

several transformations that include hydrogenation,127,182 oxidation,183,184 

dehydrogenation,185,186 reforming of fuels,187–189 and electrocatalytic reductions and 

oxidations.141,190–194 Regarding their applications in catalysis, strategies that enable the 

optimization of performances are imperative not only because Pt is an expensive material, but 

also to allow for the utilization of milder or more environmentally friendly conditions.195,196  

The understanding on how catalytic performances are affected by composition (in 

bimetallic systems), structure (solid versus hollow interiors), number of surface atoms, and 

nature of exposed surface facets is crucial to enable the rational design of highly active 

catalysts.17,197–200 In this context, the synthesis of nanomaterials with controlled surface 

morphologies as well as hollow interiors represent an intuitive approach to optimize 

performances.92,116,201,202 Firstly, atoms in the interior of Pt nanocrystals are “wasted”, i.e., do 

not play any role over catalytic properties. Secondly, while controlled surface morphologies 

may dictate the nature of the exposed surface facets and number of surface atoms, hollow 

interiors provide larger surface-to-volume ratios than their solid counterparts. Finally, although 

the morphology and shape controlled synthesis of Pt nanocrystals represents a promising 
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strategy to tune catalytic performances, it remains challenging in terms of large-scale 

production, widespread use, and uniform incorporation of the Pt-based material over solid 

supports such as silica 143,203,204 and other metal oxides (which is crucial for applications in gas-

phase reactions).17,205–207  

In this paper, we describe a systematic investigation on how the number of Pt surface 

atoms and nature of exposed surface facets affect the catalytic performances of AgPt 

nanomaterials displaying controlled surface morphologies (smooth or rough surfaces), shapes 

(spherical or one-dimensional), and hollow interiors towards the CO oxidation. More 

specifically, we focused on AgPt nanoshells (smooth surfaces), assembled nanoparticles (rough 

surfaces), nanotubes with smooth surfaces, and nanotubes with rough surfaces, which could be 

incorporated into commercial SiO2 to produce AgPt/SiO2 catalysts. Their catalytic 

performances were then investigated towards the CO(g) oxidation, which was chosen as a model 

reaction due to its importance in the purification of hydrogen streams from organic compounds 

reforming and environmental remediation.208–211 We were particularly interested in studying 

how effects associated with different surface morphologies would influence the catalytic 

performances of the investigated nanomaterials. Would the catalytic performances depend only 

on the number of surface atoms available in each case as enabled by the different surface 

morphologies?  

 

7.2. Experimental 

 
Materials and Instrumentation 

Analytical grade chemicals silver nitrate (AgNO3, 99%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 55,000 g/mol), polyvinylpyrrolidone (PVP, 

Sigma-Aldrich, M.W. 10,000 g/mol), ethylene glycol (EG, 99.8%, Sigma-Aldrich), 

chloroplatinic acid hexahydrate (H2PtCl6.6H2O, ≥37.50% Pt basis, Sigma-Aldrich), 



 

	 153 

hydroquinone (C6H6O2, 99%, Vetec), hydrochloric acid (HCl, 37%, Sigma-Aldrich), silica 

(pore size 22 Å, 800 m2/g, Sigma-Aldrich), were used as received.  

Transmission electron microscopy (TEM) images were obtained with a JEOL 1010 

microscope operating at 80 kV or a JEOL JEM2100 microscope operated at 200 kV. High 

angle annular dark field (HAADF) scanning transmission electron microscope (STEM) images 

and energy dispersive X-ray (EDX) spectrum images were acquired using a FEI TECNAI G2 

F20 operated at 200 kV. Samples for TEM were prepared by drop-casting an aqueous 

suspension of the nanostructures over a carbon-coated copper grid, followed by drying under 

ambient conditions. The scanning electron microscopy (SEM) images were obtained using a 

JEOL field emission gun electron microscope JSM6330F operated at 5 kV. The samples were 

prepared by drop-casting an aqueous suspension containing the nanostructures over a silicon 

wafer, followed by drying under ambient conditions. UV-VIS spectra were obtained from 

aqueous suspensions containing the nanostructures with a Shimadzu UV-1700 

spectrophotometer. The Ag and Pt atomic percentages were measured by inductively coupled 

plasma optical emission spectrometry (ICP-OES) using a Spectro Arcos equipment at the IQ-

USP analytical center facilities. The determination of the number of Pt surface atoms was 

carried out in a Micrometrics Chemisorb 2705. Typically, 0.1 g of catalysts was dried with N2 

flow at 125 °C for 1h. The system was then heated at 500 °C for 1 h under O2 flow to remove 

remaining organic compounds. Afterwards, the samples were cooled down to room 

temperature, subsequently reduced at 550 °C under H2 flow for 80 min, and allowed to cool 

down to room temperature under N2 flow. Finally, H2 pulses were provided to the samples until 

the H2 consumption ceased. The amount of H2 adsorbed on the catalyst was estimated 

considering the following reaction: H2 + 2Pt à 2PtH, in which 1 H atom in quimisorbed in 1 

Pt atom. The value of 0.08 nm²/atom Pt surface area and 21.45 g.cm-³ as the Pt density was 

considered. 
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The catalytic oxidation of CO over AgPt/SiO2 catalysts was carried out in a fixed-bed 

quartz tubular reactor with 5 mm in intern diameter. The reactions products were analyzed by 

an in-line chromatograph (GC 3800-VARIAN), with two thermal conductivity detectors 

(Porapak N and 13X molecular sieve packed columns).  

 

Synthesis of Ag spheres 

In a typical procedure,13  5 g of polyvinylpyrrolidone (PVP) was dissolved in 37.5 mL 

of ethylene glycol (EG). Then, AgNO3 (200 mg, 1.2 mmol) was added and mixed until the 

complete dissolution. The resulting solution was heated to 125 °C for 2.5 hours, leading to the 

appearance of a greenish-yellow color, allowed to cool down to room temperature, and diluted 

to 125 mL of water. 

 

Synthesis of Ag wires 

In a typical procedure,212 5 mL of EG was pre-heated for 1 hour at 140 °C with vigorous 

stirring, followed by the addition of 0.2 mL of 3 mM HCl (in EG). After 10 min, 3 mL of 94 

mM AgNO3 and 3 mL of 147 mM PVP (both in EG) were simultaneously added dropwise to 

this mixture (at a speed of 45 mL/h) and left overnight, yielding a beige suspension. The 

reaction flask was then allowed to cool down to room temperature. 

 

Synthesis of AgPt nanoshells  

In a typical synthesis, a mixture containing 5 mL of PVP aqueous solution (0.1 wt %) 

and 1 mL of as-prepared suspension containing the Ag nanospheres was stirred at 100 °C for 

10 min in a 25 mL round-bottom flask. Then, 2 mL of a 5 mM PtCl6
2-

(aq) solution was added 

dropwise and the reaction allowed to proceed at 100 °C for 1 h. 
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Synthesis of AgPt assembled nanoparticles  

In a typical synthesis, a mixture containing 9.4 mL of PVP aqueous solution (0.3 wt 

%) and 60 µL of the as-prepared Ag nanospheres suspension was stirred at 100 °C for 10 min 

in a 25 mL round-bottom flask. Then, 0.1 mL of hydroquinone aqueous solution (30 mM) 

was added. After 30 s, 47.8 µL of PtCl6
2-

(aq) (12 mM) was added and the reaction was 

quenched by cooling the reaction flask in ice water after 1 h.  

 

Synthesis of AgPt nanotubes with smooth or rough surfaces  

For the synthesis of smooth nanotubes, a mixture containing 5 mL of PVP aqueous 

solution (0.1 wt %) and 1 mL of as-prepared suspension containing the Ag wires was stirred at 

100 oC for 10 min in a 25 mL round-bottom flask. Then, 2 mL of a 1 mM PtCl6
2-

(aq) solution 

was added dropwise and the reaction allowed to proceed at 100 oC for 1 h. The procedure for 

the synthesis of nanotubes with rough surfaces followed a similar protocol, except that it was 

carried out at room temperature. After their synthesis, all AgPt nanomaterials were washed 

twice with a supersaturated NaCl(aq) solution and three times with water by successive rounds 

of centrifugation at 12000 rpm and removal of the supernatant. After washing, the AgPt 

nanomaterials were suspended in 10 mL of PVP aqueous solution (0.3 wt %). 

 

Synthesis of 1 wt. % AgPt supported onto SiO2 (AgPt/SiO2)  

The incorporation of AgPt nanostructures onto the silica support (1 % wt, Pt basis) was 

performed using a wet impregnation approach.149 Typically, a suspension containing the AgPt 

nanostructures was added to a beaker containing commercial silica. The resulting mixture was 

stirred at room temperature for 24h. Then, the resulting solid was washed twice with water and 

twice with ethanol by successive rounds of centrifugation at 7000 rpm and removal of the 
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supernatant. After washing, the catalysts were dried at 120 °C for 2 h under air in order to 

produce the AgPt/SiO2 catalysts. 

 

Catalytic activity towards CO oxidation 

The catalytic oxidation of CO over AgPt/SiO2 catalysts was carried out under 

atmospheric pressure. The catalysts (0.1 g) were pretreated in situ at 500 °C under an O2 flow 

of 30 cm3 min−1 for 1h, followed by a H2 flow of 30 cm3 min−1 for 1h. Then the catalysts were 

cooled down to 200 °C and exposed to the reactant gases mixture, composed by 4 % CO, 12 

% O2, and 84 % N2. The total flow was 50 cm3 min−1. The catalytic tests were performed at a 

temperature range from 200 to 330 ◦C.  

The CO conversion (XCO) for all the reactions was calculated as follows: 

 

XCO (%) = [(COin – COout)] / COin × 100 (1) 

 

where XCO (%) = percentage of CO conversion; COin = input quantity and COout = output 

quantity.  

 

7.3. Results and discussion 

 
Our studies started with the synthesis of Ag spheres and wires displaying well-defined 

sizes and shapes as depicted in Figure 7.1.  
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Figure 7.1. TEM image for Ag spheres (A) and SEM image for Ag wires (B) employed as 
templates for the synthesis of the AgPt hollow nanostructures. 
 

The Ag spheres were 34 ± 3 nm in diameter and the wires were 153 ± 15 nm in width 

and > 1 µm in length.13,212 The Ag spheres and wires were employed as chemical templates to 

the synthesis of AgPt nanomaterials displaying hollow interiors as well as controlled surface 

morphologies as illustrated in Figure 7.2. While the Ag spheres could be employed as templates 

to the synthesis of AgPt nanoshells and assembled nanoparticles, the Ag wires could be 

employed to produce AgPt nanotubes with smooth or rough surfaces. Our experimental 

strategy for controlling the Pt surface morphologies by employing the Ag spheres as templates 

was based on the galvanic replacement reaction between Ag and PtCl6
2-

(aq) (Figure 7.2A). In 

this case, when the galvanic replacement reaction was carried out in the presence of PVP at 

100 oC, the formation of nanoshells was observed.1,10 Conversely, the addition of hydroquinone 

to this galvanic replacement recipe led to AgPt assembled nanoparticles.116 The synthesis of 

AgPt tubes with controlled surface morphologies could be achieved by simply changing the 

reaction temperature during the galvanic replacement reaction in the presence of PVP (Figure 

7.2B): nanotubes with smooth surfaces were obtained at 100 oC, while nanotubes with rough 

surfaces were produced at room temperature.213 
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Figure 7.2. Synthesis of AgPt nanoshells, assembled nanoparticles and nanotubes having 
smooth or rough surfaces by galvanic replacement reaction employing Ag nanospheres or wires 
as templates.  
 

Figure 7.3A-D show TEM and SEM images for AgPt nanoshells (Figure 7.3A), 

assembled nanoparticles (Figure 7.3B), and nanotubes displaying smooth or rough surfaces 

(Figure 7.3C and 7.3D, respectively). It can be observed that all the AgPt nanostructures 

displayed well-defined shapes and relatively monodisperse sizes. The AgPt nanoshells and 

assembled nanoparticles (Figure 7.3A and 7.3B, respectively) were 36 ± 2 and 48 ± 3 nm in 

diameter, respectively (their shell thickness corresponded to 7 and 10 nm, respectively). It is 

important to note that the AgPt assembled nanoparticles were comprised by several Pt islands 

with ~ 6 nm in diameter. The hollow interiors in the nanoshells and assembled nanoparticles 
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can be clearly visualized from the TEM images due to differences in mass-thickness contrast 

(brighter regions at the center of each particle). The AgPt nanotubes displaying smooth and 

rough surfaces (Figure 7.3C and 7.3D, respectively) were 198 ± 15 and 186 ± 18 nm in 

diameter, respectively, and presented wall thickness of 45 and 47 nm, respectively.  

 

 
 
Figure 7.3. TEM (A and B) and SEM (C and D) images for AgPt nanoshells (A), assembled 
nanoparticles (B), nanotubes with smooth surfaces (C), and nanotubes with rough surfaces (D). 

 

The Pt at. % in all these AgPt nanostructures was determined by ICP-OES analyses and 

is depicted in Table 7.1. For both nanoshells and assembled nanoparticles, the Pt at. % 

corresponded to 51, while for the nanotubes the Pt at. % corresponded to 26 and 25 for smooth 

and rough surfaces, respectively. Therefore, the nanoshells and assembled nanoparticles had 

similar compositions, differing only on their surface morphologies. The same can be stated 

regarding the nanotubes with smooth and rough surfaces, thus enabling us to isolate the effect 

of surface morphology in each of these classes of AgPt nanomaterials over their catalytic 

activities.  
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Table 7.1. Ag and Pt Atomic percentages obtained by ICP-OES. 

Sample Ag (mol %) Pt (mol%) 

nanoshells 49 51 

assembled nanoparticles 49 51 

nanotubes (smooth surface) 74 26 

nanotubes (rough surface) 75 25 

 

Figure 7.4 depicts high-resolution transmission electron microscopy (HRTEM), high 

angle annular dark field (HAADF) scanning transmission electron microscopy (STEM), and 

energy dispersive X-ray (EDX) spectrum images for AgPt nanoshells (Figure 7.4A-E), 

assembled nanoparticles (Figure 7.4F-J), nanotubes with smooth surfaces (Figure 7.4K-O), and 

nanotubes with rough surfaces (Figure 7.4P-T). HRTEM results for the AgPt nanoshells and 

assembled nanoparticles indicated that, in addition to their hollow interiors (Figure 7.4A and 

7.4F), both materials displayed a polycrystalline surface (Figure 7.4B and 7.4G). This can be 

assigned to the polycrystalline nature of the Ag spheres employed as seeds for their synthesis. 

The 2.27 Å lattice spacings due to {111} lattice fringes in fcc Pt can be clearly visualized from 

the images. Interestingly, the directions of the lattice fringes in HRTEM image for the AgPt 

assembled nanoparticles (Figure 7.4G) may suggest a preferential exposure of {111} surface 

facets relative to {100} in the individual Pt islands that comprise its surface.  

HRTEM images for AgPt nanotubes displaying smooth (Figure 7.4K and 7.4L) or 

rough (Figure 7.4P and 7.4Q) surfaces also confirmed the formation of hollow interiors (Figure 

7.4K and 7.4P). Moreover, it can be inferred that the smooth nanotubes displayed a single-

crystalline surface enclosed by {100} side facets as a result of the Pt epitaxial deposition over 

the surface of the Ag nanowires (their side surfaces are enclosed by {100} facets). Conversely, 

the rough nanotubes were polycrystalline (Figure 7.4Q), and this can be assigned to the island-
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mode deposition of Pt over its surface at room temperature. HAADF STEM images for all 

AgPt nanostructures (Figure 7.4C, 7.4H, 7.4M and 7.4R) supported the formation of hollow 

interiors and revealed some structural details such as porous walls for nanotubes with rough 

surfaces and assembled nanoparticles. EDX elemental maps for Ag (green) and Pt (red) (Figure 

7.4D, 7.4E, 7.4I, 7.4J, 7.4N, 7.4O, 7.4S, and 7.4T) showed that both Ag and Pt were uniformly 

distributed in all AgPt nanostructures. 

 
 
Figure 7.4. HRTEM (first and second columns), HAADF STEM (third column), and EDX 
spectrum (fourth column) images for AgPt nanoshells (A-E), assembled nanoparticles (F-J), 
nanotubes with smooth surfaces (K-O), and nanotubes with rough surfaces (P-T). In the EDX 
spectrum images, the green and red maps corresponded to Ag and Pt, respectively.  



 

	 162 

The formation of hollow AgPt nanomaterials was also supported by UV-VIS 

spectroscopy (Figure 7.5A-B). The UV-VIS spectra registered from aqueous suspensions 

containing the nanoshells, assembled nanoparticles, and nanotubes relative to their 

corresponding Ag nanocrystals employed as templates show the disappearance of the band 

associated with the dipolar mode of the localized surface plasmon resonance (LSPR) excitation 

from Ag as a result of Pt deposition (Pt does not display SPR extinction in the visible range) 

and the formation of hollow interiors.214,215 The XRD patterns (Figure 7.5C-D) confirmed the 

formation of AgPt nanostructures without any impurities in all cases. 

 

 
 
Figure 7.5. UV−VIS extinction spectra recorded from aqueous suspensions containing Ag 
nanospheres, nanoshells, and assembled nanoparticles (A) and wires, nanotubes with smooth 
surfaces, and nanotubes with rough surfaces (B). 
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In addition to the fact that AgPt nanoshells, assembled nanoparticles, and nanotubes 

represent attractive materials for catalytic applications, we were particularly interested in 

investigating how shape (spherical vs one-dimensional) and surface morphologies (smooth vs 

rough) affected their catalytic performances. To this end, we employed the CO oxidation as a 

model reaction due to its relevance in the field of fuel production, as it represents an efficient 

way to purify hydrogen streams from organic compounds reforming.208,209 Also, this reaction 

plays an important role in environmental remediation owing to the high toxicity of CO.210,211 It 

is important to note that the utilization of metal nanoparticles as catalysts for gas-phase 

transformations requires the utilization of solid supports to avoid nanoparticle agglomeration 

(that leads to decreased catalytic performances) during the catalytic reactions that are often 

carried out at relatively high temperatures (up to ~350 oC in this paper). However, the 

generation of supported catalysts in which the noble-metal component is uniformly dispersed 

over the entire surface of the support (without agglomeration) remains very challenging. We 

could circumvented this limitation by employing a wet impregnation approach, which enabled 

the uniform deposition of the obtained AgPt nanoshells, assembled nanoparticles, and 

nanotubes over the entire surface of the SiO2 support to generate AgPt/SiO2 materials as shown 

in Figure 7.6A-D. The low-magnification SEM images clearly demonstrate that no 

agglomeration took place and the nanoshells, assembled nanoparticles, and nanotubes were 

uniformly distributed over the SiO2 surface. It is noteworthy that, in order to generate the 

AgPt/SiO2 catalysts, the synthesis of the AgPt nanoshells, assembled nanoparticles and 

nanotubes were firstly scaled-up by 100 folds as compared to the synthesis described in the 

experimental section (Figure 7.3). The Pt loading in the AgPt/SiO2 materials shown in Figure 

7.6A-D corresponded to 1 % in weight as determined by ICP-OES.  
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Figure 7.6. SEM images of AgPt/SiO2 catalysts obtained by the wet impregnation of AgPt 
nanoshells (A), assembled nanoparticles (B), nanotubes with smooth surfaces (C), and 
nanotubes with rough surfaces (D) onto commercial SiO2. The Pt content in all samples 
corresponded to 1 wt. %. 
 
 

As shown in Figure 7.7, no changes in morphology were observed after scaling up the 

synthesis, indicating that our approach was robust. This represents a significant progress 

relative to the literature concerning the large-scale production of morphology and shape 

controlled Pt nanocrystals. 
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Figure 7.7. (A and B) TEM and (C and D) SEM images for AgPt nanoshells (A), assembled 
nanoparticles (B), nanotube with smooth surfaces (C), and nanotubes with rough surfaces (D) 
obtained after 1 h employing the scaled-up approach performed in the same conditions 
described in Scheme 1.  
 
 

The number of Pt surface atoms in the AgPt/SiO2 materials was determined by 

hydrogen chemisorption (Table 7.2) and corresponded to 4.25, 1.70, 4.10, and 4.56 µmol per 

gram of catalysts for nanoshells (Figure 7.6A), assembled nanoparticles (Figure 7.6B), 

nanotubes with smooth surfaces (Figure 7.6C), and nanotubes with rough surfaces (Figure 

7.6D), respectively. With the exception of the AgPt assembled nanoparticles, all the other AgPt 

materials presented similar surface areas as revealed by the chemisorption results. Interestingly, 

while all other AgPt catalysts were synthetized by a galvanic replacement reaction between 

PtCl6
2- and Ag, the AgPt assembled nanoparticles was obtained by a combination of the 

galvanic replacement reaction between PtCl6
2- and Ag as well as PtCl6

2- to Pt reduction by 

hydroquinone, which led to the deposition of dense Pt islands at the surface of the assembled 

nanoparticles. Therefore, it is plausible that the presence of hydroquinone at the particle’s 
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surface, together with its distinct surface morphologies, contributed to its lower surface areas 

relative to the other samples.  

 
Table 7.2. Number of Pt surface atoms in the AgPt/SiO2 catalysts obtained by H2 
chemisorption. 
 

Sample Pt surface atoms (µmol/g catalyst) 

nanoshells 4.25 

assembled nanoparticles 1.70 

nanotubes (smooth surface) 4.10 

nanotubes (rough surface) 4.56 

 

The AgPt/SiO2 materials were then investigated as catalyst towards the gas-phase CO 

oxidation reaction according to Equation 1: 

 

2CO(g) + O2(g)  →  2CO2(g)                                                   (1) 

  

Figure 7.8A shows the CO conversion percentages as a function of temperature for 

nanoshells (blue trace), assembled nanoparticles (green trace), nanotubes with smooth surfaces 

(black trace), and nanotubes with rough surfaces (red trace). Control experiments employing 

pure SiO2 (without any catalyst) and Ag nanospheres and wires supported on SiO2 were also 

included for comparison. 
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Figure 7.8. CO conversion percentages as a function of temperature (A) and time (B) 
employing AgPt/SiO2 nanoshells (blue trace), assembled nanoparticles (green trace), 
nanotubes with smooth surfaces (black trace), and nanotubes with rough surfaces (red trace) as 
catalysts. The catalytic activities towards CO oxidation followed the order: nanotubes with 
smooth surfaces > nanoshells, nanotubes with rough surfaces > assembled nanoparticles.   
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In the presence of pure SiO2, no significant CO conversion was observed in the 

employed temperature range. When Ag nanospheres and wires were used as catalysts, the CO 

conversion was observed only at high temperatures (> 390 °C), showing that pure SiO2 and the 

Ag nanostructures have poor activities towards CO oxidation under our employed conditions 

(below 300 oC). For all AgPt catalysts, the CO conversion percentages increased with the 

reaction temperature,210,211 but nanotubes with smooth surfaces begin to oxidize CO and reach 

100% CO conversion at lower temperatures relative to nanoshells and nanotubes with rough 

surfaces, which in turn start to oxidize CO and achieve its total conversion at lower 

temperatures than the assembled nanoparticles. At 250 °C, for example, 100% CO conversion 

was observe for nanotubes with smooth surfaces, around 50% CO conversion for nanoshells 

and nanotubes with rough surfaces, and 0% CO conversion for assembled nanoparticles. 100 

% conversion was achieved at 250, 280, 280, and 330 oC for nanotubes with smooth surfaces, 

nanoshells, nanotubes with rough surfaces, and assembled nanoparticles, respectively. Thus, 

the catalytic performance of the AgPt/SiO2 materials as a function of the temperature decreased 

in the following order: nanotubes with smooth surfaces > nanoshells, nanotubes with rough 

surfaces > assembled nanoparticles.  

When the CO conversion percentages catalyzed by nanoshells and assembled 

nanoparticles are compared, the better catalytic performance observed for the nanoshells can 

be associated with the higher number of Pt surface atoms relative to the assembled 

nanoparticles. Specifically, the nanoshells had an increase of 150 % in the number of Pt surface 

atoms relative to the assembled nanoparticles, and this higher number of Pt surface atoms may 

be associated with their smaller particle size and shell thickness, and the consequent increased 

number of AgPt particles per mass of catalyst, relative to the assembled nanoparticles (Figures 

7.3 and 7.4). On the other hand, nanotubes with rough surfaces had a higher number of Pt 

surface atoms than the nanotubes with smooth surfaces (the number of Pt surface atoms was 



 

	 169 

10 % higher relative to the nanotubes with smooth surfaces), but they displayed inferior 

catalytic performances. These variations can be explained based on the differences in surface 

morphologies that enable the exposure of distinct surface facets in each sample. For instance, 

while the nanotubes with rough surfaces were polycrystalline (enclosed by a mix of {111} and 

{100} surface facets), the nanotubes with smooth surfaces were enclosed by {100} surface 

facets at their side walls as a result of the epitaxial Pt deposition over the surface of the Ag 

nanowires employed as templates. In this context, it has been reported that the CO and formic 

acid oxidation catalyzed by noble metal nanoparticles display a facet-dependent behavior, in 

which {100} facets shows enhanced catalytic activities towards the CO and formic acid 

oxidation.216–220 Thus, it is plausible that the preferential exposition of {100} facets on the AgPt 

nanotubes with smooth surfaces enabled better catalytic performances not only relative to 

nanotubes with rough surfaces, but also relative to the nanoshells and assembled nanoparticles, 

even though the number of Pt surface atoms for the nanoshells and nanotubes with rough 

surfaces were higher than that for nanotubes with smooth surfaces. Therefore, our results 

indicate that the increase number of Pt surface atoms of nanoshells relative to the assembled 

nanoparticles may have contributed higher catalytic performances of the nanoshells as 

compared to the assembled nanoparticles. However, the preferential exposure of {100} side 

facets in the nanotubes with smooth surfaces compensated the decrease in the number of Pt 

surface atoms relative to both the nanotubes with rough surfaces and nanoshells. This 

observation is in agreement with the apparent preferential exposure of {111} facets in the 

assembled nanoparticles, which could also contribute to their lower performance relative to the 

other catalysts. It is possible that presence of hydroquinone at the surface of the assembled 

nanoparticles may also have contributed to their lower surface areas, and thus lower catalytic 

activities, relative to the other samples. 
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It is important to note that the differences in size among the samples are related to the 

detected variation in the Pt surface areas, and we focused on this parameter, rather than size, to 

explain the catalytic results. In fact, although the observed catalytic activities did not correlated 

directly with size (this comparison is difficult as the assembled nanoparticles and nanotubes 

with rough surfaces display complex surface morphologies), they could be explained based 

both on the detected variations of Pt surface area and preferential exposure of {100} facets in 

the nanotubes with smooth surfaces.  

Figure 7.8B shows the catalytic stability for the nanoshells (blue trace), assembled 

nanoparticles (green trace), nanotubes with smooth surfaces (black trace), and nanotubes with 

rough surfaces (red trace) expressed as a function of CO % conversion as a function of time. It 

can be observed that no significant loss of catalytic activity was detected even after 15 h in 

these materials. Figure 7.9A-D show SEM images for AgPt/SiO2 nanoshells, assembled 

nanoparticles, nanotubes with smooth surfaces, and nanotubes with rough surfaces, 

respectively, that were obtained after the catalytic experiments described in Figure 7.7. All 

catalysts displayed identical morphological features as compared to the samples before the 

catalytic studies (Figure 7.6). As a matter of fact, the shape and uniform dispersion over the 

SiO2 support remained unchanged, in agreement with the results shown in Figure 7.6 and 

indicating their good stability towards aggregation or morphology loss under the experimental 

conditions employed during the catalytic investigations, showing that these materials may 

represent promising candidates for gas-phase catalytic applications. 
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Figure 7.9. SEM images of the AgPt/SiO2 nanoshells (A), assembled nanoparticles (B), 
nanotubes with smooth surfaces (C), and nanotubes with rough surfaces (D) catalysts after the 
catalytic studies. No changes in morphology or dispersion were detected (see Figure 7.6). 
 

7.4. Conclusion 

 
In summary, we investigated the effect of the number of Pt surface atoms and the nature 

of exposed surface facets over the catalytic performances of AgPt nanomaterials displaying 

controlled surface morphologies (smooth or rough surfaces), shapes (spherical or one-

dimensional), and hollow interiors towards the CO oxidation reaction. To this end, we focused 
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of AgPt nanoshells (smooth surfaces), assembled nanoparticles (rough surfaces), and 

nanotubes with smooth or rough surfaces. All these materials could be synthetized by the 

galvanic replacement reaction between Ag spheres or wires and PtCl6
2-

(aq), and were supported 

onto SiO2 to generate the AgPt/SiO2 catalysts in which the AgPt component was uniformly 

dispersed over the entire surface of the support without agglomeration. Catalytic performances 

towards the CO oxidation followed the order: nanotube with smooth surfaces > nanoshells, 

nanotubes with rough surfaces > assembled nanoparticles. The better catalytic performance 

observed for the nanoshells relative to the assembled nanoparticles could be assigned to their 

higher number of Pt surface atoms. Conversely, while nanotubes with smooth surfaces 

presented a lower number of Pt surface atoms relative to the nanotubes with rough surfaces, 

they displayed superior catalytic performances as a result of the preferential exposure of {100} 

facets (which are the most active towards CO oxidation relative to {111} and {110}). 

Interestingly, the nanotubes with smooth surfaces also displayed higher catalytic activities 

when compared to the nanoshells, showing that the preferential exposure of {100} side facets 

in the nanotubes with smooth surfaces compensated the decrease in the number of Pt surface 

atoms relative to the nanoshells for improved catalytic performances. The data presented herein 

show that the optimization of catalytic performances of AgPt materials depend not only on the 

number of Pt surface atoms, but also (and more importantly) on the preferential exposure of 

active surface facets. We believe these results can have important implications for the design 

of highly active Pt-based catalysts towards gas-phase transformations. 
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Chapter 8 

 
Cu2O Spheres as an Efficient Source of Catalytic Cu(I) Species for Performing 

Azide-Alkyne Click Reactions 

 
8.1. Introduction 

 

The copper(I)-catalyzed azide–alkyne cycloaddition (CuAAC) corresponds to one of the 

best clic examples of click reactions. This transformation enables the connection of two 

molecular fragments in a facile, selective, and high-yield approach under mild conditions, 

being not sensitive to aqueous conditions, and with little or no by-product formation.221–224 

Therefore, it represents a transformation of great interest in many fields such as organic 

synthesis,225,226 pharmaceuticals,227,228 polymers,229,230 and chemical biology231 due to the 

possibility of generate relatively complex products under mild conditions.  

Conventionally, this click reaction is performed using a water soluble catalyst comprised 

of Cu(I) salts, Cu(I) complexes, or Cu(II) salts combined with a reducing agent such as sodium 

ascorbate or hydrazine.226,232–237  However, the low efficiency of conversion of Cu(II) into 

Cu(I) species associated with the high toxicity of the reducing agents as well as the demand for  

improved and greener processes has driven the development of several new catalytic systems 

towards click transformations.226,238–241 

In this context, the employment of cuprous oxide (Cu2O) as the source of highly active 

Cu(I) species for catalyzing CuAAC reactions represents a promising strategy. This can be 

performed by two general approaches: by adding pre-synthetized Cu2O based structures as 

catalysts in the reaction mixture or by synthetizing them in-situ before the substrate addition 

by using Cu(II) salts combined with reducing agents.105,106,233,242 The latter approach, albeit is 

more widely employed, has several drawbacks that include: i) limited amounts of produced 
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Cu(I) based species; ii) poor control over their physicochemical properties (size and shape) that 

usually lead to low substrate conversions and poor yields; and iii) formation a more complex 

and toxic reaction mixture, which makes the product purification more troublesome and also 

decrease environmentally friendliness of the process.238 

In this paper, we report the high yield synthesis of Cu2O spheres displaying well-defined 

shapes and monodisperse sizes by a facile and robust polyol approach. The Cu2O spheres were 

then employed as source of highly catalytic active Cu(I) species towards click reactions 

between a variety of alkynes and azides under ligand-free and mild conditions (in an open 

reactor). More specifically, the utilization of Cu2O spheres enabled superior performances as 

compared to a conventional protocol in which CuSO4 is employed in combination with sodium 

ascorbate as the catalyst system. In addition, good yields for a variety of click products was 

achieved, which enabled the synthesis of seven unpublished, novel molecules. 

 

8.2. Experimental 

 
Material and Instrumentation 
 

Analytical grade copper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O, 99%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 55,000 g/mol), ethylene glycol (EG, 99.8%, 

Sigma-Aldrich), solvents (dimethyl formamide, C3H7NO, 99.8%; methanol, CH4O, 99.8%; 

diethyl ether, C4H10O, 99.5%; anhydrous ethanol, C2H6O, 99.8%; acetonitrile, CH3CN, 99.8%; 

hexane, C6H14 – mixture of isomers; ethyl acetate, C4H8O2, 99.5%; dichloromethane, CH2Cl2, 

99.5%; acetone, C3H6O, 99.5%; all of them were purchased from Vetec, Brazil), anhydrous 

sodium sulphate (Na2SO4, 99%, Vetec, Brazil), potassium carbonate (K2CO3, 99.0%, Vetec, 

Brazil), sodium carbonate (Na2CO3, 99.5%,  Vetec, Brazil), Benzyl alcohols (benzyl alcohol, 

C7H8O, 99.8%; 4-methoxy benzyl alcohol, 98% ; 4-(trifluoromethyl)benzyl alcohol, 98%; all 

of them purchased from Sigma-Aldrich), pent-4-yn-1-ol (C5H8O, 97%, Sigma-Aldrich), 
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methanesulfonyl chloride (CH3SO2Cl, 98%, Sigma-Aldrich), sodium azide (NaN3, 99%, 

Vetec, Brazil), triethylamine (C6H15N, 99% Sigma-Aldrich), propargyl bromide solution 

(C3H3Br, 80% wt. in toluene, contains 0.3% of magnesium as stabilizer, Sigma-Aldrich), 

vaniline (C8H8O3, 99%, Sigma-Aldrich), (phtalimide, C8H5NO2, 99%, Sigma-Aldrich), 

cinnamic acid (C9H8O2, 97%, Sigma-Aldrich), 4-(dimethylamino)pyridine (DMAP, C7H10N2, 

99%, Sigma-Aldrich), N,N-dicyclohexylcarbodiimide (DCC, 99%, Sigma-Aldrich)  and 

phenol (C6H5OH, 99%, Vetec, Brazil) were used as received. Eugenol was extracted via 

hydrodistillation from cloves purchased from local market. Subsequently, eugenol was purified 

by column chromatography. 

The scanning electron microscopy (SEM) images were obtained using a JEOL field 

emission gun electron microscope JSM6330F operated at 5 kV. The samples were prepared by 

drop-casting an aqueous suspension containing the structure over a silicon wafer, followed by 

drying under ambient conditions. UV-VIS spectrum were obtained from aqueous suspension 

containing the structure with a Shimadzu UV-1700 spectrophotometer. The Cu content was 

measured by inductively coupled plasma optical emission spectrometry (ICP-OES) using a 

Spectro Arcos equipment. X-ray diffractometry (XRD) measurement was performed on a 

Rigaku model Miniflex equipment using a CuKα radiation (30 kV, 15 mA, λ = 0.15418 nm). 

The diffraction pattern was measured between 10 and 90°2θ with a step size of 0.02°2θ. 1H- 

and 13C-NMR spectra were recorded on a Varian Mercury 300 instrument at 300 MHz and 75 

MHz, respectively using CDCl3 as solvents. NMR data are presented as follows: chemical shift 

(δ) in ppm, multiplicity, number of protons, J values in Hertz (Hz), and proton assignment. 

Multiplicities are shown as the following abbreviations: s (singlet), d (doublet), dd (doublet of 

doublets), ddtap (apparent doublet of doublets of triplets) t (triplet), td (triplet of doublets), q 

(quartet), quint (quintet), m (multiplet). IR spectra were obtained using Varian 660-IR equipped 

with GladiATR scanning from 4000 to 500 cm−1. Analytical thin layer chromatography 
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analysis was conducted on aluminum backed precoated silica gel plates using different solvent 

systems and were visualized using potassium permanganate solution, phosphomolybdic acid 

solution and/or UV light. Flash column chromatography was performed using silica gel 60 (60–

230 mesh). 

 

Synthesis of Cu2O spheres 
 

Cu2O spheres were prepared by the polyol process. In a typical experiment, 3.3 g of 

polyvinylpyrrolidone (PVP) was dissolved in 25 mL of ethyleneglycol. The resulting solution 

was heated at 172 °C for 10 minutes and then 200 mg of Cu(NO3)2⋅3H2O was quickly added. 

The reaction mixture was kept for 10 more minutes under vigorous stirring leading to the 

appearance of a light yellow color. Then, the mixture was allowed to cool down to room 

temperature. After their synthesis, the Cu2O spheres were washed twice with ethanol and once 

with ethyleneglycol by successive rounds of centrifugation at 7,000 rpm and removal of the 

supernatant. After washing, the Cu2O spheres were suspended in 25 mL of ethyleneglycol. 

 

Click reactions – general procedure 
 

In a 10 mL round bottom flask, it was added 0.5 mmol of azide, 0.6 mmol of terminal 

alkyne, 310 µL of Cu2O spheres suspended in ethylene glycol, 1 mL of distilled water and 1 

mL of dichloromethane. The resulting mixture was stirred at 40 oC until reaction completion, 

which was monitored by TLC analysis. Then, the mixture was extracted with ethyl acetate 

(three times with portions of 15 mL). The organic extracts were combined and the resulting 

organic layer was dried over sodium sulphate, filtered and concentrated under reduced 

pressure. The residue was purified by column chromatography eluted with hexane-ethyl 

acetate-dichloromethane (3:1:3 v/v). 
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8.3. Results and discussion 

 
Our studies started with the synthesis of Cu2O spheres by a polyol approach employing 

Cu(NO3)2⋅3H2O as the precursor, ethylene glycol as the solvent and source of reducing agents, 

PVP as the stabilizer/reducing agent, and 172 oC as the reaction temperature (Figure 8.1).243  

 

 
 
Figure 8.1. Synthesis of Cu2O spheres by a polyol approach employing Cu(NO3)2⋅3H2O as the 
precursor, ethylene glycol as the solvent and source of reducing agents PVP as the 
stabilizer/reducing agent at 172 oC. 

 

As we were interested in the application of Cu2O spheres as a source of catalytic active 

Cu(I) species towards click reactions, the development of a synthetic procedure that enabled 

narrow size distribution in high yields was crucial to achieve reproducible and efficient click 

protocols, which represents one of the bottlenecks in the field.244 In fact, SEM images (Figure 

8.2A and 8.2B) for the product obtained after only 10 minutes following the addition of 

Cu(NO3)2⋅3H2O to a solution containing ethylene glycol and PVP, revealed the formation of 

Cu2O spheres displaying well-defined shapes and monodisperse sizes, having 346 ± 13 nm in 

diameter (histogram of size distribution is shown in Figure 8.2C).  
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Figure 8.2. (A-B) SEM images for Cu2O spheres obtained after only 10 minutes following the 
addition of Cu(NO3)2.3H2O to a solution containing EG and PVP (C) Histogram showing the 
particle size distribution for the obtained Cu2O spheres. 

 

The formation of Cu2O spheres was supported by XRD results (Figure 8.3), in which 

only the presence of peaks assigned to Cu2O was detected (cuprite, with lattice constant of 4.26 

Å, JCPDS card no. 77-0199) without any crystalline impurities or by-products.245 The UV-VIS 

spectrum also supports the formation of Cu2O (Figure 8.4). In this case, the UV-vis spectrum 

for the obtained Cu2O spheres displayed a broad band centered at ~ 570 nm with a shoulder 

centered at ~ 650 nm attributed to weak d10-d10 interactions in the cuprite structure (bbc Cu2O 

array), which also explain the origin of the intense yellow color for this material.246 In addition, 

the bands centered at ~ 570 and at ~ 650 nm are in agreement with the absorption of Cu2O 

structures with particle average size of 300 – 600 nm and their calculated band gap energies 

corresponded to 2.18 and 1.91 eV, respectively.247,248 The Cu content from the synthesis, as 
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determined by ICP-OES analyses, corresponded to 0.77 mmol, indicating a yield of 93% for 

the formation of the spheres under our employed conditions. 

 

 
 
Figure 8.3. (A) X-ray diffraction pattern recorded from the obtained Cu2O spheres. 

 

 
 
Figure 8.4. (A) UV−VIS spectra recorded from aqueous suspensions containing the obtained 
Cu2O spheres.   

 

After the synthesis of Cu2O spheres in high yields, having monodisperse sizes, and 

controlled shapes, we turned our attention to their application as source of highly catalytic 

active Cu(I) species towards click transformations employing terminal alkynes and benzyl 

azides as substrates under mild conditions, without additional ligands, and in an open reactor 

(ambient atmosphere). The alkynes were prepared via standard alkylation procedures of 

phenols, phtalimide, indan-1,3-dione and cinnamic acid. The synthesis of azides were achieved 
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according previous reports.249 For the characterization of the compounds, spectroscopic (IR 

and NMR) and spectrometric (mass spectrometry) techniques were utilized.  

Our catalytic investigation started with a control experiment without the utilization of 

any catalyst (Table 8.1, entry 1), in which no significant substrate conversion was observed 

after 10 h of reaction at room temperature, demonstrating the need of Cu(I) species to achieve 

the target transformation, as demonstrated by previous reports.221–224  This hypothesis was 

probed when CuSO4 combined with sodium ascorbate (a traditional catalyst system in click 

reactions) was added to the system under the same experimental conditions (Table 8.1, entry 

2), in which a yield of (46%) for click product (12) was observed after 10 h at room 

temperature. However, when Cu2O spheres were employed as source of Cu(I) species (Table 

8.1, entry 3) a significant increase in yield for the click product was achieved (85%) under the 

same Cu loading after 10 h, illustrating their superior catalytic activity which can be associated 

with limited amount of Cu(I) species formed in situ using CuSO4 and sodium ascorbate. 

 
Table 8.1.  Effect of the nature of the catalyst over the click reaction yield a 

 

 

Entry Source of Cu(I) Yield (%)b 

1 - (-)c 

2 CuSO4/Sodium ascorbate 46 

3 Cu2O spheres 85 

a All the reactions were run using 1.0 equivalent of alkyne (1) and 1.2 equivalent of 
azide (9), 20 mol% of catalyst (Cu basis), at room temperature for 10h.  

b Isolated yields. 
c Reaction performed without any catalyst; no product detected. 
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After demonstrating the superior activity of Cu2O spheres as catalysts (source of Cu(I) 

species), we performed a series of experiments in order to optimize the efficiency of our click 

process as a function of the temperature (Table 8.2) using the alkyne 1 and benzylazide 9 as 

model substrates to afford the triazolic compound 12 as depicted in the first row of Table 8.2. 

Herein, when the reaction was performed at room temperature (Table 8.2, entry 1), a yield of 

85 % for compound 12 was obtained after 10 h of reaction. However, when the reaction 

temperature was increased to 40 oC (Table 8.2, entry 2), almost the same yield (87 %) was 

achieved after only 2 h of reaction. Finally, at 60 oC (Table 8.2, entry 3), the total conversion 

of alkyne was observed but a lower yield for the compound 12 (63%) was achieved, indicating 

a lower selectivity for the click product at this temperature. Thus, 40 oC corresponded to lowest 

temperature in which good yields and maximum selectivity were achieved, and it was chosen 

as the temperature for our further studies.  

 

Table 8.2. Optimization of the temperature parameter for the click reaction in the presence of 
Cu2O spheres as catalystsa 

 

 

Entry Temperature Reaction Time (h) Yield (%)b 

1 Room temperature 10 85 

2 40 oC 2 87 

3 60 oC 1 63 

    
a All the reactions were run using 1.0 equivalent of alkyne (1) and 1.2 equivalent of 

azide (9), 20 mol% of catalyst (Cu basis, 310 µL of Cu2O suspension).  
b Isolated yields. 
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Thus, by using the optimized conditions, several alkynes and azides were employed as 

substrates in the click reactions to afford the corresponding 1,2,3-triazols as shown in Table 

8.3. Herein, we performed several experiments in order evaluate the influence of substrate 

structures over the click reaction and probe the robustness of our system for the synthesis of 

1,2,3-triazols compounds with a large variety of chemical skeleton. Firstly, we employed 

azides containing electron-donating 10 and electron-withdrawing 11 groups in reactions with 

alkyne 1 (Table 8.3, entries 1 and 2, respectively). When the azide contained an electron-

donating group (Table 8.3, entry 1), the triazole product (13) was obtained in 41 % yield after 

5 h of reaction. However, when an azide containing an electron-withdrawing group was 

employed (Table 8.3, entry 2) a yield of 75 % for the triazole product (14) was observed after 

3 h of reaction, indicating a higher reaction rate and selectivity for the click compound in 

agreement with previous reports.250,251 Then, we probed the influence of the size of the chain 

linked to the triazole group over the yield for the respective click product. To this end, we 

employed as substrates two alkynes derived from eugenol, a natural product found in several 

aromatic plants and corresponding to the main component of essential oil from cloves. More 

specifically, we employed alkynes with three (Table 8.3, entry 3) and five (Table 8.3, entry 4) 

carbon atoms in the aliphatic chain. In both cases, high yields were observed after 3 h of 

reaction. When the eugenol derivative (2) (containing a three carbon atom aliphatic chain) was 

employed as substrate, 90 % yield for the unpublished, novel click product 15 was observed. 

On the other hand, the utilization of a substrate with a five carbon aliphatic chain (3) lead to a 

drop in the yield to 71 % for 16, which is also novel/unpublished. We also performed click 

reactions employing as substrates alkynes derived from two other natural products, denoted 

compound 5, which was obtained from cinnamic acid, and compound 6, which is derived from 

vaniline (Table 8.3, entries 6 and 7). In both cases, the reaction of compounds 5 and 6 with 

benzyl azide 9 afforded the unpublished click compounds 18 and 19 in synthetically useful 
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yields (61 and 57 %, respectively). This results indicate that the utilization of Cu2O spheres as 

source of Cu(I) species under our reported conditions can represent a promising strategy for 

the synthesis of novel click products derived from natural raw-materials, generating complex 

molecules with high aggregated-value using natural products as starting material. In order to 

demonstrate the versatility of our Cu2O spheres for this target application, satisfactory yields 

were obtained for a variety of alkynes (4, 7 and 9) as substrates for the reaction with benzilazide 

9 (Table 8.3, entries 5, 8 and 9), which produced three novel, unpublished compounds (17, 20, 

and 21, respectively). 



 

	 187 

Table 8.3 - Click reactions using different alkynes and azides in the presence of Cu2O spheres as catalysta 

Entry Alkyne Azide Product 
Reaction 

Time (h) 

Yield 

(%)b 

1 

 
 

 

5 41 

2 

 
 

 

3 75 

3 

 

 

 

3 90 

4 

 

 

 

 

 

 

 

3 71 



 

 188 

Table 8.3 – continued 

5 
 

 
 

2 65 

6 

 

 

 
 

 

2 61 

7 
 

 
 

2 57 

8 

 
 

 

2 76 
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Table 8.3 – continued 

9 

 

 

(4) 

 

 

 

 

 

 

 

17 11 

a All the reactions were performed using 1.0 equivalent of alkyne (1) and 1.2 equivalent of azide (2), 20 mol% of catalyst (Cu basis, 310 µL 
of Cu2O suspension).  

b Isolated yields. 
* novel/unpublished molecules 
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A general proposed mechanism for the cycloaddition reaction between terminal alkynes 

and benzyl azides in the presence of Cu2O spheres as the source of Cu(I) catalytic species is shown 

in Figure 8.5.252 As we employed a suspension containing solid copper(I) species (Cu2O), it is 

intuitive that the CuAAC reaction would occur at the particle surface.253,254 In this context, the 

proposed reaction mechanism would involve the following steps: i) alkyne coordination onto the 

Cu2O surface; ii) its deprotonation to form the alkynyl-copper(I) intermediate, iii) nucleophilic 

attack from alkynyl-copper(I) intermediate to the azide followed by its coordination onto the Cu2O 

surface; (iv) the cycloaddition reaction, (v) protonation of C–Cu bond followed by iv) desorption 

of 1,2,3-triazole product to the reaction medium.  

 

 
 
Figure 8.5. Proposed mechanism for the click reaction in the presence of Cu2O spheres as catalysts 
(source of Cu(I) active species). 
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8.4. Conclusion 

 
We described herein the utilization of monodisperse Cu2O spheres as an efficient source of 

Cu(I) catalytic species for the synthesis of 1,2,3-triazoles via the Copper(I)-catalyzed azide–alkyne 

cycloaddition (CuAAC) reaction (also known as click reaction) between terminal alkynes and 

benzyl azides. The Cu2O spheres were successfully obtained in high yields (93 %) in only 10 

minutes by a simple and robust polyol approach using ethyleneglycol as solvent and PVP as 

stabilizer at 172 oC. The utilization of Cu2O spheres as catalysts (source of Cu(I) species) led 

superior performance in the click reaction as compared to conventional methods employing CuSO4 

and sodium ascorbate as the catalyst system under the same experimental conditions (time, 

temperature, and Cu loading). Interestingly, using Cu2O spheres as source of Cu(I) species, 

satisfactory yields, for a wealth of substrates with different chemical skeletons under mild 

conditions, ligand-free, and in an open reactor (without inert atmosphere), were obtained 

demonstrating the promising application of Cu2O spheres towards click reactions. Moreover, the 

reported approach enabled the synthesis of seven unpublished/novel molecules including derivate 

compounds from natural raw-material, showing the applicability of our reported approach for the 

synthesis of new structures by click chemistry. We believe the results reported herein shed new 

insights into the optimization of activity and versatility of click reactions towards the synthesis of 

target molecules in environmentally friendly conditions. 
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Chapter 9 
 

Kinetic Understanding of Galvanic Replacement Reactions in Cu2O Under 

Aerobic Conditions: Elucidating the Formation of Bowls, Rattles, and Dendrites  

 

9.1. Introduction 

 
Galvanic replacement has been established as an efficient and versatile approach for the 

one-step and relatively fast synthesis of hollow nanostructures displaying controllable sizes, 

shapes, compositions, and interiors.1–7 This strategy has been extensively investigated for the 

synthesis of bi- and trimetallic nanoparticles based on (Ag, Pd, Pt, Au, Rh, and Ru).1–9 In addition, 

it has been demonstrated that this approach can be extended to metal oxides to generate both 

oxide/oxide and metal/oxide systems. In these systems, oxides in low oxidation states such as 

Mn3O4, Co3O4, and Cu2O are employed as sacrificial templates. This is because these species are 

susceptible to oxidation and dissolution, under appropriate conditions, by a variety of species.10–15  

Galvanic replacement in metal oxides opens enormous possibilities for the synthesis of 

hollow oxide-based systems for sensing, catalytic, and energy storage/conversion applications.16,17 

However, despite these attractive features, a precise understanding over the formation mechanism 

governing galvanic replacement reactions in metal oxide systems remains limited to a few systems. 

Moreover, detailed explanations concerning the formation of relatively complex morphologies are 

scarce.10,16–18  

Even though it has been shown that precursor kinetics can be put to work to the controlled 

synthesis of various nanomaterials, its effect over galvanic replacement reactions have remained 

unexploited.19–23 It may be expected that precursor reduction kinetics should significantly influence 

the morphology and composition when it becomes comparable with other oxidative processes that 
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may occur during galvanic replacement reactions.24 Therefore, kinetic control may represent a 

promising strategy for the rational understanding and synthesis of metal/metal-oxides hybrids 

displaying novel or complex morphologies.24 

We report herein a systematic investigation on the effect of precursor reduction kinetics 

over the morphology and composition of the materials obtained by galvanic replacement reaction 

employing Cu2O oxides as sacrificial templates. Cu2O was chosen due to its susceptibility to 

oxidation under aerobic conditions. In this case, we were particularly interested in investigating 

how the relative rates of Cu2O oxidation by O2 relative to Cu2O oxidation by galvanic replacement 

can be employed to control the morphology and composition. Specifically, we focused on three 

metal precursors with fast, medium, and slow reduction kinetics in the presence of Cu2O under 

aerobic conditions: PdCl4
2-

(aq), AuCl4
-
(aq), and Ru3+

(aq), respectively.  Surprisingly, we found that 

metal-oxide based bowls, rattles, or dendrites could be obtained by simply changing the precursor 

reduction kinetics, expanding on the versatility and understanding of the galvanic replacement 

approach in metal oxides.  

 

9.2. Experimental 

 
Material and Instrumentation 

Analytical grade copper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O, 99%, Sigma-Aldrich), 

polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.W. 55,000 g/mol), ethylene glycol (EG, 99.8%, 

Sigma-Aldrich), tetrachloroauric acid (HAuCl4.3H2O, ≥99.9%, Sigma-Aldrich), potassium 

tetrachloropalladate (K2PdCl4, ≥99.99%, Sigma-Aldrich), Ruthenium(III) chloride hydrate 

(RuCl3·xH2O, 38-42% Ru basis, Sigma-Aldrich), 4-nitrophenol (C6O3NH5, ≥99%, Sigma-

Aldrich), and sodium borohydride (NaBH4, 98%, Sigma-Aldrich) were used as received. 

The scanning electron microscopy (SEM) images were obtained using a JEOL field emission 
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gun electron microscope JSM6330F operated at 5 kV. The samples were prepared by drop-casting 

an aqueous suspension containing the structure over a silicon wafer, followed by drying under 

ambient conditions. Transmission electron microscopy (TEM) images were obtained using a JEOL 

JEM2100 microscope operated at 200 kV. High angle annular dark field (HAADF) scanning 

transmission electron microscopy (STEM) images and energy dispersive X-ray (EDX) 

spectroscopy images were acquired using a FEI TECNAI G2 F20 operated at 200 kV. Samples for 

TEM were prepared by drop-casting an aqueous suspension of the nanostructures over a carbon-

coated copper grid, followed by drying under ambient conditions. UV-VIS spectrum were obtained 

from aqueous suspension containing the structure with a Shimadzu UV-1700 spectrophotometer. 

The metal contents were measured by inductively coupled plasma optical emission spectrometry 

(ICP-OES) using a Spectro Arcos equipment. X-ray diffractometry (XRD) measurement was 

performed on a Rigaku model Miniflex equipment using a CuKα radiation (30 kV, 15 mA, λ = 

0.15418 nm). The diffraction pattern was measured between 10 and 90°2θ with a step size of 

0.02°2θ. X-ray photoelectron spectroscopy (XPS) data of the samples was obtained with an 

SPECSLAB II (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS spectrometer, with Al Kα source 

(E = 1486.6 eV) operating at 12 kV, pass energy (Epass) = 40 eV, 0.1 eV energy step and acquisition 

time of 1 s per point. The samples were placed on stainless steel sample-holders and were 

transferred under inert atmosphere to the XPS prechamber and held there for a 2 h in a vacuum 

atmosphere. The residual pressure inside the analysis chamber was �1 × 10−9 Torr. 

 

Synthesis of Cu2O spheres 

Cu2O spheres were prepared by the polyol process. In a typical experiment, 3.3 g of 

polyvinylpyrrolidone (PVP) was dissolved in 25 mL of ethyleneglycol. The resulting solution was 

heated at 172 °C for 10 minutes and then 200 mg of Cu(NO3)2⋅3H2O was quickly added. The 
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reaction mixture was kept for 15 more minutes under vigorous stirring leading to the appearance 

of a light yellow color. Then, the mixture was allowed to cool down to room temperature. After 

their synthesis, the Cu2O spheres were washed twice with ethanol and once with ethyleneglycol by 

successive rounds of centrifugation at 7,000 rpm and removal of the supernatant. After washing, 

the Cu2O spheres were suspended in 25 mL of ethyleneglycol. For the synthesis of the bimetallic 

nanohybrids, 1 mL of the suspension of Cu2O spheres was washed twice with ethanol and twice 

with water by successive rounds of centrifugation at 7,000 rpm and removal of the supernatant. 

After washing, the Cu2O spheres were suspended in 1 mL of PVP aqueous solution (0.1 wt %). 

  

Galvanic replacement reaction between Cu2O and PdCl4
2-

(aq), AuCl4
-
(aq), or Ru3+

(aq) 

In a typical run, 6 mL of PVP aqueous solution (0.1 wt %) was stirred at 90 °C for 10 min 

in a 25 mL round-bottom flask. Then, 1 mL of as-prepared Cu2O spheres washed and suspended 

in PVP aqueous solution (0.1 wt %) was added to the flask and stirred for 30 s followed by the 

quick addition (one shot) of 5 mL of aqueous solutions of the respective metal precursor (PdCl4
2-

(aq), AuCl4
-
(aq), or Ru3+

(aq)). Here, for each precursor, three parallel reactions were carried out, in 

which their concentrations corresponded to 0.1, 0.6, and 1.0 mM (0.5, 3.0, and 5.0 µmol). After 

the addition of the precursor solution, the reaction was allowed to proceed at 90 °C for another 2 

h. In order monitor the kinetic of metal reduction during the formation of the nanohybrids as a 

function of time, parallel reactions were performed in the same conditions and quenched by cooling 

the reaction flask in ice water at different intervals: 30 s, 1 min, 5 min, 10 min, 30 min, 1 h, and 2 

h, followed by the immediate washing with ethanol (twice) and water (twice) by successive rounds 

of centrifugation at 13,000 rpm and removal of the supernatant. After washing, the resulting 

nanostructures were suspended in 12 mL of PVP aqueous solution (0.1 wt %). The resulting 

suspensions were then employed in the catalytic tests for the 4-nitrophenol reduction reaction.  
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Catalytic reduction of 4-nitrophenol 

Typically, 1 mL of a 1.4 x 10-4 M 4-nitrophenol aqueous solution, 2 mL of 4.2 x 10-2 M 

sodium borohydride aqueous solution, and 50 µL of the suspension containing the synthetized 

nanostructures was added into a quartz cuvette. The catalytic transformation was monitored by 

UV−VIS spectroscopy, in which the intensity in the absorbance at 400 nm (assigned to 4-

nitrophenolate ions) was monitored as a function of time (this signal decreased as the consumption 

of 4-nitrophenolate ions and formation of 4-aminophenol take place). In this case, the UV-VIS 

spectra were collected at 13 s time intervals in the 350 to 500 nm range. A calibration curve for 

absorbance as a function of the 4-nitrophenolate concentration was employed in order to calculate 

the 4-nitrophenol conversion %. The catalytic activities were expressed in terms of substrate 

conversion versus time. 

 

9.3. Results and discussion 

 
Our studies started with the synthesis of Cu2O spheres by a polyol approach.25,26 As shown 

in Figure 9.1, they displayed uniform spherical shapes and monodisperse sizes (503 ± 23 nm in 

diameter).  

 
 
Figure 9.1. SEM image of the Cu2O spheres synthetized by a polyol approach and employed as 
templates in the galvanic replacement reaction with PdCl4

2-
(aq), AuCl4

-
(aq), and Ru3+

(aq). The scale 
bar in the inset corresponds to 500 nm.  
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XRD (Figure 9.2A), UV-Vis (Figure 9.2B), and XPS (Figure 9.2C-E) results confirmed 

that the obtained spheres are composed by Cu2O species in the structure.  

 

 
 
Figure 9.2. (A) XRD pattern, (B) UV-VIS spectrum, and XPS spectra of the Cu 2p (C), Cu LMM 
(D), and O 1s (E) core-levels for the Cu2O spheres. 

 

The XRD results (Figure 9.2A) showed peaks related to the presence of Cu2O (cuprite, with 

lattice constant of 4.26 Å, JCPDS card no. 77-0199). No additional peaks could be detected 

associated with the presence of other crystalline impurities or by-products.2 The formation of Cu2O 

is also supported by UV-VIS analysis (Figure 9.2B), in which the spectrum presented a broad band 

centered at ~ 570 nm together a shoulder centered at ~ 650 nm. Both bands can be attributed to the 

cuprite structure (bbc Cu2O array) with calculated band gap energies of 2.18 and 1.91 eV, 

respectively.3–5 The Cu 2p XPS spectra (Figure 9.2C) presented peaks relate to Cu2O (932.3 eV) 

and Cu(OH)2 (934.5 eV) with their respective weak satellites also present. However, the Cu LMM 
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spectrum (Figure 9.2D) indicated the predominance of Cu2O species due to presence of only one 

LMM peak at 916.7. The O 1s XPS spectra (Figure 9.2E) showed the presence of three surface 

oxygen species with binding energies in range of 525–540 eV: i) lattice oxygen (denoted as OL, 

green trace) in the range of 529.9–529.5; ii) oxygen vacancies or surface oxygen ions (denoted as 

Os, orange trace) in the range of 532.0–531.4 eV; and adsorbed water (denoted as Ow, blue trace) 

around 533.9 eV. The presence of Cu(OH)2 species at the surface can be associated with the Cu+ 

to Cu2+ oxidation, which agrees with the high oxidation susceptibility of Cu+ in Cu2O, as described 

by Equation 1.27 

 

2"#$% +	%$ +	4)$%	 → 	4"#(%))$                                          (1) 

 

The Cu2O spheres were then employed as model starting materials to understand the effect 

of different precursors over the morphology of complex materials obtained from the galvanic 

replacement reaction between Cu2O and different noble metals. Specifically, we focused on PdCl4
2-

(aq), AuCl4
-
(aq), and Ru3+

(aq) as precursors aiming at the generation of complex nanostructures 

comprised of Cu2O or CuO and Pd, Au, and Ru nanoparticles. In these systems, the following 

galvanic replacement reactions are expected:28  

 

"#$% +	-."/0$1 + 	)$%	 → -. +	2"#$2 +	2%)1 +	4"/1                        (2) 

3"#$% +	24#"/01 +	6)2 → 24# +	6"#$2 +	3)$% +	8"/1                      (3) 

3"#$% + 27#82	+	3)$%	 → 27# +	6"#$2 +	6%)1                             (4) 
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Moreover, other parallel reactions can also take place. These include the Cu2O oxidation to 

CuO (or Cu(OH)2 as shown in Equation 1) and CuO dissolution to Cu2+ in acidic media as shown 

below.27 

 

2"#$% +	%$ 	→ 	4"#%                                                      (5) 

"#% +	2)2 → 	"#$2+	)$%                                                (6) 

 

Therefore, it can be expected that the morphological and compositional features of the produced 

nanostructures will be strongly dependent on the relative rates of all these reactions, in which the 

precursor reduction kinetics is expected to play a central role and thus enable the tuning of 

morphological and compositional features. As a matter of fact, it has been established that kinetic 

control represents a powerful tool for the precise manipulation of the properties (size, structure, 

and shape) of metal nanoparticles.19–23 Thus, a change in the kinetic profile may drastically affect 

the final morphology and composition of a nanostructure, which represents the goal of our 

study.29,30 

To this end, we started by monitoring the PdCl4
2-

(aq), AuCl4
-
(aq), and Ru3+

(aq) precursor 

reduction kinetics during their galvanic replacement reaction with Cu2O spheres, in which the 

amount of precursor reduced as a function of time was measured as described in Figure 9.3.  
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Figure 9.3. (A) Concentration of PdCl4

2-
(aq), AuCl4

-
(aq), or Ru3+

(aq) (black, red, and green traces, 
respectively) as a function of time during their galvanic replacement reaction with Cu2O. (B) Plots 
of [PdCl4

2-
(aq)], [AuCl4

-
(aq)] or [Ru3+

(aq)] up to 5 min of reaction. (C) Zero order rate constants (k) 
calculated from the slopes from the curves shown in (B). (D) Plots of ln[PdCl4

2-
(aq)], ln[AuCl4

-
(aq)] 

or ln[Ru3+
(aq)] as function of time after 5 min of reaction. (E) First order rate constants (k) calculated 

from the slopes of the curves shown in (D). 
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Figure 9.3A shows that the rate of reduction of the precursors was strongly depend on the 

nature of the metal, and decreased in the following order: PdCl4
2-

 > AuCl4
-
 > Ru3+. The reactions 

comprising the precursors consumption could not be modulated using only one kinetic model. In 

this case, we found that this system can be described by two regimes: i) an initial reaction step (up 

to 5 min, described for a zero-order law); and ii) a propagation step (after 5 min, first-order law). 

This data hints that competitive processes may take place together with the galvanic reaction. 

During the initial step (under 5 min, Figure 9.3B), while the reduction rate of PdCl4
2- (black trace) 

was fast, AuCl4
- (red trace) and Ru3+ (green trace) showed much lower reduction rates. The 

calculated rate constants (k) indicated that the reaction performed in the presence of the PdCl4
2-

(aq) 

precursor took place 10 and 50 times faster relative to the reactions in the presence of AuCl4
-
(aq) 

and Ru3+
(aq) precursors, respectively (Figure 9.3C). This result indicates that while a significant part 

of PdCl4
2-

(aq) was reduced in the first 5 min of the reaction, only small amounts of AuCl4
-
(aq) and 

Ru3+
(aq) precursors were consumed during this step. Figure 9.3D-E shows the plots of ln[M]t as a 

function of the reaction time and k values for all metal precursors in the second reaction regime 

(step ii, after 5 min of reaction). Here, an opposite tendency in the reduction observed, in which 

the reduction of PdCl4
2- became significantly lower as compared to AuCl4

- and Ru3+. This agrees 

with the amount of precursor remained in solution after 5 min of reaction. 

In order to investigate how the nature of the metal precursors and their reduction kinetics 

affected the morphological features of the produced nanostructures, we performed SEM analyzes 

for the samples obtained by galvanic replacement reaction between Cu2O and different amounts of 

PdCl4
2-

(aq), AuCl4
-
(aq), and Ru3+

(aq) precursors as shown in Figure 9.4.  
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Figure 9.4. SEM images for materials obtained from the galvanic replacement reaction between 
0.5, 3.0, and 5.0 µmol of different metal precursors and 10 µmol of Cu2O spheres: (A-C) PdCl4

2-

(aq), (D-F) AuCl4
-
(aq), and (G-I) Ru3+

 (aq). The scale bar in the insets correspond to 250 nm. 
 

It can be observed that the structures (solid vs hollow interiors) and surface morphologies 

(smooth vs branched surfaces) were strongly dependent on the nature of the metal precursor 

employed during the synthesis. The rupture of the spherical shape was observed in all cases when 

the amount of metal precursor was higher than 5.0 µmol as depicted in Figure 9.5.  
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Figure 9.5. SEM images for the materials obtained from the galvanic replacement reaction between 
of 6.0 µmol of PdCl4

2-
(aq) (A), AuCl4

-
(aq) (B), and Ru3+

(aq) (C) and 10 µmol of Cu2O spheres. 
 

 

The UV-VIS spectra and XRD patterns (Figure 9.6 and 9.7, respectively) indicate the 

disappearance for the bands or diffraction peaks assigned to Cu2O in all nanomaterials, in 

agreement with the consumption of Cu2O during the galvanic reaction.31 The UV-vis spectrum of 

Cu2O spheres (black trace) is also shown for comparison. The UV-VIS spectra show the 

disappearance of the band related to the Cu2O spheres in all cases as a result of Cu2O oxidation. In 

addition, after addition of 5 µmol of metal precursors, bands associated with the deposition of 

second metal could be observed for Pd (~ 270 nm) and Au (~ 690 nm) in (A) and (B), respectively. 

No bands due to Ru-based species could be detected in (C).  

 

 
 
Figure 9.6. UV−VIS extinction spectra recorded from aqueous suspensions containing the 
materials obtained after the addition of 0.5 (violet trace), 3.0 (blue trace), and 5.0 mmol (red trace) 
of PdCl4

2-
(aq) (A), AuCl4

-
(aq) (B), and Ru3+

(aq) (C) to aqueous suspensions containing 10 µmol of 
Cu2O spheres. 
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Only peaks assigned to fcc Pd and Au were detected after the reaction between Cu2O and 

PdCl4
2-

(aq) and AuCl4
-
(aq), respectively. On the other hand, only peaks asigned to CuO were detected 

in after the reaction between Cu2O and Ru3+
(aq). 

 

 
 
Figure 9.7. XRD patterns for the materials obtained from the reaction between 5.0 µmol of PdCl4

2-

(aq) (top trace), AuCl4
-
(aq) (middle trace), and Ru3+

(aq) (bottom trace) and 10 µmol of Cu2O spheres. 
 

In the synthesis employing PdCl4
2- as precursor (Figure 9.4A-C), the formation of hollow 

nanoparticles displaying apparently smooth surfaces was observed. An increase in the degree of 

hollowing was detected when the amount of metal precursor was increased from 0.5 µmol up to 

3.0 and 5.0 µmol. This observation may be explained due to the increased extension of the galvanic 

reaction as a function of the amount of metal precursor added into the reaction.32 More specifically, 

the reaction between Cu2O and PdCl4
2-

(aq) led to the formation of well-defined bowls containing a 

single and relatively big pore at the surface of each particle. The size of the pores increased after 

the addition of 0.5, 3.0, and 5.0 µmol of PdCl4
2-

(aq), until the rupture of the structure after the 

addition of 6.0 µmol of PdCl4
2-

(aq) (Figure 9.5A).  
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HRTEM and STEM-HAADF images for the sample obtained after the reaction between 

Cu2O with 5.0 µmol of PdCl4
2-

(aq) (Figure 9.8A-D) confirm the formation of the bowl morphology, 

in which the walls were comprised of small Pd NPs ~ 8 nm in size.  

 

 
 
Figure 9.8. HRTEM (first and second columns), HAADF-STEM (third and fourth columns), and 
STEM-EDX elemental map (fifth column) images for the materials obtained from the galvanic 
replacement reaction between of 5.0 µmol of PdCl4

2-
(aq) (A-F), AuCl4

-
(aq) (G-L), or Ru3+

(aq) (M-R) 
and 10 µmol of Cu2O spheres. 
 

Furthermore, STEM-EDX mapping (Figure 9.8E-F) confirmed that both Cu and Pd are 

uniformly distributed over the extension of the walls. Herein, the the formation of bowls can be 

associated with the high rate of galvanic reaction between PdCl4
2-

(aq) and Cu2O, which exceed the 

parallels oxidative reactions that compete with the galvanic process. Thus, a high degree of Cu2O 

template oxidation was achieved leading to the formation of a complete hollow structure displaying 

high level of porosity and thinner walls.15 This result is supported by the ICP-OES analyses, which 
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showed a 70 at. % of Pd in the obtained nanomaterials. Here, when a Cu2O sphere is kept in contact 

with small amounts of an aqueous PdCl4
2-

(aq) solution, the Cu+ ions from the sphere surface with 

high surface energy (defects, stacking faults, among others) can quickly be oxidized and dissolved 

by PdCl4
2-

(aq)
 ions, producing Cu2+ ions into the reaction and leading to the formation of small 

cavities at the nanoparticle surface. Correspondingly, Pd atoms are deposited on the nanoparticle 

surface as a result of the reduction of the PdCl4
2-

(aq) precursor. As more Cu2O is replaced by Pd, 

the formation of a hollow nanomaterial is expected.32,33 As Pd and CuO do not display a great 

miscibility at nanoscale due to their different lattices constants (aPd = 3.61 Å; aCuO = 4.68 Å) of the 

face-centered cubic (fcc) and monoclinic structures of Pd and CuO, respectively, the Pd atoms do 

not tend to deposit as an uniform Pd layer but as islands at the Cu2O surface, leading to the 

formation of the observed bowls whose shells are comprised of several Pd nanoparticles as 

observed by HRTEM (Figure 9.4A-C).34,35 XPS analysis (Figure 9.9A-D) indicate that the Cu2+ 

species were present at the walls as CuO or Cu(OH)2. Therefore, this material can be defined as 

containing a thin CuO and/or Cu(OH)2 shell decorated with Pd NPs ~8 nm in size. Only Pd peaks 

could be indexed in the XRD diffractogram (Figure 9.7A), in agreement with the probably thin 

thickness of the CuO/Cu(OH)2 walls. 
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Figure 9.9. XPS spectra of the Cu 2p (first column), Cu LMM (second column), noble metals 
(third column), and O 1s (fourth column) levels for the materials obtained following the addition 
of 0.5, 3.0, and 5.0 µmol (top to bottom) of PdCl4

2-
(aq) (A-D), AuCl4

-
(aq) (E-H), and Ru3+

(aq) (I-L) 
precursors to an aqueous suspension containing 10 µmol of Cu2O spheres. 
 

Even though the formation of bowls has been previously reported for some polymer and 

oxide systems, we would like to extend the knowledge concerning their formation mechanism for 

our developed system. During the synthesis of hollow nanostructures, a stress in the structure is 

generated by the transformations that occurs over the entire particle such as the removal 

(dissolution) of components as well as the deposition/crystallization of a new phase. This generated 

stress is withstood by the walls. Thus, the rupture of the wall is conditioned to its mechanical 
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resistance, which consequently depends on the wall thickness. In our system, which involves the 

galvanic reaction between PdCl4
2-

(aq) and Cu2O, as the reaction progresses, the formation of 

progressively thinner walls was observed. The thinner walls tend to present lower mechanical 

resistance to the stress generated during the process. Thus, it is plausible that this generated stress 

exceeds the mechanical resistance of the wall and can be relieved by the partial rupture of the 

structure by the formation of a single hole at its surface and thus bowls as depicted in Figure 

9.10.36,37 

 

 
 
Figure 9.10. Proposed mechanism for the formation of CuO-Pd bowls by the reaction between 
Cu2O spheres and PdCl4

2-
(aq) under aerobic conditions. 

 

A markedly different result in terms of morphological evolution was observed when AuCl4
-

(aq) (Figure 9.4D-F) and Ru3+
(aq) (Figure 9.4G-I) were employed as the precursors in the reaction 

with Cu2O. In both materials, the formation of islands or branches at the surface of the templates 

was observed, leading to dendritic surface morphologies. The reaction between Cu2O and AuCl4
-

(aq) led to the deposition of branches at the surface followed by the further deposition of Au NPs as 

the amount of AuCl4
-
(aq) employed in the reaction increased from 0.5 to 5.0 µmol. In the reaction 

between Cu2O and Ru3+
(aq), only the formation of branches was detected.  

The atomic percentage of Au and Ru (measured by ICP-OES) detected in the materials 

obtained after the galvanic reaction with 5.0 µmol of precursor corresponded to 52 and 13 at%, 

respectively. This indicates that the galvanic replacement reaction between Cu2O and Ru3+
(aq) 
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occurred to a lesser extent as compared to AuCl4
-
(aq) and PdCl4

2-
(aq). While only Au diffraction 

peaks were detected in the XRD diffractograms after the reaction between Cu2O and 5.0 µmol 

AuCl4
-
(aq) (Figure 9.7B), only peaks assigned to CuO were detected for the Ru3+

(aq) counterpart 

(Figure 9.7C). In both materials, XPS spectra also indicated the presence of CuO/Cu(OH)2 species 

at the surface (Figure 9.9E-H and 9.9I-L). 

Intriguingly, HRTEM (Figure 9.8G-H) and STEM-HAADF (Figure 9.8I-J) images for the 

sample obtained after the reaction between Cu2O and 5.0 µmol AuCl4
-
(aq) indicated that this 

material displayed a rattle-like morphology. More specifically, the rattles can be described as 

having an outer shell comprised of hollow branches as well as the presence of NPs islands ~ 12 nm 

in size at its surface (Figure 9.4H). Moreover, a solid core ~ 210 nm in diameter could be clearly 

visualized from the images. The STEM-EDX elemental maps (Figure 9.4K-L) revealed that, while 

the shells were comprised on both uniformly dispersed Cu and Au, the core did not contain any 

Au. Conversely, HRTEM (Figure 9.4M-N) and STEM-HAADF (Figure 9.4O-P) images of the 

materials obtained after the reaction between Cu2O and 5.0 µmol Ru3+
(aq) indicated the formation 

of a solid structure (without hollow interiors or surface holes/pores). Also, the STEM-EDX maps 

(Figure 9.4Q-R) showed that while both Ru and Cu were present at the core of the structure, only 

Cu was present at the branches. The XPS data (Figure 9.9 and Tables 9.1-9.3) revealed the presence 

of Cu2+ species at the surface in both cases (from CuO and Cu(OH)2). While Au was detected in 

the materials obtained from the reaction between Cu2O and AuCl4
-
(aq), RuO2 species were detected 

from the reaction between Cu2O and Ru3+
(aq). Here, the formation RuO2 species may be achieved 

from the oxidation of Ru under aerobic conditions as follows.38,39 

 

7# +	%$ 	→ 	7#%$                                                       (7) 
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Table 9.1. Binding energies, surface composition, and Pd:Cu ratio as measured by XPS analyses in the CuO-Pd bowls obtained from the 
galvanic replacement reaction between of 0.5, 3.0, or 5.0 µmol of PdCl4

2-
 (aq) and 10.0 µmol of Cu2O spheres.  

 

 
 

 

Table 9.2. Binding energies, surface composition, and Au:Cu ratio as measured by XPS analyses in the Cu2O@CuO-Au nanorattles 
obtained from the galvanic replacement reaction between of 0.5, 3.0, or 5.0 µmol of AuCl4

-
 (aq) and 10.0 µmol of Cu2O spheres. 

 

AuCl4
-
 (aq) 

(µmol) 

BE of Cu 2p3/2 (eV) KE of Cu 
Auger 
(eV) 

αCu (eV) 
BE of O 1s (eV) BE of Au 4f7/2 (eV) 

Au 4f7/2/ 
Cu 2p3/2 I (CuO) II 

(Cu(OH)2) 
III 

(Cu2O) OL OS OW I (Au0) II (Auδ+) 

0.5 933.2 (3.0) 935.1 (3.8)  917.7 1849.9 529.8 (38) 532.0 (45) 534.0 (17) 83.9 (72) 85.0 (28) 0.03 

3.0 933.0 (3.1) 935.0 (3.9) 
931.4 
(1.7) 

918.0 1851.0 529.4 (37) 531.6 (42) 533.8 (21) 83.5 (78) 85.2 (22) 1.0 

5.0  933.8 (3.6) 
931.5 
(1.9) 

918.0 1849.5  531.7 (62) 533.9 (38) 83.5 (80) 85.2 (20) 8.7 

 

PdCl4
2-

 (aq) 

(µmol) 

BE of Cu 2p3/2 (eV) KE of Cu 
Auger 
(eV) 

αCu (eV) 
BE of O 1s (eV) BE of Pd 3d5/2 (eV) 

Pd 3d5/2/ Cu 2p3/2 
I (CuO) II 

(Cu(OH)2) 
OL OS OW I (Pd0) II (Pdδ+) 

0.5 933.2 (3.0) 935.3 (3.6) 917.4 1850.6 529.9 (16) 532.6 (60) 534.5 (24)  337.8 (100) 0.1 

3.0 933.5 (3.2) 935.1 (4.0) 917.5 1851.0 530.1 (12) 532.5 (69) 534.8 (19) 335.3 (48) 337.4 (52) 0.9 

5.0 932.9 (3.6) 934.7 (4.2) 917.9 1850.8 530.4 (21) 531.9 (46) 534.1 (33) 335.0 (58) 336.8 (42) 1.3 
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Table 9.3. Binding energies, surface composition, and Ru:Cu ratio as measured by XPS analyses in the CuO-RuO2 dendrites obtained from 
the galvanic replacement reaction between of 0.5, 3.0, or 5.0 µmol of Ru3+

 (aq) and 10.0 µmol of Cu2O spheres. 

 
 

 
 

Ru3+
 (aq) 

(µmol) 

BE of Cu 2p3/2 (eV) KE of Cu 
Auger 
(eV) 

αCu (eV) 
BE of O 1s (eV) BE of Ru 

3p3/2 (eV) 
Ru 3p3/2/ Cu 2p3/2 

I (CuO) II 
(Cu(OH)2) 

OL OS OW I (RuO) 

0.5 933.4 (2.8) 935.0 (3.9) 917.6 1851.0 529.9 (39) 532.1 (46) 534.0 (15) 462.8 (6.2) 0.03 

3.0 933.6 (3.0) 935.4 (3.9) 917.7 1851.3 529.9 (39) 532.0 (45) 534.0 (16) 463.5 (5.6) 0.06 

5.0 933.8 (3.8)  917.8 1851.6  532.7 (80) 535.0 (20) 463.4 (5.2) 1.0 
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Our results demonstrate that, although the galvanic replacement reaction may be used to 

explain the morphological changes in the CuO-Pd material, it can not be exclusively explain the 

results observed when AuCl4
-
(aq)

 and Ru3+
(aq) precursors were employed in the reactions. In fact, as 

the reduction rate of both AuCl4
-
(aq)

 and Ru3+
(aq) precursors are slower in the initial step of the 

reaction, we would like to suggest that a competitive oxidative process (Cu+ to Cu2+) may explain 

the differences on the morphologies and composition of the produced nanostructures.  

It is well-established that Cu2O species have low stabilities in water suspensions and can 

be easily oxidized to Cu2+ in the presence of air/dissolved oxygen.27,28,40,41 Moreover, the presence 

of ions such as Cl- (which usually is a component in many metal precursors) can enhance several 

oxidative processes promoted by dissolved oxygen.42 In order to verify if a Cu2O oxidative process 

takes place under aerobic conditions, we performed a control experiment under the same conditions 

described in Figure 9.4 but in the absence of any metal precursors (Figure 9.11A) and by adding 

different amounts of NaCl: 0.5 µmol (Figure 9.11B), 3.0 µmol (Figure 9.11C), and 5.0 µmol 

(Figure 9.11D), in which the morphology of the Cu2O spheres was monitored. Our results 

confirmed the formation of dendritic structures, in which the number and size of the formed 

branches increased as the amount of Cl-
(aq) added into the reaction mixture was increased.  
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Figure 9.11. SEM images for the materials obtained from the oxidation of Cu2O spheres in aerobic 
conditions in the absence of any other metal precursors (A) and in the presence of 0.5 (B), 3.0 (C), 
and 5.0 (D) µmol of NaCl(aq). 

 

Moreover, the intense yellow color of the Cu2O suspension changed to brown, which is 

characteristic of the formation of CuO. UV-VIS and XRD results for these samples also confirmed 

the oxidation of Cu2O to CuO due to the presence of air/dissolved oxygen and Cl- ions (Figure 

9.12).  
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Figure 9.12. UV-VIS extinction spectra (A) and XRD patters (B) for the structures obtained from 
the oxidation of Cu2O spheres in aerobic conditions in the absence of any other metal precursors 
(B) and in the presence of 0.5 (C), 3.0 (D), and 5.0 (E) mmol of NaCl(aq) under similar conditions 
as described in Figure 9.4. 

 

In the presence of higher concentrations of Cl- ions, the color change was even faster (less 

than 5 min). Therefore, the formation of the branches at the surface can be associated with the 

Cu2O to CuO oxidation under aerobic conditions.43 It is noteworthy that the morphological, optical 
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e structural properties of the Cu2O spheres remained unaffected when the same tests were 

performed under a N2 (inert) atmosphere, which confirms that O2 oxidation plays an important role 

over the morphology of the obtained materials.  

Based on our morphological observations, control experiments, and kinetics curves, we 

would like to propose a mechanism that is based on the occurrence of Cu+ to Cu2+ oxidation process 

that competes with the galvanic replacement reaction. as illustrated in Figure 9.13, to explain the 

differences in the morphologies as a function of the precursor reduction kinetics. 

 

 
 
Figure 9.13. Proposed mechanism for the formation of bowls, rattles, and dendrites based on the 
relative initial rates of two competitive processes: i) galvanic replacement reaction between Cu2O 
spheres and each metal precursors (rgalvanic) and ii) aerobic oxidation of Cu2O spheres to CuO 
dendrites (rCu2O oxidation). 

 

 In this case, the detected morphologies were strongly dependent on the initial reduction 

rates of each metal precursor relative to the Cu2O oxidation by O2. Basically, the morphologies 

were determined by two competitive processes: i) the aerobic oxidation of Cu2O spheres to CuO 

dendrites and ii) the galvanic replacement reaction between Cu2O spheres and each metal 

precursor. In the presence of PdCl4
2-

(aq), the initial rate for galvanic reaction was faster relative to 
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the Cu2O oxidation by O2 (rgalvanic > rCu2O oxidation). Thus, most of the metal precursor was consumed 

in the first minutes of the reaction, leading the formation hollow CuO-Pd bowls. When AuCl4
-
(aq) 

was employed as precursor, the initial rate of the galvanic reaction was slower relative to the PdCl4
2-

(aq) scenario, and became comparable with the Cu2O oxidation by O2 (rgalvanic ≅ rCu2O oxidation), which 

took place together with the galvanic replacement reaction and led the formation of rattles. Figure 

9.14 depicts a scheme for explaining the formation of the rattles.  

 

 
 
Figure 9.14. Proposed mechanism for the formation of Cu2O@CuO-Au rattles from thee reaction 
between Cu2O spheres and AuCl4

-
(aq) precursor under aerobic conditions. 

 

At the early stages of the reaction, the formation of CuO from Cu2O oxidation by O2 occurs 

at the surface leading to the formation of CuO branches. This process is accompanied by the Au 

deposition at surface due to galvanic replacement between Cu2O and AuCl4
-
(aq). This process also 

led to the consumption of Cu2O, which is dissolved from the cores leading to hollow interiors. As 

the amount of AuCl4
-
(aq) reduced was increased, further Au deposition took place leading to the 

formation of Au NPs islands at the surface of the walls. This process was accompanied by the 

increased dissolution of Cu2O from the cores by the galvanic replacement. Furthermore, the 

intermediate CuO layer/branches formed by the simultaneous Cu2O oxidation to CuO can be 

dissolved by H+ at high AuCl4
-
(aq) concentrations (H+ comes from the HAuCl4 precursor). These 



 

 219 

processes, thus, lead to the formation of the Cu2O@CuO-Au rattles, in which the formation of the 

hollow branches (Figure 9.8H) agrees with this mechanism.12,15,40,44,45 

Finally, when the initial rate of the galvanic reaction was slower relative to the Cu2O 

oxidation by O2 (rgalvanic ≤ rCu2O oxidation), the oxidation of Cu2O to CuO in the presence of 

air/dissolved oxygen became much more significant compared to the galvanic replacement 

reaction. Thus, only minor deposition of Ru (which was further oxidized to RuO2) was detected 

during the early stages of the reaction, after which only Cu2O to CuO oxidation by O2 took place. 

The absence of Ru at the branches as well as the presence of peaks only assigned to CuO in the 

XRD is in agreement with this observation. 

Finally, the Pd, Au and RuO2 could be employed as catalysts towards the 4-nitrophenol 

reduction as shown in Figure 9.15. While the Pd and Au-based nanomaterials presented superior 

performances as compared to the initial Cu2O spheres, the performance for the RuO2-based 

materials was similar. Herein, in addition to the nature of the metal and nanoparticle sizes, the 

differences in the catalytic performances can be associated with the higher surface to volume ratios 

enabled by the hollow interiors and porous walls, which increased in the same order than the 

catalytic activity.46 
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Figure 9.15. C/C0 (A) and ln(C/C0) (B) profiles as a function of time employing CuO-Pd bowls 
(black trace), Cu2O@CuO-Au rattles, and CuO-RuO2 dendrites as catalysts towards the 4-
nitrophenol reduction reaction. A blank reaction using the pure Cu2O spheres was also performed 
(orange trace). 
 

 

9.4. Conclusion 

 

We have demonstrated that the precursor reduction kinetics played a pivotal role over the 

morphological and compositional features in nanostructures obtained from the galvanic 

replacement reaction between Cu2O spheres and PdCl4
2-

(aq), AuCl4
-
(aq), or Ru3+

(aq) as precursors. We 
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found that the final morphologies were determined by the relative initial rates of two competitive 

processes: i) the aerobic oxidation of Cu2O spheres to CuO dendrites and ii) the galvanic 

replacement reaction between Cu2O spheres and each metal precursors. In the presence of PdCl4
2- 

precursor, the initial rates of the galvanic reaction were fast (rgalvanic > rCu2O oxidation) relative to 

oxidation by O2, contributing to the formation of CuO-Pd bowls containing a single and well-

defined cavity on its surface and walls comprised of Pd NPs ~8 nm in diameter. When AuCl4
-
(aq) 

was employed as precursor, the initial rates for galvanic replacement became comparable to the 

oxidation by O2, which, in turn, led to the formation of Cu2O@CuO-Au rattles in acidic media. 

Finally, when Ru3+
(aq) was employed as the precursor, galvanic replacement became slower relative 

to the oxidation by O2, leading to the formation of CuO dendrites containing RuO2 NPs (formed 

from the Ru oxidation). These results demonstrate that the precursor reductions kinetics can be put 

to work to maneuver morphology and composition during the galvanic replacement reaction in 

oxide-based systems, in which the balance between galvanic replacement and parallel oxidation 

reactions can be tuned on order to enable the synthesis novel and/or complex nanostructures having 

desired compositions and morphologies. We believe the results described provide mechanistic 

insights on galvanic replacement processes involving metal/metal oxides systems and may inspire 

the development of a wealth of oxide-based hybrids with desired features and performances.   
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Chapter 10 
 

Final Remarks and Perspectives  

 
In summary, this dissertation described the synthesis of variety of well-defined metal-based 

nanoparticles displaying hollow interiors for applications in catalysis and plasmonic catalysis. 

Herein, by the use of the galvanic replacement reaction approach between preformed nanoparticles 

(spheres and wires) and different noble metal precursors combined metal deposition assisted by 

hydroquinone, a variety of very important properties of the nanoparticles could be precisely 

controlled and systematically correlated with the catalytic or photocatalytic performances. We 

highlighted the control over size, composition, structure, surface morphology, and optical 

properties, which are imperative for the synthesis of nanoparticles displaying increasingly 

enhanced performances. Interestingly, some synthetic routes developed herein could be 

successfully scale-up and the resulting nanoparticles were supported onto SiO2 support without 

agglomeration, which represents a bottleneck for application of well-defined nanoparticles in 

catalysis. Thus, we believe our data show that the optimization of catalytic performances of metal-

based nanomaterials by the precise control over their properties represents a powerful tool and may 

inspire the design of new advanced catalysts for a variety of transformations.  
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