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“The only true wisdom is in  

knowing you know nothing.” 

Socrates 



 

RESUMO 

 

Barbosa, E.C.M. Nanopartículas de metais nobres suportadas em óxidos semicondutores 

como catalisadores para reações de redução. 2019. 152p. Tese - Programa de Pós-

Graduação em Química. Instituto de Química, Universidade de São Paulo, São Paulo. 

 

Esta tese tem como objetivo principal contribuir para o campo da catálise empregando 

nanomateriais compostos de TiO2, Au/TiO2, SiO2, Au/SiO2, Pt/TiO2, Fe2O3 e Pd/Fe2O3 para 

reações de redução. Primeiramente, Au/TiO2 e Au/SiO2 foram explorados como catalisadores 

para a hidrogenação do 4-nitrofenol sob excitação plasmônica, enquanto a fonte de hidrogênio 

foi variada entre H2(g) e BH4-(aq). Essas mudanças levaram a diferentes vias de reação e 

descobrimos que a excitação plasmônica do Au pode levar a efeitos negativos sob algumas 

condições. A razão física por trás desse fenômeno foi explorada empregando-se cálculos de 

teoria funcional da densidade (DFT). Observamos que efeitos positivos também ocorrem na 

atividade catalítica plasmônica dependendo da via de reação. Esses resultados trazem 

informações importantes sobre nossa compreensão atual da catálise plasmônica, 

demonstrando-se que as vias de reação devem ser levadas em consideração para a projeção de 

nanocatalisadores plasmônicos. As amostras de TiO2 foram então empregadas como modelos 

para a deposição de nanopartículas de Pt com diferentes cargas metálica. Posteriormente, 

esses materiais foram suportados em carbono para a redução eletrocatalítica de oxigênio. Ao 

otimizar a carga de Pt na superfície do TiO2, a atividade eletrocatalítica foi melhorada em 

comparação com o material comercial de Pt/C, mesmo em cargas de Pt mais baixas. A 

melhora nas atividades eletrocatalíticas dos materiais pode ser atribuída ao equilíbrio entre a 

carga de Pt e a geração de sítios reativos na superfície, como espécies oxigenadas adsorvidas. 

Além disso, a utilização do TiO2 como suporte permitiu melhores estabilidades em relação ao 

Pt/C comercial. Esses resultados podem inspirar o desenvolvimento de eletrocatalisadores 

para a reação de redução de oxigênio com atividades e estabilidade aprimoradas. Por fim, 

nanomateriais compostos de nanopartículas de Pd suportadas em óxido de ferro foram 

empregados como catalisadores na redução do óxido de estireno. Investigamos os efeitos de 

um agente de capeamento na atividade e seletividade do catalisador. Observou-se que a 

remoção do estabilizador polimérico nos permitiu obter uma seletividade invertida e uma 



 

atividade mais alta do material. Isso nos dá uma visão diferente sobre o papel de um 

estabilizador na nanocatálise e abre a possibilidade de adaptar a seletividade. Acreditamos que 

os resultados aqui apresentados mostram informações importantes sobre nosso entendimento 

da nanocatálise por nanopartículas metálicas controladas. 

 

Palavras-chave: Catálise, Plasmônica, Fotocatálise, Semicondutores, Eletrocatálise, 

Nanopartículas. 

 



 

ABSTRACT 

 

Barbosa, E.C.M. Noble metal nanoparticles supported onto semiconducting oxides as 

catalysts for reduction reactions. 2019. 152p. Ph.D. Thesis - Graduate Program in 

Chemistry. Instituto de Química, Universidade de São Paulo, São Paulo. 

 

 This thesis has as main objective to contribute to the field of catalysis employing 

nanomaterials composed of TiO2, Au/TiO2, SiO2, Au/SiO2, Pt/TiO2, Fe2O3, and Pd/Fe2O3 

towards reduction reactions. Firstly, Au/TiO2 and Au/SiO2 were explored as catalysts for the 

hydrogenation of 4-nitrophenol under plasmonic excitation, while the hydrogen source was 

varied between H2(g) and BH4-(aq). These changes led to different reaction pathways, and we 

found that the plasmonic excitation of Au can lead to negative effects over the activities under 

some conditions. The underlying physical reason was explored using density functional 

theory calculations. We observed that positive versus negative effects on the plasmonic 

catalytic activity is reaction-pathway dependent. These results shed important insights on our 

current understanding of plasmonic catalysis, demonstrating reaction pathways must be taken 

into account for the design of plasmonic nanocatalysts. The TiO2 samples were then 

employed as templates for the deposition of Pt nanoparticles with different loadings. 

Subsequently, these materials were supported onto carbon for the electrocatalytic reduction of 

oxygen. By optimizing the loading of Pt at the TiO2 surface, the electrocatalytic activity 

towards the activity of them could be improved compared to the commercial Pt/C material, 

even at lower Pt loadings. The enhancement in activities could be assigned to the balance 

between Pt loading and generation of reactive surface sites, such as adsorbed oxygenated 

species. Moreover, the utilization of TiO2 as support enabled improved stabilities relative to 

commercial Pt/C. These results may inspire the development of electrocatalysts for the 

oxygen reduction reaction with improved activities and stabilities. Lastly, nanomaterials 

composed of Pd nanoparticles supported onto iron oxide were employed as catalysts on the 

reduction of styrene oxide. We investigated the effects of a capping agent onto the activity 

and selectivity of the catalyst. It was observed that the removal of the polymeric stabilizer 

enabled us to achieve an inverted selectivity and a higher activity of the material. This gives 

us a different view of the role of a stabilizer in nanocatalysis and opens up the possibility of 



 

tailoring the selectivity. We believe that the results presented herein shed important insights 

into our understanding of nanocatalysis by controlled metal nanoparticles. 

 

Keywords: Catalysis, Plasmonics, Photocatalysis, Semiconductors, Electrocatalysis, 

Nanoparticles. 
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Chapter 1 – Nanomaterials for catalytic applications 

1.1 – Motivation 

 Significant economic investment has been put into researching materials for their 

benchmark catalysts is of great importance for various fields, such as the chemical and 

pharmaceutical industry, green energy production, environmentally friendly chemistry, and of 

course, science itself.2 Since catalysis has been present in our daily lives for years, the 

generation of chemicals and materials via catalysis has played a central role for our 

astonishing society development.3 

 Several classes of materials can be employed as catalysts, from enzymes to single-

atoms.4–6 Each catalyst has its advantages and disadvantages, which leads to a large number 

of combinations and thus many different ways of producing certain chemicals. In this chapter, 

we aim at exploring the use of nanomaterials as catalysts. We will discuss and exploit their 

properties along with their applications targeting catalytic reduction reactions. 

 

1.2 – Metallic Nanomaterials 

 The basic definition of a nanomaterial dictates that they attain, at least in one of their 

dimensions, sizes between 1 and 100 nm.7 These materials are typically employed due to their 

vast array of properties that differ from their bulk analogs .8–11 One of their critical features is 

their increased surface area that is observed when going from the bulk to the nanoscale. 

Figure 1.1 displays a graphical example of a sphere of 1 mm being divided into smaller 

spheres which add up to the same volume, displaying an area enhancement of one million 

folds the initial value. 

catalytic properties.1 The search for compounds that can provide a better yield or enhance 
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Figure 1.1 – Graphical example of a sphere having a 1 mm radius being divided into 

nanospheres with 1 nm of radius. This leads to an increase in surface area corresponding to 1 

million folds. 

 

 This drastically changes optical, magnetic, electronic, and catalytic properties, among 

others.12 Due to this features, nanomaterials have been applied in many fields, including 

photothermal therapies,13 in which nanomaterials can be activated with the use of light, drug 

delivery systems,14 sensors,15 and catalysis,16 a field that harvests benefits not only from the 

nanomaterials sizes, but their shapes, crystalline defects, and surface interactions. 

 Among several classes of nanomaterials, metals deserve special attention and 

represent the focus of our work. Metals make up more than two-thirds of the periodic table,17 

and by minimizing their sizes it has been found that new properties arise, such as their optical 

properties and new reactivity towards several reactions.18 Moreover, they display unique 

magnetic and electronic properties.14,19 As several of their properties are dependent and 

therefore tunable relative to their physical and chemical features that include size, shape, and 

structure, the controlled synthesis of metallic nanomaterials in which these parameters can be 

controlled becomes of fundamental importance for the optimization of properties and the 

understanding of performances.20–24 Achieving fine control over a nanomaterial size, shape, 

composition, and architecture (hollow vs. solid interiors) can be a time consuming and 

meticulous job, due to all the factors that could impact on its final structure and the numerous 

variables on which they depend.25 Designing materials for the target application has been, for 
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a few years, the goal of many research groups. To achieve such objective, systematic studies 

must be performed by relating sizes, surface properties, optical properties, or even interaction 

between nanoparticles and supports to establish structure performance relationships.17 This is, 

for example, fundamental for applications in nanocatalysis. 

It has been established that the exposure of different surface facets in TiO2 (which can 

be achieved via shape control) strongly influences its performance towards the photocatalytic 

hydrogenation of CO2.26 While the {001} facet has a better activity for the CO2 photocatalytic 

reduction to CH4, the equilibrium between {001} and {101} facets showed a higher activity 

due to the lower exciton recombination rates. On the other hand it is also known that 

semiconducting materials displaying different shapes have distinct band-gap energies and 

surface energies, thus changing the interaction with substrate molecules and influencing 

catalytic performance.27–30 

 

1.3 – Catalytic properties: applications in nanocatalysis 

 From all the applications of metallic nanomaterials, catalysis deserves special attention 

as it plays a central role towards a sustainable future. Catalysis enables the use of greener 

reaction conditions, improved efficiencies, less energy consumption, and less generation of 

byproducts. It plays a central role in the production of chemical and pharmaceuticals. As over 

85% of all substances produced today involve the use of catalysis, improvements in catalytic 

processes can lead to significant economic and environmental impacts.  

 Catalysis is a method of accelerating a chemical reaction through the addition of a 

substance which is not consumed during the process (catalyst). These substances act on 

reactions by providing different pathways and mechanisms by which reactants can lead to the 

formation of the products relative to the reaction without the catalyst, as shown in Figure 

1.2.31–33 Taking into account that the final product is the same in both cases, the Gibbs energy 
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involved in the reactions must be the same. Therefore, the critical factor is that the activation 

energy changes from one example to the other.32 

 

Figure 1.2 – Progress diagram of two reactions happening in the presence of a catalyst (blue 

line) and in the absence of a catalyst (black line). The activation energy for the catalyzed 

reaction is lower than for the non-catalyzed one due to the new pathways that a catalyst can 

provide for the molecules to react. 

 

 Two of the main classes of catalysts are the homogeneous catalysts, which are 

substances that are in the same phase as the reactants, and the heterogeneous catalysts, 

substances in different phases from the reactants. While homogeneous catalysts are more 

miscible with the substrates, they are also of difficult separation/recycling. On the other hand, 

heterogeneous catalysts are less miscible with the substrates and due to this, they are easily 

separable and recyclable.32 Heterogeneous catalysis accounts for about 80% of the chemical 

processes inside the industry, a number that clearly shows the importance of studying and 

understanding catalysts to an economic point of view.34 Catalysts are generally evaluated on 

their activity, which is the percentage of reactants converted into products, on their selectivity, 

which is the percentage of product that is the desired compound, and their reusability.35 

Metallic NPs have played a central role in nanocatalysis. These materials, typically supported 
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in high surface area supports, act as the catalytic center and provide a specific activity and 

selectivity depending on their surface area, surface defects, and nature of surface facets.3 

 

1.4 – Optical properties: applications in plasmonic nanocatalysis 

The fast-ongoing development of nanoscience is mostly attributed to the different 

properties that nanomaterials present from their bulk materials and single atoms. In this sense, 

metallic NPs are known to interact with light in a different manner than their bulk equivalents. 

Some metallic NPs, such as Au, display outstanding optical properties in the visible range as a 

result of their localized surface plasmon resonance (LSPR) excitation, which stands for the 

oscillation of free charges on the surface of a metallic nanoparticle.36 Figure 1.3 represents 

this phenomenon.37 

 

 

Figure 1.3 – Graphical representation for the LSPR excitation.37 

 

Upon electromagnetic irradiation, the oscillating electric field of light imposes a force 

onto the mobile electrons on the nanoparticle surface, which thus results in an induced dipole 

moment. To counterbalance this excitation, charge redistribution acts to provide a coulombic 

restoring force on the mobile electrons, consequently granting these NPs an associated 

resonant frequency at a specific wavelength for each material. The LSPR excitation depends 

on several parameters such as size, shape, composition, and dielectric constant of the 
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environment.38 These concepts are exemplified in Figure 1.4. Which illustrates the effect of 

size, shape, composition over the extinction properties of NPs based on Ag, Au, and Cu.39 

Figure 1.4A shows the influence of Ag nanocubes sizes onto the optical properties of these 

materials, as seen on the extinction spectra, the smallest cubes present their highest extinction 

band at around 450 nm, when their size increase, the extinction band is shifted to higher 

wavelengths. Figure 1.4B indicates the changes in optical properties of different shapes of 

silver nanomaterials, as seen, it is also possible to shift the extinction band onto different 

wavelengths through shape control. 

 

 
Figure 1.4 – Different properties of plasmonic Ag NPs. (A) Extinction band changes 

alongside with nanocube sizes. (B) Changes in the extinction spectra of silver along with 

shape. (C) Extinction spectra of sub-100-nm Ag, Au and Cu NPs in blue, red and green, 

respectively. The solar spectrum is plotted in black as a comparison.39 

 

 Recently, it has been shown that the LSPR excitation can also be out towards the 

enhancement of the rates of chemical reactions. This field has been coined plasmonic 

catalysis. Such field is based on employing metallic nanostructures and electromagnetic 

waves to enhance reaction rates or even tailor the selectivity.40  

 It has been reported that near-field enhancements, heat generation, and LSPR excited 

charge carriers can contribute to plasmonic catalysis (Figure 1.5).41 Upon light incidence, 

electrons from the nanoparticle surface oscillate at the same frequency as the incoming 
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electric field. Since each material presents a different LSPR, this oscillation is further 

enhanced when the incident wave matches the nanoparticle LSPR wavelength.42 The 

incoming light is then re-emitted by the nanoparticle both by far-field scattering or 

concentrating it on the metallic surface. The mechanisms to accelerate and enhance reaction 

rates are: the temperature increase on metallic NPs caused by light excitation can be 

responsible for many thermoactivated reactions, Figure 1.5A; near optical field enhancement, 

Figure 1.5B, which can increase the photon absorption in photo-sensitive reaction; and 

charge-transfer phenomena, when LSPR-excited hot electrons are transferred from the 

plasmonic nanoparticle to a molecular reactant adsorbed to the nanoparticle, Figure 1.5C.41 

 

 

Figure 1.5 – (A)-(C) Mechanisms originated from LSPR-excited NPs. (A) Following LSPR 

excitation, a temperature increase observed due to the Joule effect on the NPs. (B) Optical 

near-field enhancement caused by the electric dipole on the surface of the NPs. (C) Hot-

electrons and holes generated via LSPR excitation and are thus transferred to nearby 

species.41 

 

 The events following LSPR excitation are also shown in Figure 1.6.43 After absorbing 

a photon, Figure 1.6A, a surface electron of the metallic nanoparticle is excited to a higher 

energy level generating the so-called “hot electrons” and “hot holes”, Figure 1.6B. Such 

transition creates the probability of finding the excited electrons between the fermi level of 
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the nanoparticle (EF) and EF + hν. After around 100 femtoseconds, these electrons lose energy 

via Landau Damping and through this energy redistribution are able to either migrate to 

adsorbed molecules or eject other electrons to them.  

 

Figure 1.6 – Photoexcitation and relaxation of metallic NPs. (A)–(D), Photoexcitation and 

subsequent relaxation processes following the illumination of a metal nanoparticle with a 

laser pulse, and characteristic timescales. (A) First, the excitation of a localized surface 

plasmon redirects the flow of light (Poynting vector) towards and into the nanoparticle. (B)–

(D) Schematic representations of the population of the electronic states (grey) following 

plasmon excitation: hot electrons are represented by the red areas above the Fermi energy EF 

and hot hole distributions are represented by the blue area below EF. (B) In the first 1–100 fs 

following Landau damping, the athermal distribution of electron-hole pairs decays either 

through re-emission of photons or through carrier multiplication caused by electron-electron 

interactions. During this very short time interval, the hot carrier distribution is highly non-

thermal. (C) The hot carriers will redistribute their energy by electron-electron scattering 

processes on a timescale ranging from 100 fs to 1 ps. (D) Finally, heat is transferred to the 

surroundings of the metallic structure on a longer timescale ranging from 100 ps to 10 ns, via 

thermal conduction. 43 
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This effect could also occur by the direct population of the adsorbate electronic states 

through hot charge-carriers generated upon LSPR excitation. During this event, the entire 

system moves onto a different potential energy state, resulting in the activation of bonds and 

chemical reactions. These electrons will continuously redistribute their energy onto the 

metallic nanoparticle through electron-electron scattering for up to 1 ps, Figure 1.6C. A third 

effect from the LSPR is energy dissipation through the Joule effect, which states that when 

electrons flow through metal with a specific resistance, the heating power from this event is 

proportional to the product of its resistance and the square of the flowing current. This effect 

tends to produce local heating, hence increasing the NP temperature, Figure 1.6D. This 

property of plasmonic NPs has been widely used in nanomedicine, to treat cancer, gene, and 

drug delivery. It has also been employed on the development of photothermal motors using 

self-assembled Au NPs, under light incidence, these NPs are responsible for raising the local 

temperature, which thus generates water vapor that propels the material to the opposite side of 

the vapor current. Although the applications of this effect may seem limited on catalysis, 

these thermo-induced processes could also benefit many chemical reactions.44 In this 

dissertation, we are interested in merging the catalytic and optical properties of Au NPs 

supported on semiconducting oxides to study how metal support interactions affect the 

catalytic performances with and without the LSPR excitation. 

 

1.5 – Metallic nanoparticles supported onto semiconducting oxides 

 Regarding application in catalysis, metallic NPs are usually supported onto other 

materials, such as oxides, to facilitate recovery, re-use, and improve catalyst stability.45,46 

Moreover, metal support interactions can lead to further enhancements in activity generating 

active sites at the metal-support interface or enabling charge transfer processes under light 

illumination, for example.9  
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 There are several different ways of synthesizing hybrid metal/semiconductor 

nanomaterials, with both controlled and non-controlled shapes and sizes. Among the 

procedures, we can highlight semiconductor oxides decorated with plasmonic metal NPs, 

plasmonic metal core with a semiconductor shell nanostructure, Janus particles composed of 

plasmonic metal and oxide semiconductors, among others.47–49 The synthesis of 

semiconductor oxides decorated with plasmonic metal NPs is usually performed by the 

anchoring or growth of metallic NPs on the surface of preformed semiconductor oxide.50,51 

Mainly three methods are employed for these syntheses, the first is by soaking the preformed 

oxide with a precursor solution followed by reduction with the desired reducing agent.52,53 

The second method is by performing the synthesis of NPs in the presence of the oxide, so the 

particles nucleate and grow on top of the support.54–56 And the last method is the impregnation 

of preformed NPs onto the preformed oxide, both functionalized and not.57,58 The core-shell 

synthesis usually employs preformed metallic nanostructures and grows the oxide onto their 

surface or vice-versa.59,60 Their properties frequently change by varying the core shape, size, 

shell shape, and size.48 The most explored combinations are TiO2 and plasmonic metals due to 

the photocatalytic properties of this oxide.61,62 Janus particles, on the other hand, require 

complex syntheses and fine control, since a complex morphology is needed to achieve the 

required functionality.63 Au NPs are widely employed metallic nanostructures since they 

provide LSPR to the hybrid material. They are typically synthesized through separate growth, 

co-deposition or light-induced reduction. Generally, TiO2, ZnO, and magnetic iron oxides are 

used as semiconductors.64 

 Supporting metals on semiconductors can generate electron-transfer effects due to the 

electron structure of the atoms present on each material, which is directly related to their work 

function (ϕ). 65 A work function is the energy needed to pull an electron from the Fermi level 

to vacuum. When the metal work function (ϕm) is higher than the n-type semiconductor (ϕs), 
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as seen in Figure 1.7A, electrons will flow to the metal until both the metal Fermi level (EF,m) 

and semiconductor Fermi level (EF,s) are aligned. Thus, at the metal/semiconductor interface, 

a double layer is formed with negative charges on the metal surface and positive charges on 

the semiconductor. Hence, the semiconductor surface will be electron-deficient when 

compared to the bulk semiconductor, so, this surface layer of the n-type semiconductor is 

called the depletion layer. On the other hand, when ϕm is lower than ϕs, as seen in Figure 

1.7B, electrons will flow from the metal to the semiconductor until EF,m aligns with EF,s. This 

generates an electron filled layer at the surface of the semiconductor, called the accumulation 

layer. Electrons usually flow from the material with a higher work function and thus lower 

their Fermi energy level. 

 

 

Figure 1.7 – Band-bending effect on a metallic nanoparticle (light blue) attached to an n-type 

semiconductor (dark blue), (A) when the semiconductor work function (ϕs) is higher than the 

metal work function (ϕm), and (B) when the semiconductor work function (ϕs) is lower than 

the metal work function (ϕm).65 
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 As seen in Figure 1.7 the band bending depends on the work function of both 

materials, when ϕm>ϕs, the bands bend upwards, while when ϕm<ϕs they bend downwards, 

this could be easily explained by the electrostatic energy on the interface, for example, since 

on Figure 1.7A electrons are on the metal surface, the energy needed for an electron to 

migrate from the semiconductor to the metal would be higher due to repulsion from the 

negatively charged metal surface, this energy barrier is called the Schottky barrier. On the 

other hand, in Figure 1.7B, the metallic interface is positively charged; thus, electrons do not 

suffer repulsion from the metal, creating an ohmic contact. 

 

1.6 – Metallic nanoparticles as catalysts for reduction reactions 

1.6.1 – Hydrogenation reactions 

 Among the several different reactions that are widely employed in the industry, 

reduction reactions are widely applied to generate from fine chemicals to energy production 

and storage.66–68 In the cases where hydrogen is employed as the reducing agent, the reactions 

can also be called catalytic hydrogenation reactions. Catalytic hydrogenation reactions were 

traditionally studied using metals such as Ni, Pd, Ru, and Pt due to their high activity towards 

these reactions, which relates to their band structure and electron distribution.69 Figure 1.8A 

displays the favorability of molecular hydrogen to be split into hydrides on the surface of 

metals such as Au, Cu, Pt, and Ni.70 When H2 approaches either the Ni or the Pt surface, the 

splitting of this molecule is energetically favored, and thus, hydrogenation reactions happen 

with ease on their surface. For both Au and Cu, this splitting in unfavored due to their d-band 

structure. For years Au was thought as being inactive towards hydrogenation reactions; 

however, it was found that in the nanoscale, its activity changes and the metal can be 

activated towards hydrogenations.71 
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Figure 1.8 – (A) Energy necessary to split hydrogen molecules on the surface of different 

metals, Pt (black line) and Ni (green line) are metals in which the splitting is favorable 

energetically while Au (red line) and Cu (blue line) provide some resistance towards this 

splitting. (B) Molecular hydrogen splitting on Au aided by a TiO2 surface.70,72 

 

Ever since, the search for more straightforward ways of activating Au materials 

towards these reactions has increased drastically. From the combination with different 

supports (Figure 1.8B) to the functionalization of the Au surface, or the addition of 

promoters, Au has now shown interesting activities and selectivities on semi-hydrogenation 

reactions.73,74 

 Some challenges faced in this field would be the lack of selectivity of some catalysts, 

their activities,75 and the stability of catalysts, which under certain drastic conditions may 

change in shape, or size or even deactivate.76 Moreover, by employing light-activated 

materials, one could provide milder reaction conditions and therefore slow down the 

degradation of a catalyst, which would play an essential role in a long-term application.77 

Finally, understanding the intrinsic factors behind the activity of a catalyst is of uttermost 

importance when designing materials for a specific application.78 
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 Several hydrogenation reactions are studied using metallic NPs as catalysts, since 

approximately 25% of the industrial processes present at least one catalytic hydrogenation 

step in their course.78 Little progress had been made towards the industrial applications of 

catalysts on hydrogenation reactions, and in many cases, harmful materials are still 

employed.78 Due to the vast number of hydrogenation reactions and the environmental 

benefits new catalysts could bring to the industry, in the past decade, there was a considerable 

number of publications and patents on the field.78 

 Although many reactions are of great importance, we will focus in this dissertation 

only on the hydrogenation of alkynes, nitroarenes, and epoxides. These are important towards 

the production of polymers, pharmaceuticals, fragrances, fine chemicals, among others.78,79 

The hydrogenation of alkynes happens through the dissociation of H2 into its atomic species 

that on its turn can semi-hydrogenate alkynes to alkenes or over hydrogenate them into 

alkanes.80,81 The nitroarene hydrogenation follows a similar path, splitting hydrogen to 

hydrogenate the nitro onto the nitroso product, followed by the hydroxylamine one.82,83 Yet 

the hydrogenation of epoxides can go through many different pathways, forming either the 

more substituted alcohol or, the less substituted one,72,84 deoxygenating it and generating the 

alkene, or even further hydrogenating the alkene to alkane in a sequential step.85 An epoxide 

also can undergo an isomerization process, producing the aldehyde.86,87 

 As mentioned, the selectivity of these reactions towards one specific product may be 

challenging to achieve, although by choosing the right metal or right conditions for the 

reaction may be helpful, tailoring surface properties and charge transfer mechanisms can 

improve or even manage the selectivity in these reactions.88–90 
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1.6.2 – Oxygen reduction reaction 

Due to extensive investigation towards green energy production, the oxygen reduction 

reaction (ORR) is of high economic importance. In proton exchange membrane (PEM) fuel 

cells, for example, the ORR usually is responsible for the cathode, thus significantly 

contributing to its overall energy production. Considering the slow kinetics of this reaction, 

employing a catalyst is fundamental to increase total energy production. Depending on the 

catalyst, the ORR tends to follow a different path. Typically, the reaction follows either the 4-

electron path, producing water (Equation 1.1) or the 2-electron path, producing hydrogen 

peroxide (Equation. 1.2).91 

 

𝑂2 + 4𝐻+ + 4𝑒− = 2𝐻2𝑂            𝐸𝑜 = 1.23 𝑉     (1.1) 

𝑂2 + 2𝐻+ + 2𝑒− = 𝐻2𝑂2            𝐸𝑜 = 0.70 𝑉     (1.2) 

 

H2O2 is known as an undesirable product responsible for damaging parts of the fuel 

cell and lowering the overall energy output. Therefore, decreasing or eliminating its 

production is beneficial to the entire process. As an efficient catalyst for water production, Pt 

is mostly used due to its efficiency on this reaction, which can be attributed to the strength of 

adsorption and desorption to the oxygenated species present in the reaction.92 It also tends to 

have good chemical stability under the corrosive conditions where this reaction take place. 

However, the sluggish kinetics of ORR requires high Pt loadings in the cathode.93 

Considering the price and availability of Pt, developing low-cost catalysts with 

enhanced activity for the ORR is a desire of many. In this context, researchers have been 

studying nanostructures using auxiliary metals to Pt and even Pt-free materials.94 The 

challenges are to obtain alloys or hybrid materials with higher stability than Pt, without 

affecting the favorable binding energy between Pt and oxygen. Aside from this metal’s 
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properties, the effect of low index surfaces on Pt NPs has been extensively studied in the 

electrocatalytic reduction of oxygen.95 

The commercially available Pt/C-ETEK (10 wt.% in Carbon) is well known as the 

most explored in electrocatalytic applications, due to its high Platinum content and 

nanoparticle monodispersion on the support.96 Controlling size and shape of metallic NPs is a 

fundamental part of catalyst evaluation since these properties are directly related to the 

surface of the material and therefore to its activity. Though it may seem a great fit for fuel 

cells, Pt/C has been known for its low stability under oxidizing environments. In the presence 

of oxygen, Pt NPs tend on catalyzing the autodegradation of Pt/C, converting the carbon 

support to CO2.97,98 An alternative to overcome this challenge is to support Pt NPs onto 

oxides, such as TiO2, which is a low-cost transition metal oxide, with a non-toxic nature, high 

stability in acidic media and can present a strong metal-support interaction with Pt.99 

Moreover, its properties can be improved under UV illumination (band gap of about 3.2 eV), 

and when supported on carbon, its electron conductivity and corrosion resistance are 

increased. This material is also known to suppress carbon degradation, thus extending the 

catalyst’s lifetime.100  
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Chapter 2 – Objectives of this work 

2.1 – General objectives 

 This dissertation focuses on understanding of hydrogenation reactions with controlled 

nanomaterials composed of noble metals (Au, Pd or Pt) and semiconducting oxides (TiO2 and 

Fe2O3). We aim at expanding the understanding about catalysts on the plasmonic 

hydrogenation of 4-nitrophenol and phenylacetylene, hydrogenation of styrene oxide, and on 

the electrocatalytic reduction of oxygen.  

 

2.2 – Specific goals 

1) Studying the influence of changing the hydrogen source in a nitroarene 

hydrogenation reaction employing Au/TiO2 as catalyst. In this case, we want to evaluate the 

influence of visible light onto the hydrogenation of both 4-nitrophenol and phenylacetylene, 

focusing on the plasmonic electron transfer within our samples and how they affect activities. 

2) Verifying the influence of Pt coverage on TiO2 samples towards the 

electrochemically activated reduction of oxygen. Here, we will investigate the influence of the 

NPs coverage and metal-support interactions over catalytic activities and stabilities, 

benchmarking those properties against the commercial Pt-based electrocatalysts. 

3) Study Pd/Fe2O3 nanomaterials composed of Pd NPs supported on Fe2O3 

microcubes over the hydrogenation of styrene epoxide. We will explore the effect of 

surfactant species over conversion, selectivity, and reusability.  
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Chapter 3 – Gold nanospheres supported on Titania: The dark 

side of photocatalytic hydrogenations 

3.1 – Introduction 

This chapter can be found on the journal Chemistry – A European Journal.1 

Photocatalytic conversions mediated or enhanced by the localized surface plasmon 

resonance (LSPR) excitation in plasmonic NPs, the so-called plasmonic catalysis, have 

emerged as a relatively new frontier in heterogeneous catalysis.2–5 In this case, gold (Au) and 

silver (Ag) nanoparticles (NPs), which support LSPR excitation in the visible and near-

infrared range, are usually employed as catalysts.4,6–8 The utilization of copper (Cu) and 

aluminum (Al) NPs as catalysts has also received attention.9–12 Plasmonic nanocatalysis has 

become attractive towards the development of more environmentally friendly processes, as it 

enables the utilization of visible/solar light as a green energy input to drive and control a 

variety of transformations.4,13–17 In fact, Ag and Au NPs as well as their hybrids with metal-

oxides and graphene-based materials have been investigated as plasmonic catalysts, in which 

significant enhancements have been reported under LSPR excitation.18–27 It has been 

established that the LSPR excitation can contribute to the enhancement in the rate of 

molecular transformations by a variety of mechanisms. These include local heating by 

plasmon decay and charge-transfer processes (via direct and indirect mechanisms) that occur 

as a result of the generation of LSPR-excited hot electrons and holes.3–5,16,17 

Among the important classes of molecular transformations, hydrogenation reactions 

play a pivotal role in several petrochemical, chemical, and pharmaceutical processes and 

industries.28–30 Therefore, improvements in catalytic performances are expected to lead to 

huge economic and environmental impacts. In this context, the proper choice of metal NPs 

(control over their size, shape, and composition), supports, and surface ligands have been 
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pursued in the field of heterogeneous catalysis in order to improve the performance towards 

hydrogenation reactions.31–34 Regarding plasmonic catalysis, the effect of light excitation on 

the H2 and D2 exchange over Au/TiO2 and Au/SiO2 catalysts has been reported.35,36 In this 

example, it has been demonstrated that LSPR-excited hot electrons are able to facilitate the 

H2(g) splitting rate at the surface of the NPs at room temperature when these materials are 

excited by green light. Interestingly, Pd concave nanocubes have also been investigated as 

plasmonic catalysts for the hydrogenation of styrene, in which it was shown that LSPR-

excited hot electrons led to a decrease in catalytic activities.37 These results demonstrate that 

the precise identification of the mechanisms by which LSPR-excitation affects performance is 

imperative for the design of optimized plasmonic catalysts. Even though several reports have 

focused on investigating the effect of LSPR excitation over the enhancement of numerous 

transformations, several questions remain. For instance, for a specific type of transformation, 

how sensitive is the LSPR-enhanced catalytic activity to the nature of the reducing agents, 

metal-substrate charge transfer processes, and reaction pathways? 

In this chapter we explore the effect of the LSPR excitation in Au NPs over their 

catalytic activities towards hydrogenation reactions as a proof-of-concept transformation. We 

investigated the effect of two important variables over the plasmonic catalytic performances: 

i) the occurrence of charge transfer processes between the metal NPs and the support, and ii) 

the nature of the reducing agent that enable distinct reaction pathways. Specifically, we 

employed the hydrogenation of 4-nitrophenol as a model transformation, BH4-(aq) or H2(g) as 

the reducing agents and Au/TiO2 or Au/SiO2 NPs as catalysts. Significant enhancements in 

activity were found under plasmonic excitation for Au/SiO2 NPs. For Au/TiO2 catalysts, 

while plasmonic enhancements were detected when H2(g) was employed as a reducing agent, 

negative catalytic effects were detected due to charge-transfer of LSPR excited hot electrons 

from Au to TiO2 when the hydrogenation took place in the presence of BH4-(aq). This 
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directional charge transfer at the interface was further supported by density functional theory 

(DFT) calculations.  
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3.2 – Experimental Section 

Chemicals and instrumentation 

HAuCl4·3H2O (hydrogen tetrachloroaurate trihydrate, 48% in gold, Sigma-Aldrich), 

PVP (polyvinylpyrrolidone, Sigma-Aldrich, MW 55 000 g mol-1), C2H6O2 (ethylene glycol, 

99.5%, Synth), C3H6O (acetone, 99.5%, Synth), C2H6O (ethanol, 95%, Synth), C2H4O2 (acetic 

acid, 99.7%, Synth), C6H8O6 (ascorbic acid, 99.0%, Sigma-Aldrich), Ti(OBu)4 (titanium 

butoxide, 97%, Sigma-Aldrich), NaBH4 (sodium borohydride, ≥ 98%, Sigma-Aldrich), 

C6H5O3N (4-nitrophenol, ≥ 99%, Sigma-Aldrich), C8H6 (Phenylacetylene, ≥ 98%, Sigma-

Aldrich) and SiO2 GF 254 (Silica-gel, Merck) were used as received. All chemicals were 

analytical grade reagents. Deionized water (18.2 MΩ) was used throughout the experiments. 

Scanning electron microscopy images were obtained using a JEOL microscope FEG-

SEM JSM 6330F operated at 5 kV. SEM samples were prepared by drop-casting an aqueous 

suspension of the particles on a Si wafer, followed by drying under ambient conditions. 

Transmission electron microscopy (TEM) images were obtained using a Tecnai FEI G20 

operated at 200 kV. Samples were prepared by drop casting an alcoholic suspension of each 

particle in a carbon coated copper grid. Size distribution profile was determined by 

individually measuring the size of 200 particles from TEM images. UV-Vis spectra were 

obtained using a Shimadzu UV-2600 UV-Vis spectrophotometer and quartz cuvettes. All 

products were quantified using a Shimadzu GC-2010 Plus gas chromatograph with either a 

Restek RTX®-Wax column or a Restek RTX®-5 column depending on what reaction was 

being analyzed. If needed, the products were extracted with ethyl acetate. Au percentages 

were determined through flame atomic absorption spectrophotometry (FAAS) using a 

Shimadzu AA-6300 equipment. 
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Synthesis of TiO2 colloidal spheres38 

Typically, 4 mL of Ti(OBu)4 was added drop-wise to 90 mL of ethyleneglycol and 

kept under medium stirring at room temperature for 8 hours. Next, this colorless mixture was 

poured into 400 mL of acetone containing 5 mL of water and 2 mL of acetic acid and kept 

under vigorous stirring at room temperature for 2 hours and at rest for 3 hours. At this point, 

titanium glycolate microspheres were formed. These colloids were washed 5 times using 

ethanol and precipitated by centrifugation (5000 rpm per 5 min). The following step consisted 

on suspending these microparticles in 100 mL of deionized water and keeping it under stirring 

at 70 °C for 8 hours, producing TiO2 spheres, which were washed several times with ethanol 

and water (same rotation speed and time). The final product was suspended in 500 mL of 

water. 

 

Synthesis of TiO2 colloidal spheres decorated with Au NPs (Au/TiO2)38 

To decorate the support, 7.5 mL of the TiO2 suspension was added to a solution 

containing 12 mL of water, 60 mg of ascorbic acid and 70 mg of PVP. This orange mixture 

was kept under stirring for 10 minutes at 90 °C and, at this point, 10 mL of 1.0 mmol L-1 

AuCl41- was quickly added to the mixture, producing a red suspension. This reaction was 

stopped after 30 minutes, producing Au/TiO2. The final product was thoroughly washed with 

ethanol twice and water three times (5000 rpm, 5 minutes) and dried under vacuum at room 

temperature. 

 

Synthesis of SiO2 with Au NPs (Au/SiO2 NPs)  

In a typical procedure, Au NPs were synthesized the same way as the TiO2 was 

decorated, although for SiO2, no interaction occurred when adding the support before the 

particles were formed. Thus the particles were prepared by adding 12 mL of water containing 
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60 mg of ascorbic acid and 70 mg of PVP to a round-bottomed flask at 90 °C. This mixture 

was kept under stirring for 10 minutes at 90°C, followed by the quick addition of 10 mL of 

1.0 mmol L-1 AuCl41- to the mixture, producing a red suspension. After 30 minutes, 150 mg of 

commercial SiO2 were added to the mixture and left 5 hours under stirring at 90°C producing 

Au/SiO2. The final product was thoroughly washed with ethanol and water, and dried under 

vacuum at room temperature. A higher mass of SiO2 was added due to the low surface area of 

the commercial material employed on this project. 

 

Para-nitrophenol hydrogenation using NaBH4 

Hydrogenation reactions were performed in a quartz cuvette and monitored using a 

UV-Visible Spectrophotometer ranging from 350 nm to 500 nm. Spectra were collected every 

150 seconds. A solution containing 4.7×10-9 mol Au, 7.0×10-8 mol of 4-nitrophenol and 1 mL 

of distilled water was prepared for each material, and at last 1 mL of a freshly prepared 

sodium borohydride solution containing 2.5 mg was added. To calculate the conversion of 4-

nitrophenol, the change in absorption of the band at 400 nm was monitored. When using TiO2 

colloidal spheres as catalyst, the same amount of catalyst used in the reaction with TiO2-Au 

NPs was employed, 7.1 µg of TiO2 or 5.7×10-4 mol, for reactions under visible light, a 

commercial a 4.5 W LED lamp (Golden – National Brand) was set 5 cm away from the 

reactor, positioned on the top of it, thus, the position and distance of the lamp onto the 

reaction were kept constant to minimize any oscillations on light power. The power impinging 

the reactor was measured using a power meter set at 532 nm (Optical Power Meter model 

1830 C – Newport) and corresponded to 3.2 mW cm-2. 

Control experiments were performed in order to quantify the H2 formation from the 

proposed oxidation of H- under LSPR excitation. Typically, 25 mg of sodium borohydride 

was added to 40 mL of water containing either 80 µg or 400 µg Au NPs on the hybrid 
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materials, quantified by Flame Atomic Absorption Spectroscopy. A control experiment was 

performed without any catalyst in solution. The experiments lasted 1 hour and the gases 

produced in the reaction flask were guided through a hose to an upside-down water-filled 

graduated cylinder and measured using a water displacement approach, these experiments 

were performed in triplicate to ensure reproducibility of the results. 

 

Phenylacetylene and 4-nitrophenol hydrogenation using H2 

Catalytic hydrogenation reactions using H2 were performed in Fischer-Porter glass 

reactors connected to an H2 reservoir with a pressure regulator which kept the pressure 

constant. In a typical procedure, 5 mg of catalyst was added to the reactor with 2 mL of 

ethanol, the volume of substrate added was calculated based on the Au mass on each sample 

with a molar ratio Au:substrate of 1:10. The reactor was initially purged with H2 five times at 

2 bar and then pressurized to 6 bar of H2. All experiments were performed at 100 °C. 

Phenylacetylene reduction reactions were allowed to occur for 5 hours. For reactions under 

visible light, the same previously mentioned commercial 4.5 W LED lamp was set 5 cm away 

from the reactors and remained in the same position for all experiments. These experiments 

were performed in triplicate to ensure the significance of their results. The products were 

quantified using a gas chromatograph with an adequate column for each compound, an 

internal standard (biphenyl) was also used to determine the conversion and selectivity of the 

products. 

In order to study the effect of H2 splitting at the Au NPs surface, a control experiment 

was performed by supplying hydrogen to the Au/TiO2 NPs hybrid material following the 

same conditions as previously used on catalytic hydrogenations, but without using any 

substrate. After 5 hours, H2 was removed by N2 purging and bubbling for 30 min and the 

reactions proceeded by adding an adequate volume of phenylacetylene as such the molar ratio 
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Au:Phenylacetilene was equal to 2.5, due to the lowest availability of hydrogen during the 

reactions. The reactions were allowed to occur for 5 hours under N2 atmosphere and 100 °C. 

 

Kinetic assays of 4-nitrophenol or phenylacetylene hydrogenation using H2(g) 

These experiments were also performed in Fischer-Porter glass reactors connected to 

an H2 reservoir with a pressure regulator. In a typical procedure, 10 mg of catalyst was added 

to the reactor with 4 mL of ethanol, the volume of substrate added was calculated based on 

Au’s mass on the sample with a molar ratio Au:substrate of 1:10. The reactor was purged with 

hydrogen 5 times at 2 bar and then filled with 6 bar of H2. In order to maintain the 

temperature at 20 °C, a water bath was used. Aliquots were collected at specific times under 

N2 atmosphere. For reactions under visible light, the same commercial 4.5 W LED lamp was 

set 5 cm away from the reactors and set in a fixed position to minimize power oscillations. 

The light power impinging the reactor was measured using a power meter set at 532 nm 

(Optical Power Meter model 1830 C – Newport) and corresponded to 3.2 mW cm-2. These 

experiments were performed in triplicate to ensure the significance of their results. The 

products were quantified using a gas chromatograph with an adequate column for each 

compound, an internal standard was also used to determine the conversion and selectivity of 

the products. 

 

Computational methods: 

DFT computations were performed using the Vienna ab initio simulation package 

(VASP). The ion-electron interaction was described through the projector-augmented wave 

(PAW) approach. The exchange and correlation energy were represented using the Perdew-

Burke-Ernzerhof (PBE) functional of the generalized gradient approximation (GGA). The van 

der Waals (vdW) interaction has been taken into account through the Grimme’s DFT-D3 



52 

 

semi-empirical method. Since the standard DFT formulation usually fails to describe strongly 

correlated electrons, the DFT+U method was used by introducing a Hubbard U correction 

with a value of 3.23 eV acting on 3d electrons of Ti. The model system is a supercell built 

based on four (4×4) repeated slabs of Au (111) adsorbed on five (5×5) repeated slabs (O-Ti-O 

trilayers) of TiO2 anatase (101) with lattice parameters a = 10.36 Å, b = 11.44 Å taken from 

an optimized TiO2 unit cell. The bottom three layers of the TiO2 slab were fixed to reflect the 

bulk. A vacuum space of at least 20 Å was included in the supercell to minimize the 

interaction between the system and its replicas resulting from the periodic boundary 

condition. The 4-nitrophenol or H2 molecule was positioned above the Au surface. The 

Brillouin zone was sampled by a k-point mesh of (3×3×1) for geometry optimizations, and 

(6×6×2) for the density of states (DOS) calculations. A cutoff energy of 300 eV was found to 

be sufficient to provide convergent results. The structures were relaxed until the atomic force 

became smaller than 0.01 eV/Å. All the calculations were performed using a Gaussian 

smearing with a width of 0.2 eV. 
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3.3 – Results and Discussion 

In order to synthesize the TiO2 microspheres, a known method was employed, in 

which titanium tetrabutoxide was used as precursor. This precursor, due to its instability 

under ambient conditions, normally oxidizes in air to form titanium dioxide. Therefore, in the 

first stage of this synthesis, a simple ligand exchange step is performed by employing 

ethylene glycol as the new ligand. Yu, H. et al. showed that this ligand exchange tends to 

form chains in which Ti is seen as the metallic center, as shown on Figure 3.1.39 

 

Figure 3.1 – Representation of structure formed when the titanium alkoxide is reacted with 

ethylene glycol. Following this step, the structures tend on forming a whole network of 

titanium glycolate. Adapted from Yu, H. et al. 

 

After the glycolate is formed, the next step consists on reacting this precursor with 

water in a controlled way to generate spherical particles, therefore, a low amount of water is 

used while acetone is the solvent and acetic acid is used to promote the hydrolysis. After 

adding the titanium glycolate to the mixture, spheres of this compound are formed, with no 

apparent peak on the XRD spectrum, although they already present spherical shapes.40 The 

next step consisted on converting the titanium glycolate materials into Titanium dioxide by a 

simple hydrothermal treatment at 70°C for 8 hours, which was enough to maintain the shape 

although changing their crystal structure.38 
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A scanning electron microscopy image of the titanium dioxide microspheres can be 

seen on Figure 3.2. From SEM images, it is possible to measure several spheres and plot a 

histogram of size distribution which indicates that they measure 267.8  37.8 nm in diameter 

and are monodisperse. Even though their shapes are mostly spherical, on SEM images they 

display slightly rough surfaces which can play an important role towards surface area 

enhancement. 

 

Figure 3.2 – SEM image (A), and its histogram of size distribution (B) for the TiO2 colloidal 

spheres. The scale bar in the inset corresponds to 50 nm. 

 

In order to deposit Au NPs on top of the pre-synthesized microspheres, an in-situ 

reduction method was employed. In this case, the pre-formed TiO2 colloidal spheres were 

used as seeds for the deposition of Au NPs using AuCl4-(aq) as precursor, ascorbic acid (AA) as 

reducing agent, polyvinylpyrrolidone (PVP) as stabilizer, and 90°C as the reaction 

temperature. Figure 3.3 displays a graphical illustration of the method employed for these 

syntheses.38 Initially, the suspension presents a milky white color, characteristic of TiO2 

materials. After the addition of ascorbic acid, the suspension drastically changes to an orange 

color, which has been assigned as the result of the oxygens from ascorbic acid bonding to the 

Ti4+ ions on its surface. This results in a bidentate complex that allows for the resonance of 

electrons, granting this compound color.41 



55 

 

Figure 3.3 – Schematic representation for the synthesis of TiO2 colloidal spheres and TiO2 

colloidal spheres decorated with Au NPs (Au/TiO2). The microspheres are reacted with 

ascorbic acid and PVP for 10 minutes prior to the reduction of the Au precursor. 

 

In order to verify the success of the syntheses, analysis such as electron microscopy 

and UV-Vis spectroscopy were employed. Figure 3.4 depicts SEM and TEM images of the 

produced Au/TiO2 materials, an analogous Au/SiO2 material and their respective UV-Vis 

spectra. The SiO2 sample was prepared in order to compare two materials with different band 

structures and different surface properties. While TiO2 is a semiconductor with a surface that 

can participate in hydrogenation reactions, SiO2 is an insulator material considered as 

inert.35,36 

 

 

Figure 3.4 – SEM and TEM (inset) images of Au NPs supported onto TiO2 colloidal spheres 

(A) and commercial SiO2 (B). The Au NPs supported on SiO2 and TiO2 measured 13.6  2.7 

and 9.7  2.2 nm, respectively. The scale bars in the insets correspond to 50 nm. (B) UV-VIS 

extinction spectra recorded from aqueous suspensions containing TiO2, Au/TiO2 or Au/SiO2 

materials (black, red and blue traces, respectively). 
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The Au NPs (Figure 3.4A) were monodisperse, uniformly deposited at the TiO2 

surface (no agglomeration) and measured 9.7  2.2 nm in diameter (Size distribution 

histogram as seen on Figure 3.5A). The Au/TiO2 catalyst contained 12.0 wt.% Au while the 

Au/SiO2 contained 0.8 wt.% as determined by Flame Atomic Absorption Spectroscopy 

(FAAS). It has been demonstrated that charge transfer between Au and TiO2 can take place 

under LSPR excitation, in which LSPR excited hot electrons are transferred from Au to the 

TiO2 conduction band.42–44 Also, a charge transfer of photo-excited electrons from TiO2 to Au 

can take place under UV illumination.45 Therefore, this system becomes very attractive as a 

model plasmonic catalyst in order to investigate the effect of charge transfer between the 

plasmonic nanoparticle and the support over catalytic activities. As for the analogous system, 

the Au/SiO2 catalyst by immobilization of pre-synthesized Au NPs (the histogram of size 

distribution is seen on Figure 3.5B) on commercial silica as shown in Figure 3.4B (SEM and 

TEM images). The Au NPs were 13.6  2.7 nm in diameter and uniformly deposited over the 

SiO2 surface without any significant agglomeration. This material was employed as a 

reference as no charge transfer occurs between the support (SiO2) and the plasmonic NPs 

(Au) either under visible (LSPR) or UV excitation. 

 

Figure 3.5 – Histograms of size distribution for the Au NPs on the (A) Au/TiO2 materials and 

(B) Au/SiO2 materials. The average size corresponded to 9.7  2.2 nm and 13.6  2.7 nm in 

diameter, respectively. 
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The UV-VIS extinction spectra for TiO2, Au/TiO2, and Au/SiO2 are shown in Figure 

3.4C. In addition to the peak assigned to the TiO2 band gap excitation (314 nm), the TiO2 

colloidal spheres (black trace) did not present any bands in the visible range. On the other 

hand, the Au/TiO2 (red trace) and Au/SiO2 (blue trace) displayed bands centered at 535 and 

530 nm, respectively, assigned to the dipole modes of the LSPR excitation from Au NPs.46 

 In the next step, we aimed at studying how the LSPR excitation affected the plasmonic 

catalytic activities in both Au/TiO2 and Au/SiO2 as a function of the reaction pathway. We 

focused on Au/TiO2 (that enables metal-support charge transfer processes) and Au/SiO2 (that 

does not enable metal-support charge transfer processes) as catalysts. Moreover, we chose the 

hydrogenation of 4-nitrophenol as a model reaction and BH4-(aq) ions or H2(g) as the reducing 

agents aiming at two different reaction pathways for reduction reactions involving metal NPs 

as catalysts.47,48 When BH4-(aq) is employed as reducing agent, H-(aq) ions are transferred from 

the BH4-(aq) to the NPs surface (leading to the formation of M-H bonds), which contributes to 

the further reduction steps. The H- is transferred to substrate molecules at the nanoparticle 

surface, which represents the rate-limiting step according to the Langmuir–Hinshelwood 

model.47,49,50 In the case of H2(g), the rate-limiting step represents the cleavage of molecular 

hydrogen leading to the formation of M-H bonds as they interact with the metal surface.51 

The effect of the LSPR-excitation over the conversion of 4-nitrophenol into 4-

aminophenol using BH4-(aq) as reducing agent was investigated as shown in Figure 3.6. We 

employed a conventional LED lamp as our excitation source (the light intensity corresponded 

to 3.2 mW cm-2). The obtained conversion in the absence of LSPR excitation is shown in 

Figure 3.6A. Here, TiO2 colloidal spheres (black trace), Au/TiO2 (red trace), and Au/SiO2 

(blue trace) were investigated as catalysts. A blank reaction (green trace) is also shown. While 

no significant conversion was detected for the blank reaction or in the presence of TiO2, both 

Au/TiO2 and Au/SiO2 catalysts were effective towards this transformation. 
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Figure 3.6 – (A and B) conversion % as a function of time for the 4-nitrophenol 

hydrogenation by BH4-(aq) catalyzed by TiO2 colloidal spheres (black trace), Au/TiO2 (red 

trace), and Au/SiO2 (blue trace). A blank reaction (in the absence of any catalyst) is also 

shown (green trace). In (A) and (B), the reaction was performed in the absence and presence 

of visible light excitation by a green LED, respectively. (C and D) show the pseudo-first-order 

rate constants (k) obtained from (A and B), respectively. 

 

 In particular, the Au/TiO2 catalyst displayed higher conversion % relative to Au/SiO2 

catalyst. After 30 min of reaction, the conversion of 4-nitrophenol reached 12 and 88 % for 

Au/SiO2 and Au/TiO2, respectively. After 60 min of reaction, the reaction achieved 100 % 

conversion for Au/TiO2 catalyst, while 35 % conversion for Au/SiO2 NPs. It has been 

demonstrated that Au and Ag NPs supported on TiO2 can dissociate H2 into polar hydrogen 

species: H- and H+.52–54 In our system, it is plausible that H- would be formed at the Au 

surface (metal hydride) and H+ at TiO2 (bound to an oxygen atom) from BH4-(aq). This 

resulting H- and H+ pair could improve the rate of the H transfer to polar bonds (NO2 group 



59 

in 4-nitrophenol), thus leading to higher reaction rates relative to the Au/SiO2 catalysts in the 

absence of light excitation (in which the formation of the H-/H+ pair is not favored). 

 Unexpectedly, by employing visible-light excitation with a green LED, we detected a 

decrease in the catalytic activities for Au/TiO2 catalyst (red trace, Figure 3.6B) when 

compared to the reaction carried out in the absence of light excitation (Figure 3.6A). Under 

LSPR excitation, the conversion % corresponded to only 44 % after 30 min of reaction for 

Au/TiO2. After 60 min of reaction, the conversion reached 73 %. On the other hand, an 

opposite trend was observed for the Au/SiO2 catalyst, with a significant enhancement in the 

conversion under visible-light illumination. In this case, the conversion reached 56 and 78 % 

after 30 and 60 min, respectively. These variations in catalytic activity as a function of LSPR-

excitation for both Au/TiO2 and Au/SiO2 can be further illustrated by the pseudo-first-order 

rate constants (k) calculated from Figure 3.6A and B, shown in Figure 3.6C and D, 

respectively. It can be observed that k varied from 1.0×10-2 to 3.5×10-2 min-1 in Au/SiO2 and 

from 11×10-2 to 3.1×10-2 min-1 for Au/TiO2 after LSPR excitation. This corresponds to an 

activity drop of about three times for Au/TiO2 and an increase of about three times in activity 

for SiO2-Au NPs under LSPR excitation. These results indicate that, while the LSPR 

excitation led to a decrease in activity for the 4-nitrophenol hydrogenation using BH4-(aq) as 

the reducing agent for Au/TiO2, an increase in activity was detected when Au/SiO2 was 

employed as catalyst.  

 Figure 3.7 depicts our proposed mechanism for the 4-nitrophenol hydrogenation by 

BH4-(aq) based on different articles from the literature.55–58  

 



60 

 

 

Figure 3.7 – Proposed mechanism for the 4-nitrophenol hydrogenation by BH4-(aq) catalyzed 

by metallic NPs. 

 

 Figure 3.8A and B show our proposed mechanism for the variations in activity under 

LSPR excitation for both Au/SiO2 (Figure 3.8A) and Au/TiO2 catalysts (Figure 3.8B). It is 

well-established that the LSPR excitation in plasmonic NPs leads to the generation of hot-

electrons and holes.4,5 These LSPR-excited hot-electrons can then be charge-transferred to 

adsorbed molecules or semiconductors in hybrids containing plasmonic NPs.59,60 In Au/SiO2, 

no charge transfer of LSPR-excited hot electrons can take place from Au to SiO2. Therefore, 

the LSPR-excited hot electrons can be transferred to the lowest unoccupied adsorbate state 

(Figure 3.8A).61 This leads to a formation of a transient adsorbate species (bond weakening 

and activation) which facilitates the transfer of H- ions at the metal surface to the adsorbate 

and thus accelerates the reaction. Although this mechanism has been described for several 

plasmonically enhanced transformations, its observation in hydrogenation remains limited. 
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Moreover, reports on the enhancement of the 4-nitrophenol reduction by BH4- under LSPR 

excitation have been mainly assigned to local heating due to plasmon decay.62,63 

 

Figure 3.8 – Detected increase in activity towards the 4-nitrophenol hydrogenation by BH4-

(aq) catalyzed by Au/SiO2 under LSPR excitation (A), and the detected decrease in activity 

when catalyzed by Au/TiO2 under LSPR excitation (B). In Au/SiO2 NPs, LSPR-excited hot 

electrons can be transferred to adsorbate LUMO orbitals accelerating the reaction rate. In 

Au/TiO2, LSPR-excited hot electrons are transferred from Au to the TiO2 conduction band. 

The hydride species at the Au surface then get oxidized by the LSPR-generated holes, leading 

to the formation of H2 and thus hampering the transfer of H- species from the Au surface to 

adsorbed 4-nitrophenolate species (rate-limiting step in the mechanism depicted in Figure 3). 

(C) DFT-calculated electronic structure of 4-nitrophenol adsorption on an Au/TiO2 surface. 

Projected density of states of each component (4-nitrophenol, Au, TiO2) is shown to compare. 

The charge density plot shows the degenerate states of the conduction band of TiO2 and the 

LUMO of 4-nitrophenol. The isosurface is set to 0.12 e/Å3. 
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However, we believe that this is not the case, otherwise, the same behavior would also 

be observed for Au/TiO2. Finally, it has been shown by theoretical simulations that plasmonic 

heating should not play any significant effects on our employed size, temperature, and laser 

intensity conditions.35 In Au/TiO2, the LSPR-excited hot electrons generated at Au NPs can be 

transferred to the conduction band of TiO2.42–44 Therefore, we propose that hot electrons are 

transferred from Au to TiO2 following LSPR excitation and thus they do not become available 

for transfer to unoccupied adsorbate states (Figure 3.8B). Figure 3.8C shows the DFT-

calculated electronic structure of 4-nitrophenol adsorbed on TiO2-supported Au layers. The 

LUMO orbital of the 4-nitrophenol molecule is located within 2 eV above the Fermi Level. 

The conduction band of TiO2 is located at a similar energy window. Charge analysis within 

this energy range show states at both TiO2 and the NO2 group of the 4-nitrophenol. These 

degenerate states suggest that excited electrons in Au particles may have two interfacial 

charge transfer directions. The built-in electronic field at the Au/TiO2 interface (Figure 3.8B) 

drives electron into TiO2, while the weak interaction between the molecule and Au hinders the 

electron injection into the molecular orbital. 

Because of this directional electron transfer, reduction of the NO2 group is thus not 

facilitated by the hot electrons. Instead, it is possible that the generated holes can also oxidize 

H- species bound at the Au NPs surface back to H2. This would lead to a decrease in the rate 

of the reaction as the transfer of H- species to adsorbed 4-nitrophenolate molecules represents 

the rate-limiting step for the 4-nitrophenol hydrogenation by BH4- catalyzed by metal NPs 

according to the Langmuir-Hinshelwood mechanism as depicted in Figure 3.7.49,64 In order to 

verify this hypothesis, we performed a control experiment in which the amount of H2(g) 

generated from the reaction was measured both in the absence and in the presence of visible 

light excitation. Interestingly, our results showed that the generation of H2 from the reaction 

increased under green light excitation as shown in Figure 3.9, in agreement with the 
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mechanism depicted in Figure 3.8B. This experiment served as a tool to display any changes 

in hydrogen production from the interaction of borohydride with water. In the presence of a 

catalyst, less hydrogen is produced due to the adsorption of hydrides onto the catalyst surface. 

 

Figure 3.9 – Volume of H2(g) produced from the addition of BH4-(aq) onto an aqueous 

suspension containing Au/TiO2 NPs in the absence (black bars) or presence (red bars) of 

visible light excitation by a green LED lamp. When no catalyst is present, the volume of H2(g) 

is higher as a result of the adsorption of H- species at the Au surface. When the catalyst is 

present, the increase in the production of H2(g) is due to the oxidation of the H- species by the 

LSPR generated holes. 

 

This proposed mechanism for the variation in catalytic activity following LSPR 

excitation in the Au/SiO2 and Au/TiO2 are also supported by our observations that, in Au NPs 

(no charge transfer to a support), p-nitrothiophenol (PNTP) molecules can be reduced do p,p’-

dimercaptoazobenzene (DMAB) under LSPR excitation due to the transfer of LSPR-excited 

hot electrons from Au to adsorbed PNTP molecules. When Au/TiO2 is employed as 

substrates, no reduction takes place as a result of the transfer of LSPR-excited hot electrons 

from Au to TiO2.65 

We also performed the 4-nitrophenol hydrogenation using H2(g) as the reducing agent. 

Even though Au NPs have displayed high activities towards a myriad of reactions, relatively 

low activities towards hydrogenations using H2(g) as the hydrogen source have been 
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described.66 Figure 3.10 depicts the conversion % for the 4-nitrophenol hydrogenation by H2 

employing TiO2, Au/TiO2, and Au/SiO2 as catalysts (black, red, and blue traces, respectively). 

 

Figure 3.10 – (A and B) conversion % as a function of time for 4-nitrophenol hydrogenation 

by H2(g) catalyzed by TiO2 colloidal spheres (black trace), Au/TiO2 (red trace), and Au/SiO2 

(blue trace). A blank reaction (in the absence of any catalyst) is also shown (green trace). In 

(A), the reaction was performed in the absence of visible light excitation (conventional 

catalysis), while in (B) the reaction was performed under a green light excitation (plasmonic 

catalysis). (C and D) show the pseudo-first-order rate constants (k) obtained from (A and B), 

respectively. 

 

A blank reaction is also depicted as the green trace. In the absence of LSPR-excitation 

(Figure 3.10A), no significant conversion was detected for both blank reaction and TiO2 

colloidal spheres. However, the conversion percentages for Au/TiO2 were higher relative to 

Au/SiO2. Specifically, after 8h, the conversion % corresponded to 58, and 11 % for Au/TiO2 

and Au/SiO2, respectively. The higher catalytic activity of the Au/TiO2 is assigned to the 
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promotional effect of the TiO2 support as described for the reduction employing BH4-(aq), in 

which metal support-interactions can induce the heterolytic H2 cleavage into H-/H+ pairs, 

and thus favor the reaction.29,48,53,54,67,68  

The conversion % for both Au/SiO2 and Au/TiO2 increased when the reaction was 

carried out under visible light illumination (green led, Figure 3.10B). Specifically, the 

conversion after 8h of reaction corresponded to 97 and 59 % for Au/TiO2 and Au/SiO2, 

respectively. These variations in catalytic activity can also be rationalized by analyzing the 

pseudo-first-order rate constants (k) depicted in Figure 3.10C and D that were calculated 

from the data shown in Figure 3.10A and B, respectively. Here, the k values increased from 

11×10-2 to 36×10-2 h-1 and from 1.6×10-2 to 12×10-2 h-1 after visible light excitation (green 

led) for the Au/TiO2 and Au/SiO2, respectively. This corresponds to an increase of about three 

and seven times in catalytic activity, respectively, under visible light excitation. 

The mechanism for the increase of activities under LSPR excitation for the reduction 

of 4-nitrophenol by H2(g) is depicted in Figure 3.11. 

 

Figure 3.11 – (A) Proposed mechanism for the detected increase in activity towards 4-

nitrophenol hydrogenation by H2(g) catalyzed by Au/TiO2 NPs under LSPR excitation. In this 

case, LSPR-excited hot electrons are transferred from Au NPs the antibonding orbital of H2. 

This favors the generation of hydride species at the surface and improved 4-nitrophenol 

hydrogenation compared to the reaction carried out in the absence of LSPR excitation. 
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In fact, it has been demonstrated that the LSPR excitation in Au NPs supported both 

on TiO2 and SiO2 lead to an increase in the rate of hydrogen dissociation. This phenomenon 

has been assigned, both experimentally and theoretically, to the transfer of LSPR-excited hot 

electrons from Au NPs to the H2 anti-bonding orbital.35,36 This aids the H2 splitting at the 

surface and thus increase the reaction rates. It is important to note that in hydrogenations 

involving H2, the H2 splitting at the surface is usually the rate-limiting step.47,49 Another 

important observation is that the relative increase in the conversion percentage under LSPR 

excitation was observed for Au/SiO2 relative to Au/TiO2. In the Au/TiO2, the presence of a 

Schottky barrier may also enable the transfer of LSPR-excited hot electrons to the TiO2 

conduction band, reducing the number of hot electrons available for transfer to the H2 

antibonding orbitals.  

 

Figure 3.12 – Hydrogenation of phenylacetylene and proposed mechanism catalyzed by 

Au/TiO2. This reaction could produce styrene and ethylbenzene as products, thus displaying 

the importance of the semi-hydrogenation of phenylacetylene and therefore the selectivity of 

the employed catalyst. 
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This principle (LSPR-enhanced hydrogenation in the presence of H2) can also be put 

to work towards achieving higher catalytic activities towards the hydrogenation of other 

molecules. For instance, we employed the aforementioned materials on the catalytic and 

photocatalytic hydrogenation of phenylacetylene using H2 as reducing agent. Figure 3.12 

shows the mechanism and possible products for this reaction.69 We also evaluated the 

materials under LSPR excitation and compared both their activity and selectivity towards 

styrene. For these reactions, the same Au/TiO2, Au/SiO2, and TiO2 materials were employed 

under 6 bar of H2 pressure at 100°C. Figure 3.13 displays the results of conversion and 

selectivity for all three materials under no light illumination (Figure 3.13A) and under green 

light irradiation (Figure 3.13B). Even after properly cleaning the reactors, the blank reaction 

(green bar) produced a small conversion under both conditions, which could be attributed to 

the pressure and temperature onto the molecules, and since the conversions were both close to 

1.5% and selectivities close to 54%, we can infer that it was a systematic error. 

 

Figure 3.13 – (A - B) conversion % after 5 hours of reaction for phenylacetylene 

hydrogenation under 6 bar of H2(g) in ethanol at 100 °C catalyzed by TiO2 colloidal spheres 

(black bar), Au/TiO2 (red bar), and Au/SiO2 (blue bar). A blank reaction (in the absence of 

any catalyst) is also shown (green bar). The purple squares indicate the selectivity for styrene. 

In (A), the reaction was performed in the absence of visible light excitation (conventional 

catalysis), while in (B) the reaction was performed under green light excitation from a LED 

lamp. 
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 For the reaction employing TiO2 as catalyst (black bar), the increase on conversion 

when green light is shone is not very significant since it raises from 4.1 ± 2.0% to 6.8 ± 3.1%, 

that difference could be attributed as error. Although for the sample employing Au/TiO2 (red 

bar), a clear difference can be seen, with the conversion increasing from 73.0 ± 2.0% under no 

light irradiation to 96.1 ± 3.0% under green light and the selectivity suffered no significant 

changes (≈65%). As before mentioned, this could be attributed to the higher number of H2 

molecules split under plasmonic excitation, which can thus lead to a higher conversion. As for 

the Au/SiO2 (blue bar), the increase was even greater, going from 17.9 ± 1.3% under no light 

irradiation to 71.4 ± 2.7% under green light, although the selectivity towards styrene 

decreased from 85.3% to 70.8%, a difference that could be also attributed to the higher rate of 

H2 splitting, which on its turn can further hydrogenate styrene to ethylbenzene if bound to 

active sites. 

 

Figure 3.14 – Conversion % of phenylacetylene for the hydrogenation reaction after 

pressurizing the reactor with 6 bar of H2(g) for 5 hours at 100 °C, without phenylacetylene, 

under no visible light excitation (black bar) and under green light excitation (red bar). The 

blue square indicates selectivity towards styrene. The mixture was degasified with for 30 

minutes and the substrate was added under N2 atmosphere. After the addition, reactions were 

allowed to occur for 5 hours at 100 °C. 

 

 In order to further prove that hydrogen splitting was being enhanced under plasmon 

excitation we performed a control experiment in which the Au/TiO2 catalyst was initially 
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submitted to reaction conditions without the presence of the substrate in the medium to 

generate adsorbed hydrogen species(Figure 3.14). For this, we employed the same reaction 

conditions as aforementioned, 6 bar of hydrogen, 100°C for 5 hours. Afterwards, the pressure 

was relieved, nitrogen was bubbled for 30 minutes to remove dissolved hydrogen and the 

atmosphere was then substituted to nitrogen. 

This procedure proves that under green LED excitation, the system grants higher H2 

splitting and thus enhances hydrogenation reactions. As for selectivity, light excitation 

lowered the selectivity towards styrene, which could be due to the higher number of hydrides 

on the surface of the catalyst, which would grant the catalyst the possibility of further 

hydrogenating the substrates if adsorbed onto the surface.70 To further illustrate the high 

activities and versatility of the LSPR-excitation, we also performed the reduction of 4-

nitrophenol and phenylacetylene by H2(g) at room temperature employing Au/TiO2 catalyst 

(Figure 3.15). 

 

Figure 3.15 – Conversion % as a function of time for (A) 4-nitrophenol or (B) 

phenylacetylene hydrogenation by H2(g) catalyzed by Au/TiO2 in the absence of visible light 

excitation (black trace) and under light excitation by a green (red trace). Reactions performed 

at 20 °C. 
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While no conversion was detected in the absence of light excitation, significant 

conversions were detected under the same conditions under visible-light (green) illumination. 

As seen on this kinetic study, the enhancement is different depending on the substrate that 

employed, even though the catalyst and conditions are the same, the enhancement is further 

seen on alkynes (Figure 3.15B) than on the nitro-compound (Figure 3.15A), which could be 

related to the more complex mechanism observed for the nitro-compound (Figure 3.7) when 

compared to the alkyne reduction (Figure 3.12), although this would need further study to be 

proven. 
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3.4 – Conclusions 

In summary, by employing hydrogenation reactions as a model proof-of-concept 

transformation, we found that the plasmonic catalytic activity displayed a reaction pathway 

dependent behavior. Both positive (catalytic enhancement) and negative (reaction rate 

suppression) could be detected under visible light illumination employing Au NPs supported 

on TiO2 and SiO2 as plasmonic catalysts. We found that both the nature of the reducing agent 

and the occurrence of charge-transfer processes at the interface were responsible for the 

detected variations in plasmonic catalytic activities. The results described herein shed 

important insights in the field of plasmonic catalysis, in which activity and performance can 

display reaction pathway dependent behavior. It is noteworthy that other types of 

transformations may also display a similar trend and deserve further investigation. We believe 

that this knowledge will pave the way for the improved design of plasmonically-enhanced and 

greener chemical processes. 
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Chapter 4 – Platinum nanoparticles supported on Titania: An 

improved electrocatalyst towards the oxygen reduction reaction 

4.1 – Introduction 

This chapter can be found on the journal ACS Applied Energy Materials.1 

The oxygen reduction reaction (ORR) is employed at the cathode in proton exchange 

membrane (PEM) fuel cells and contributes to the energy production of these devices.2,3 Due 

to its sluggish kinetics, the ORR requires electrocatalysts based on platinum nanoparticles (Pt 

NPs) supported on high surface area materials.4,5 However, due to the high costs and low 

abundance of Pt, the reduction in Pt loading or even developing Pt-free electrocatalysts 

represents an important challenge.6,7 Recently, significant progress has been achieved in 

performance through the control over the Pt shape, size, composition (alloys and 

multimetallic systems), and structure (Pt-based nanostructures with hollow interiors).4,8 

Nevertheless, further understanding of the electrocatalytic enhancements are still required to 

meet cost/energy demands and enable the widespread application of these devices.9,10 

In addition to the NPs physical and chemical parameters, the optimization over 

metal-support interactions can be employed to maximize electrocatalytic performance due to 

the generation of surface reactive sites.11–13 In the context of the ORR, most supports are 

comprised of conductive carbon nanomaterials.7,14 However, carbon supports usually corrode 

to form carbon dioxide, leading to the collapse and agglomeration of Pt NPs and thus the loss 

of activity in the longer term.15,16 Therefore, the utilization of other supports is promising to 

improve both the stability and performances. Among the several promising materials as 

supports, titanium dioxide (TiO2) is resistant to corrosion, presents a low cost, is 

commercially available, and several protocols for the synthesis have been reported.17,18 

However, a major drawback is that the TiO2 electrical conductivity must be enhanced to be 
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used as a support material. In this case, hybrid materials comprised of TiO2 and carbon have 

been proposed. This system combines the attractive features of both materials. Nevertheless, a 

deeper understanding of the effect of TiO2 as support over the detected ORR activities and 

stabilities is required.17,19 

In this chapter, we developed electrocatalysts composed of Pt NPs supported on TiO2 

microspheres, that were subsequently impregnated into conductive carbon (Vulcan) as model 

systems to investigate the effect of the Pt loading on TiO2 over the ORR activities and 

stability. The effect of Pt loading at the TiO2 surface, as well as the Pt/TiO2 loading on 

carbon, was investigated and benchmarked against the commercial Pt/C (E-TEK) material. 

We found that the loading of Pt and TiO2 played a central role over the exposure of reactive 

sites and thus to the ORR activities. This effect could be related to the generation of surface 

reactive groups, such as adsorbed oxygenated species, as a result of the optimized metal-

support interactions. 
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4.2 – Experimental Section 

Materials and Instrumentation: 

H2PtCl6·6H2O (Chloroplatinic acid hexahydrate, Sigma-Aldrich), PVP 

(polyvinylpyrrolidone, Sigma-Aldrich, MW 55 000 g mol-1), EG (ethylene glycol, 99.5%, 

Synth), C3H6O (acetone, 99.5%, Synth), C2H4O2 (acetic acid, 99.7%, Vetec), C6H8O6 

(ascorbic acid, 99.0%, Sigma-Aldrich), Ti(OBu)4 (titanium butoxide, 97%, Sigma-Aldrich), 

Vulcan XC-72 Carbon (Cabot®), H2SO4 (sulfuric acid, 70%, P.A. Synth), Nafion® (5 wt.%, 

Fluka), and Pt/C E-TEK 10 wt.% were used as received. All chemicals were analytical grade 

reagents and were used without further purification. Deionized water (18.2 MΩ) was used 

throughout the experiments. 

 

Material analyses: 

Scanning electron microscopy (SEM) images were obtained using a JEOL 

microscope FEG-SEM JSM 6330F operated at 5 kV. The samples were prepared by drop-

casting an aqueous suspension of the nanostructures on a Si wafer followed by drying under 

ambient conditions. Size distribution profile was determined by individually measuring the 

size of 200 particles from SEM images. High Resolution Transmission Electron Microscopy 

(HRTEM) images were obtained using a Tecnai FEI G20 operated at 200 kV. Samples were 

prepared by drop casting an alcoholic suspension of each particle in a carbon-coated copper 

grid followed by drying under ambient conditions. 

The X-ray photoelectron spectroscopy (XPS) analyses were performed using a 

SPECSLAB II (Phoibos-Hsa 3500 150, 9 channeltrons) SPECS spectrometer, with an Al Kα 

source (E = 1486.6 eV) working at 12 kV, Epass = 40 eV, with 0.2 eV energy step. The 

synthesized electrocatalysts were kept on stainless steel sample-holders and transported under 

inert atmosphere into the pre-chamber of the XPS staying under vacuum for 2 hours. The 



83 

residual pressure in the analysis chamber was of approximately 1×10-9 Torr. The binding 

energies (BE) of Pt 4f, Ti 2p, O 1s, and C 1s spectral peaks were adjusted using the C 1s peak 

as reference, placed at 284.5 eV, providing accuracy within ± 0.2 eV. 

X-ray diffraction (XRD) data were obtained using a Rigaku - Miniflex equipment 

with CuKα radiation of 1.5406 Å and the diffraction patterns were acquired in the range of 2θ 

= 10 – 80° with a 1° min–1 scanning speed. Pt atomic percentages were measured by 

inductively coupled plasma optical emission spectrometry (ICP-OES) using a Spectro Arcos 

equipment at IQ-USP analytical center facilities. Samples were prepared by digesting them 

using aqua regia at reflux for 2 hours at 100°C. After digestion, samples were diluted using 

distilled water. 

 

Syntheses: TiO2 colloidal spheres: 

The synthesis followed a previously reported procedure.20–22 Typically, Ti(OBu)4 (4 

mL) were added dropwise to ethylene glycol (90 mL) and kept under vigorous stirring at 

room temperature for 8 hours. This mixture was then quickly poured into a mixture 

containing acetone (400 mL), deionized water (5 mL), and acetic acid (2 mL). Subsequently, 

the mixture was kept under stirring at room temperature for 2 hours followed by aging for 3 

more hours. At this stage, titanium glycolate microspheres were formed. They were washed 

and isolated by successive rounds of centrifugation, removal of the supernatant, and re-

suspension in ethanol. In the next step, deionized water (50 mL) was added to the solid 

material comprising titanium glycolate microspheres, the materials were re-suspended, and 

this mixture was kept under stirring at 70 °C for 8 hours to produce TiO2 colloidal spheres. 

This material was washed and isolated by successive rounds of centrifugation, removal of the 

supernatant, and re-suspension with water and ethanol. The TiO2 colloidal spheres were then 

resuspended in deionized water (500 mL). 
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Synthesis of Pt/TiO2 via Pt seeded growth: 

TiO2 microspheres (12 mg) suspended in deionized water (6 mL) were added to a 

mixture containing deionized water (12 mL), ascorbic acid (12 mg), and PVP (70 mg). This 

orange mixture was kept under stirring for 10 minutes at 90 °C and at this point, PtCl62-(aq) (6 

mL, 3.0 mmol L-1) was quickly added to the mixture, which after 10 minutes produced a 

change in color to black as a result of Pt deposition at the TiO2 surface. The reaction was 

allowed to proceed for other 30 minutes at 90°C. This was the first reduction step, the 

material obtained at this stage was denoted Pt/TiO2-1, in which the number 1 refers to one Pt 

deposition step. A second reduction step was performed by adding more PtCl62-(aq) solution (6 

mL, 3.0 mmol L-1) to the reaction mixture obtained at the end of the first reduction step, 

followed by stirring at 90°C for other 30 min. Similarly, a third reduction step was carried out 

by adding more PtCl62-(aq) solution (6 mL, 3.0 mmol L-1) to the reaction mixture obtained at 

the end of the second reduction step, followed by stirring at 90 oC for another 30 min. As 

described in the first deposition step, the solids that were obtained after the second and third 

reduction steps were denoted Pt/TiO2-2 and Pt/TiO2-3, respectively. These materials were 

isolated by stopping the reaction at the end of each corresponding reduction step. In all cases, 

the products were harvested by centrifugation, washed several times with water and ethanol, 

and re-suspended in water for further use. These samples were dried and weighed for ICP-

OES analyses. 

 

Impregnation of Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 onto carbon Vulcan XC-72: 

The Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 materials were impregnated onto a carbon 

support in order to produce 10% wt. Pt/TiO2-1/C, Pt/TiO2-2/C, and Pt/TiO2-3/C on Vulcan 

XC-72 Carbon (Cabot®) by a wet impregnation method. Typically, Carbon (50 mg) was used 
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as support for the nanomaterials. The supports were added to aqueous suspensions containing 

5 mg of each material and left under vigorous magnetic stirring at 110°C until dry. 

 

Electrochemical studies: 

The electrochemical experiments were performed at 25°C in an electrochemical 

three-electrode cell with H2SO4 (80 mL, 0.5 mol L-1) as support electrolyte using a 

potentiostat/galvanostat PGSTAT model 302 N (Autolab®) coupled to a rotating ring-disk 

electrode accessory (Pine®) and controlled by the Nova 10.1 software. The counter electrode 

was a platinum rod, while an Ag/AgCl electrode (Analyzer®) was used as reference. The 

work electrode was a rotating ring-disk electrode consisting of a glassy carbon disk (0.196 

cm²) and platinum ring (0.037 cm²) with the collection factor of 0.37. After thoroughly 

characterizing the catalysts, a suspension of each material was prepared in milli-Q water in 

order to deposit them onto the electrode. An ink was prepared using 1 mg of electrocatalyst 

and 1 mL of ultrapure water (Milli Q system, 18.2 mΩ cm-1) sonicated for 30 minutes. The 

glassy carbon disk surface was covered by a drop of 20 μL of the electrocatalytic ink and 

dried under N2 flux. Subsequently, 20 μL of a 1:100 solution of Nafion® and ultrapure water 

were dropped onto the material, and then further dried under N2 flux at room temperature. The 

electrocatalysts were then further characterized regarding their electrocatalytic properties. 

For CO stripping measurements, carbon monoxide was adsorbed on a 20 mV 

polarized electrode, during 5 minutes, immersed in an H2SO4 solution (0.5 mol L-1). 

Subsequently, CO was removed from the electrolyte by purging with N2 for 25 minutes, and 

three consecutive cyclic voltammetries were run with a scan rate of 10 mV s-1 within the 

potential range of 0.01 to 1.01 V versus RHE reference electrode. The electrochemical surface 

areas (ESA)23 for CO stripping were obtained by integrating the area under each CO oxidation 

peaks in the first voltammetric cycle (QCO, in mC), these were then divided by the charge 
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needed to oxidize a CO monolayer adsorbed onto a Pt surface (QCO = 420 μC cm-2). These 

values were then normalized by the mass of Pt on each electrode and the ECSA was obtained 

in m² g-1. 

For the oxygen reduction reaction (ORR), linear scanning voltammograms were 

collected with a scan rate of 0.01 V s-1 in an ultrapure O2 saturated H2SO4 electrolyte (0.5 mol 

L-1, 30 minutes of O2 purge) in the potential range between 1.21 and 0.21 V (vs RHE) in 

different rotation speeds (ω) from 100 to 2500 rpm. For experiments performed under light 

irradiation, a UV LED stick (UVP Pen-Ray (R) Light source) was used. All the analyses were 

performed in triplicate. 

 

Accelerated stress tests (AST): 

In order to study the stability of the electrocatalysts, the most promising catalyst 

(Pt/TiO2-2/C) was compared to the commercial material (Pt/C E-TEK) in accelerated stress 

tests. A typical test was performed in H2SO4 (0.5 mol L-1) as support electrolyte. An ORR 

polarization curve was then collected with a scan rate of 0.01 V s-1 in an ultrapure O2 

saturated H2SO4 electrolyte (0.5 mol L-1, 30 minutes of O2 purge) in the potential range 

between 1.21 and 0.21 V (vs RHE) in different rotation speeds (ω) from 100 to 2500 rpm. 

After performing the ORR, the electrolyte was switched for a fresh one and N2 was bubbled 

for 30 minutes before performing the cycles, 1000 cyclic voltammetries were run with a scan 

rate of 100 mV s-1 within the potential range of 0.01 to 1.01 V versus RHE. Oxygen was once 

again bubbled for 30 minutes and ORR was performed in the same conditions as previously 

established.  
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4.3 – Results and Discussion 

Figure 4.1A and B show SEM and HRTEM images of the TiO2 colloidal spheres 

that were employed supports for the Pt/TiO2 materials. The TiO2 spheres displayed spherical 

shape and were 267.8 ± 37.8 nm in diameter. Although they appear to be smooth from SEM 

images, HRTEM results revealed that they are comprised of TiO2 nanocrystallites (around 10 

nm in size). They were crystallized as anatase according to previously reported XRD and 

Raman data.20,24 

 

Figure 4.1 – SEM (A) and HRTEM (B) images of TiO2 colloidal spheres. They displayed 

spherical shape, relatively monodisperse sizes, and rough surfaces comprised of smaller (~10 

nm) crystallites. The overall diameter of the TiO2 colloidal spheres corresponded to 267.8 ± 

37.8 nm. The scale bars in the insets correspond to 100 nm (A) and 50 nm (B). 

 

The TiO2 colloidal spheres were employed as seeds for Pt deposition at their surface 

with controllable sizes and coverage by a facile route based on sequential deposition steps as 

depicted in Figure 4.2. This approach employed PtCl62- as the Pt precursor, ascorbic acid as a 

reducing agent, PVP as a stabilizer, water as the solvent, and 90°C as the reaction 

temperature. The loading and coverage of Pt at the surface could be controlled by performing 

successive deposition steps, which allows for the understanding of how these parameters 

affect the electrocatalytic activity of the generated materials towards the ORR. Specifically, 
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three Pt deposition steps were performed, which led to Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 

materials (obtained after one, two, and three Pt deposition steps, respectively). 

 

Figure 4.2 – Scheme for the syntheses of Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 materials TiO2 

colloidal spheres are used as seeds for the deposition of Pt NPs using ascorbic acid as 

reducing agent, polyvinylpirrolidone as stabilizer, water as solvent, and PtCl62- as the Pt 

precursor. The size and Pt content at the TiO2 surface could be controlled by performing 

sequential Pt deposition steps. 

 

SEM images for the Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 materials (Figure 4.3A-C, 

respectively) indicate the efficient deposition of Pt NPs at the TiO2 supports displaying a 

uniform surface dispersion, spherical shape, and uniform sizes. The Pt content and coverage 

at the TiO2 surface could be tailored by performing sequential reduction steps. The ICP-OES 

analyses indicated the presence of 20.1, 31.0, and 38.4 wt.% of Pt in the Pt/TiO2-1, Pt/TiO2-2, 

and Pt/TiO2-3 samples, respectively. 
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Figure 4.3 – SEM (A-C) and TEM (D-F) images of Pt NPs supported at the surface of TiO2 

colloidal spheres (Pt/TiO2) after one (A, D), two (B, E), and three (C, F) deposition steps. The 

scale bars in the insets correspond to 50 nm. 

 

High-Resolution Transmission Electron Microscopy (HRTEM) images for the 

Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 samples (Figure 4.3D-F, respectively) revealed that the 

individual Pt NPs were comprised of aggregates made up of individual, smaller Pt NPs 

measuring about 3 nm in size (estimated based on TEM images). While a lower Pt coverage at 

the TiO2 surface can be observed for both Pt/TiO2-1 and Pt/TiO2-2 samples (Figure 4.3D and 

E), the highest coverage was detected in the Pt/TiO2-3 material (Figure 4.3F).  

 

Figure 4.4 – Pt NPs size distribution histograms for the Pt/TiO2-1/C, Pt/TiO2-2/C, and 

Pt/TiO2-3/C materials (A, B, and C, respectively). Here we can notice the growth of Pt 

nanoclusters with the addition of Pt precursor, for the Pt/TiO2-1/C sample, the nanoparticle 
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diameters range between 11.9 ± 3.0 nm (A), while Pt/TiO2-2/C the size distribution is 

between 16.0 ± 2.2 nm, and Pt/TiO2-3/C ranges between 20.1 ± 2.1 nm. 

 

As the addition of more Pt precursor occurred after every stage, the particles suffered 

a significant growth as observed on the histograms. Particles prepared with one addition of 

PtCl62- grew to an average cluster size of 11.9 ± 3.0 nm, while two additions produced NPs 

with 16.0 ± 2.2 nm and three additions produced particles with sizes of 20.1 ± 2.1 nm. After 

the syntheses, the Pt/TiO2-1, Pt/TiO2-2, and Pt/TiO2-3 samples were incorporated onto Vulcan 

XC-72 Carbon (Cabot®) by wet impregnation, this method, employed in many fields of 

catalysis, is based on adding the preformed materials suspended in a solvent onto the support 

and letting it dry. This led to Pt/TiO2-1/C, Pt/TiO2-2/C, and Pt/TiO2-3/C materials, 

respectively. In all cases, the Pt/TiO2 loading corresponded to 10 wt.%, reaching the overall 

Pt loading of 2.01, 3.10, and 3.84 wt.% for Pt/TiO2-1/C, Pt/TiO2-2/C, and Pt/TiO2-3/C, 

respectively.  

 

Figure 4.5 – X-ray diffractograms for the Pt/TiO2-1/C, Pt/TiO2-2/C, and Pt/TiO2-3/C 

materials (green, red, and blue traces, respectively). The black solid and dashed lines indicate 

the JCPDF patterns used to identify the TiO2 and Pt peaks (solid and dashed lines, 

respectively). Here, the samples presented characteristic peaks of the TiO2 anatase phase, fcc 

Pt, and carbon. 
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Figure 4.5 shows the XRD profiles for the Pt/TiO2-1/C, Pt/TiO2-2/C, and Pt/TiO2-

3/C materials. The diffractograms show the characteristic reflections assigned to TiO2 anatase, 

fcc Pt, and carbon. This indicates that our wet impregnation approach was effective for the 

incorporation of Pt/TiO2 onto the carbon support. 

In order to probe the generation of ORR reactive sites in the Pt/TiO2-3/C materials as 

a result of metal-support interactions, the samples were studied by XPS. Figure 4.6A-D 

shows the Ti 2p, Pt 4f, C 1s, and O 1s core level XPS spectra along with their fitting and 

deconvoluted curves, obtained for the Pt/TiO2-1/C, Pt/TiO2-2/C, and Pt/TiO2-3/C materials. 

Data for Vulcan XC-72 carbon is also shown for comparison. The corresponding XPS 

parameters obtained from the spectra are shown in Table 4.1(for Ti, Pt, and O) and 4.2 (for 

C). 

 

Table 4.1 – Binding energies and surface percentages measured by XPS. 

Material 

Binding energy (eV) 

Pt 4f7/2 Ti 2p3/2 
O 1s 

OI OII OIII 

Vulcan XC-72 n.d. n.d. 530.9 (11)* 533.2 (80) 536.8 (9) 

Pt/TiO2-1/C 71.5 459.6 531.4 (34) 533.4 (58) 536.0 (8) 

Pt/TiO2-2/C 71.5 459.6 531.4 (32) 533.3 (60) 535.9 (8) 

Pt/TiO2-3/C 71.5 459.7 531.7 (28) 533.7 (65) 536.5 (7) 

*Species surface percentage 

 

The Ti 2p spectrum (Figure 4.6A) displayed doublet peaks at 459.4 eV and 465.1 eV 

assigned to Ti 2p3/2 and Ti 2p1/2, respectively. The splitting width between the two peaks was 

of 5.7 eV, indicating only the presence of Ti4+ chemical state.25 Ti 2p peaks were slightly 

shifted towards higher binding energies as compared to those in TiO2, which indicates a 

change in the Ti chemical environment possibly due to strong interactions with the Carbon 

support (such as the formation of Ti-O-C bonds).26 
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Figure 4.6 – Deconvoluted X-ray photoelectron spectra (XPS) of the Ti 2p (A), Pt 4f (B), C 

1s (C), and O 1s (D) core levels for Pt/TiO2-1/C, Pt/TiO2-2/C, Pt/TiO2-3/C, Vulcan XC-72 

carbon (top to bottom traces, respectively). 

 

As shown in Figure 4.6B, the Pt 4f region revealed that the 4f7/2 and 4f5/2 spin-orbital 

components have an asymmetric shape which is typical for Pt0.27,28 The peaks located at 71.5 

and 74.9 eV can be assigned to Pt 4f7/2 and Pt 4f5/2 of Pt0, respectively. The slight shift 

towards higher binding energy values compared to literature values (71.0 eV) is attributed to 
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metal-support interaction and to small Pt NPs sizes.28,29 This positive shift may also suggest 

metal-support interactions between TiO2 and Pt. This interaction can modify the electronic 

properties of Pt by increasing the Pt d-vacancy via electronic donation to Lewis acid centers 

such as Tix+ at the Pt/TiO2 interface.30–32 

 

Table 4.2 – Binding energies, surface percentages, and oxygenated carbon/carbon ratios 

measured by XPS. 

Material 

Binding energy C 1s (eV) 
Intensity 

(%) 

Peak I C-C 
Peak II C-

H (defects) 

Peak III -

C-OH 

Peak IV 

>C=O 

Peak V -

COOH 

Peak VI 

π→π* 
IOxy/IC** 

Vulcan XC-72 284.5 (57)* 286.0 (21) 287.5 (10) 289.2 (6) 290.8 (4) 292.8 (2) 19 

Pt/TiO2-1/C 284.5 (55) 286.0 (23) 287.4 (10) 289.0 (6) 290.6 (4) 292.4 (2) 26 

Pt/TiO2-2/C 284.5 (57) 286.0 (22) 287.4 (10) 289.0 (6) 290.8 (4) 292.5 (1) 25 

Pt/TiO2-3/C 284.5 (54) 286.0 (24) 287.5 (11) 289.1 (6) 290.8 (4) 292.5 (1) 27 

* Species surface percentage 

**Intensity of three oxygen-containing functional groups (peaks III-V) in % of total C 1s area. 

 

Regarding the C 1s region, it was possible to deconvolute the C 1s spectrum into six 

peaks (Figure 4.6C). The lowest binding energy and dominant peak at about 284.5 eV 

corresponds to the graphitic carbon phase,33 while the peak at around 286.0 eV is assigned to 

hydrocarbons (C-H) from defects on the graphitic structure.34 Three carbon-oxygen bonding 

structures for the –C-OH, >C=O and –COOH can also be observed at approximately 287.5, 

289.2 and 290.8 eV, respectively. The subpeak located at higher than 292.8 eV is related to π 

→ π∗ plasmonic excitation.35 It is noteworthy that it has been established that acidic 

oxygenated species contribute to the generation of H2O2 in the ORR.36,37 In our case, XPS 

data indicate that the Pt/TiO2-2/C sample presented the lowest amount of oxygenated species 

on the surface (as seen on Ioxy/Ic depicted in Table 3.2). Therefore, it can be anticipated that 

this material would generate the lowest amount of H2O2 during the reaction and lead to a 
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higher ORR current density relative to the other samples (Pt/TiO2-1/C and Pt/TiO2-3/C).24 

The O 1s core level peaks for the Pt/TiO2/C materials are shown in Figure 4.6D. The O 1s 

peaks could be deconvoluted in three peaks. The first component (OI) centered at 531 eV was 

attributed to the lattice oxygen in the oxides and C=O functional groups. The second and 

dominant component (OII) located at 533 eV was attributed to chemisorbed oxygen species 

(such as OH-) and functional C-O groups. The last component (OIII) with BE around 536 eV 

were characteristic of adsorbed water.26,38 

After probing the metal-support interactions and generation of reactive surface 

species by XPS, we investigated their electroactive areas by CO stripping as described in 

Figure 4.7.  

 

Figure 4.7 – CO-stripping (solid trace) and subsequent cyclic voltammograms (dashed trace) 

for Pt/TiO2-1/C (A), Pt/TiO2-2/C (B), Pt/TiO2-3/C (C), and Pt/C E-TEK (D) registered in 

H2SO4 0.5 mol L-1 under N2 atmosphere. V= 10 mV s-1. T = 273K. 
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The Pt/TiO2/C materials presented lower onset potential for carbon monoxide 

oxidation when compared to commercial Pt/C E-TEK, a behavior related to the interaction 

between Pt and TiO2. This interaction (as suggested by XPS data) decreases the adsorption of 

CO at the metal surface facilitating the oxidation.39 A main current density peak was detected 

between 0.76 and 0.80 V vs RHE (Reversible Hydrogen Electrode) for all materials, which is 

assigned to the CO oxidation on the Pt sites interacting with sp3 disordered carbon.2,40 In 

addition, a shoulder at lower potentials was observed (0.46 V vs RHE) for the Pt/TiO2-3/C, 

which can be assigned to the partial agglomeration of Pt NPs on the TiO2 surface caused by 

the higher Pt coverage in this material.41 The ESA (electrochemical surface area) and ECSA 

(electrochemical active surface area) of the materials calculated from the CO-stripping 

experiments are depicted in Table 4.3.42 It can be observed that the ECSA increased with the 

Pt loadings, corresponding to 2.41, 9.78, and 25.2 m2g-1 for Pt/TiO2-1/C, Pt/TiO2-2/C, and 

Pt/TiO2-3/C materials, respectively. However, it is important to note that these ECSA values 

were significantly lower as compared to Pt/C E-TEK (68.2 m2g-1). This is probably due to the 

aggregation of the Pt NPs on the TiO2 surface as observed by HRTEM. 

 

Table 4.3 – Physicochemical parameters of electrocatalysts related to the electrochemical 

surface area (ESA) estimated from the CO stripping measurements. 

Material 
Mass of Pt on the 

electrode (μg) 

ESA 

(cm²) 

ECSA 

(m² g-1) 

Pt/TiO2-1/C 1.24 0.03 2.41 

Pt/TiO2-2/C 1.65 0.16 9.78 

Pt/TiO2-3/C 1.92 0.48 25.2 

Pt/C E-TEK 6.00 4.09 68.2 

 

Figure 4.8A-D depicts the linear sweep voltammetries (LSV) for the Pt/TiO2-1/C 

(Figure 4.8A), Pt/TiO2-2/C (Figure 4.8B), and Pt/TiO2-3/C (Figure 4.8C) and Pt/C E-TEK 
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(Figure 4.8D) materials towards the ORR performed in O2 saturated H2SO4 (0.5 mol L-1) at 

different rotation rates (from 100 rpm to 2500 rpm as indicated by the colors in the inset, 

Figure 4.8A). The detected currents were normalized by the geometric surface areas of the 

electrodes (0.196 cm² for the disk and 0.037 cm2 for the ring) and presented as current 

densities. Figure 4.8E-H depicts the disk currents for the ORR, respectively, using each 

electrocatalyst shown in Figure 4.8A-D. These results show an increase in ring current 

density values (Figure 4.8A-D) on potentials lower than 0.80 V vs RHE, which indicates the 

conversion of O2 onto H2O2 as detected by its oxidation on the ring electrode.43–46 The values 

obtained for our materials, as well as for the commercial one, are in clear agreement with the 

literature, using the same mass of Pt and same medium as in the present work.43–46 

 

 

Figure 4.8 – Rotating ring (A-D) and rotating disk (E-H) voltammograms for the ORR 

employing Pt/TiO2-1/C (A, E), Pt/TiO2-2/C (B, F), Pt/TiO2-3/C (C, G), and Pt/C E-TEK (D, 

H) as electrocatalysts. These experiments were performed in O2 saturated 0.5 mol L-1 H2SO4 

with a sweep rate of 10 mVs-1 at different rotation rates (as indicated in the insets) and 273 K. 

 

On the other hand, the disk current density (Figure 4.8E-H) is lowered in potentials 

below 0.81 V, which indicates the formation of H2O. Additionally, LSV of the ORR on the 

disk indicates a mixed kinetic-diffusion control region between potentials of 0.90 V and 0.60 
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V (vs RHE). This region is narrower under low rotations and becomes larger at higher 

rotations. The region between 0.60 V and lower potentials is assigned to the diffusional 

control region. This behavior is normally seen for Pt-based electrocatalysts.47 The disk’s 

limiting current density increased gradually with the rotation rate, as expected for a 

diffusional-controlled reaction.48 The water production efficiency (and consequently, the 

number of exchanged electrons per O2 molecule) was calculated using the ring current 

densities using Equation 4.1 and 4.2: 49 

𝑝 (𝐻2𝑂) =  2 ×

𝑖𝑟
𝑁𝑐

𝑖𝑑+
𝑖𝑟
𝑁𝑐

       (4.1) 

𝑛 = 4 ×
𝑖𝑑

𝑖𝑑+
𝑖𝑟
𝑁𝑐

        (4.2) 

Where Nc is the collection factor (experimentally determined as Nc= 0.37), id is the 

disk current, ir is the ring current. These values are listed in Table 4.4. A small amount of 

electrogenerated hydrogen peroxide is observed from the ring current densities presented in 

Figure 4.8. When comparing the limiting current densities of the ring and disk on the 

commercial material, we can see that the ring current density is about 25 times lower than the 

disk, confirming that these electrodes produce mainly water (low hydrogen peroxide current). 

Hence, the number of electrons is closer to 4. 

Considering Pt as the standard electrocatalytic metal for ORR via 4 electrons and that 

the experimental values obtained for Pt/C E-TEK were close to the theoretical ones (3.98 

electrons 98.8% water), the number of electron and water percentages were compared in the 

diffusional region for all materials. These values become lower when the Pt loading on TiO2 

increases, which could be assigned to the preferential 4-electron mechanism of Pt for the 

ORR. From the ring curves (Figure 4.8E-H), two behavior changes are also noticed at 0.70 V 

and 0.30 V (vs RHE), which were more significantly seen on the Pt/TiO2-1/C material. It is 

suggested that the ORR on the disk, and consequently the oxidation of H2O2 on the ring, 
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occur as a function of the applied potential. Our results suggest that there are probably two 

mechanisms of formation of hydrogen peroxide, one at lower overpotentials and one at higher 

overpotentials. 

 

Table 4.4 – Summary of the RRDE data obtained for the ORR employing Pt/TiO2-1/C, 

Pt/TiO2-2/C, Pt/TiO2-3/C, and Pt/C-ETEK as electrocatalysts. n refers to the number of 

exchanged electrons and p the water proportion efficiency based on the ring and disk 

currents.49 

E vs RHE 
Pt/TiO2-1/C Pt/TiO2-2/C Pt/TiO2-3/C Pt/C-ETEK 

n p(H2O) % n p(H2O) % n p(H2O) % n p(H2O) % 

0.60 3.94 97.1 3.98 98.8 3.97 98.3 3.97 98.6 

0.50 3.93 96.4 3.97 98.6 3.97 98.3 3.97 98.7 

0.40 3.90 94.9 3.97 98.3 3.96 98.1 3.98 98.8 

0.30 3.87 93.7 3.96 98.2 3.96 97.9 3.98 99.0 

0.20 3.92 95.8 3.97 98.5 3.96 98.0 3.98 99.0 

Mean 3.91 95.6 3.97 98.5 3.96 98.1 3.98 98.8 

 

In order to better understand the reaction mechanism, Tafel curves were plotted from 

RDE data by the mass-transport correction of the current density measured for rotating disk 

electrodes and are presented in Figure 4.9 according to Equation 4.3: 

𝑗𝑘 =
𝑗𝑑∗𝑗

𝑗𝑑−𝑗
         (4.3) 

where j is the experimentally measured current density, jd is the obtained diffusion-limited 

current density, and jk is the kinetic current density without the mass-transport effect. These 

values were calculated using the current density normalized by geometric area. The Tafel 

curves for the electrocatalysts presented two different regions, a behavior which is expected 

for Pt-based catalysts. At lower overpotentials, all the electrocatalysts presented slopes 

between -70 and -90 mV dec-1, reaching the highest value on Pt/TiO2-1/C (86.5 mV dec-1), 

which indicates that the mechanism of oxygen adsorption is similar to bulk Pt at 1.06 - 0.96 V 
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(vs RHE) potentials.15,19,50 However, at higher overpotentials, there is an increase in module 

on the slope with the decrease of the Pt amount on the electrocatalyst from -124.7 mV dec-1 

(Pt/C E-TEK) to -135.2 mV dec-1 (Pt/TiO2-1/C).51 This observation indicates that the current 

densities are related to the oxygen adsorption energy on the electrocatalyst surface and that 

the first electron transfer is the determining step of the ORR.17 These slope values were also 

observed for other TiO2-based electrocatalysts.15,17,51 When comparing the Tafel plot for all 

the materials employed in this work, we can notice that the Pt/TiO2-2/C material presented a 

profile very similar to the Pt/C E-TEK material, even though it presents lower Pt content. 

 

Figure 4.9 – Tafel plots for Pt/TiO2-1/C (green trace), Pt/TiO2-2/C (red trace), Pt/TiO2-3/C 

(blue trace) and Pt/C E-TEK (black trace). The data was normalized by the geometric area of 

the electrode and calculated from their corresponding rotating disk electrode values at 1600 

rpm. 

 

Previous studies have shown that high slopes on the Tafel plot are normally 

associated with the rate determining step of the ORR, the O2 adsorption onto the metal.52 

Tafel slopes normally increase on materials with lower Pt contents, which indicates that the 

mechanism tends to involve a 2-electron reaction. This was also observed for our materials 

when compared to the commercial Pt/C.53 According to Shinagawa et al.52, the mechanism of 

the ORR is based on three different surface covering species, which are responsible for the 
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slopes on the Tafel plot. At lower overpotentials, the theoretical slopes can vary from 40 to 

120 mV dec-1 depending on the adsorbed species contributing to the rate determining step. As 

the slope lowers, it indicates there are more MOO- and MOOH species contributing to the 

rate-determining step of the reaction, while at higher slopes the rate determining step is 

governed by MOO adsorption. Hence, while the reaction on the Pt/C E-TEK catalyst is 

determined initially by MOO groups, the reaction also depended on the generation of MOO- 

and MOOH groups in the Pt/TiO2/C materials. On the other hand, at higher overpotentials, the 

Tafel slope is normally ≥ 120 mV dec-1, which indicates that the MOO and MOOH species 

are converting into MOO- species. Thus, the detected higher slopes show that the conversion 

starts in lower overpotentials or these catalysts already present a high number of MOO- 

species on their surface. This figure also shows that while the change in slope occurred at 

0.775 V for the Pt/C E-TEK material, this change was only seen at higher overpotentials for 

the Pt/TiO2/C materials. Moreover, based on DFT simulations,54 a strong interaction between 

Pt and TiO2 is presumed due to the overlapping of the TiO2 bonding orbitals with the Pt d-

orbital. These calculations also indicate a strong interaction between Ti and Pt that could 

result in a negative overall net charge in this structure which could strengthen the Pt-Oads 

bond. Therefore, the desorption process could become slow in the high overpotential region, 

thus increasing the Tafel plot as observed in our data. 

In order to better compare the relative ORR electrocatalytic activity of our materials, 

the ORR linear scanning voltammetries at 1600 rpm rotation rate were plotted as shown in 

Figure 4.10A. In addition, the electrocatalytic activity normalized by geometric mass (left-

hand side) and Pt mass on the electrode (right-hand side) at 0.80 V (vs RHE) are shown in 

Figure 4.10B. The Pt/C E-TEK material presented a more positive onset potential for the 

ORR (0.89 V) followed by Pt/TiO2-2/C (0.88 V), Pt/TiO2-3/C (0.84 V), and Pt/TiO2-1/C 

(0.82 V). Here, it is important to note that the Pt/TiO2/C materials have less than half Pt 
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content in their composition compared to the commercial electrocatalyst. In agreement with 

the ORR onset potential, the number of transferred electrons follows the trend: Pt/C E-TEK > 

Pt/TiO2-2/C > Pt/TiO2-3/C > Pt/TiO2-1/C, indicating that the reaction is kinetically favorable 

in this order. 

 

Figure 4.10 – (A) Comparison of rotating disk linear scanning voltammetry for the ORR 

employing Pt/TiO2-1/C (green trace), Pt/TiO2-2/C (red trace), Pt/TiO2-3/C (blue trace) and 

Pt/C E-TEK (black trace) as electrocatalysts. The ORR was measured in O2 saturated 0.5 mol 

L-1 H2SO4 solution at a rotation rate of 1600 rpm and T = 273 K. (B) Left panel: current 

densities at 0.8 V vs RHE for the materials shown in (A); Right panel: current densities 

divided by the Pt mass at 0.8 V vs RHE for the materials shown in (A). 

 

Interestingly, even though the electrodes covered by Pt/TiO2/C hybrids have Pt 

loadings that range from threefold to fivefold lower than the one containing Pt/C E-TEK, they 

still present similar limiting diffusional current densities.55 This led to much higher activities 

when the data is normalized by Pt mass in Figure 4.10B. Specifically, the Pt/TiO2-2/C 

material displayed a starting reduction potential close to Pt/C E-TEK (0.89 V and 0.88 V vs 

RHE, respectively). The higher activity of the Pt/TiO2-2/C material could be attributed to its 

lowest number of acidic oxygenated species at the surface as determined by XPS. These sites 

decrease the H2O2 formation thus enhancing the water production and the current on the disk 

relative to the other materials24. This material also displays less Pt NPs aggregation at the 
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surface as compared to Pt/TiO2-3/C (Figure 4.3). It is noteworthy that the Pt/TiO2-1/C sample 

presented the highest H2O2 production, which can also be attributed to the higher exposure of 

anatase TiO2 at the surface as a result of lower Pt coverage.24,56 

Our data indicate that the control over the Pt NPs coverage at the TiO2 surface 

significantly influences their electrocatalytic activities towards the ORR. In this case, rather 

than an increase in activity with the Pt loading, a volcano-type relationship was observed, in 

which the sample produced by two Pt deposition steps (Pt/TiO2-2/C) displayed the highest 

activities due to the equilibrium between optimum Pt loading/surface coverage and the 

presence of surface reactive sites as enabled by metal-support interactions. 

We also evaluated the stability of the Pt/TiO2-2/C material relative to Pt/C E-TEK by 

performing accelerated stress tests (AST) as shown in Figure 4.11. 

 

Figure 4.11 – (A) Comparison of ORR polarization curves for Pt/TiO2-2/C (red trace) and 

Pt/C E-TEK (black trace) before (solid line) and after (dashed line) accelerated stress tests. 

The AST were performed using a 100 mV s-1 scanning rate and 1000 voltammetric cycles 

from 0.01 to 1.01 V vs RHE. ORR was performed in O2 saturated 0.5 mol L-1 H2SO4 solution 

at a rotation rate of 1600 rpm. (B) Half-wave potential for each sample before and after the 

accelerated stress test. T = 273K. 

 

The initial and final ORR polarization curves are depicted as solid and dashed traces, 

respectively, in Figure 4.11A. The AST curves for the Pt/C E-TEK and Pt/TiO2-2/C are 
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shown in black and red, respectively. It can be observed that a decrease in activity was 

detected for both materials after the tests. However, when comparing their half-wave potential 

before and after the AST, E1/2, (Figure 4.11B), a more significant decrease is detected for 

Pt/C E-TEK, from 0.747 to 0.646 V vs RHE compared to Pt/TiO2-2/C, which corresponded 

from 0.727 to 0.697 V vs RHE. When comparing half-wave potentials, shifts to smaller 

regions indicate an activity loss, thus, since for the commercial materials the shift is higher 

(approximately 0.31 V vs RHE) when compared to Pt/TiO2-2/C (approximately 0.24 V vs 

RHE). Moreover, after the AST, the number of electrons involved in the reactions and water 

percentages lowered for both materials, as seen in Table 4.5. While the mean electron number 

was of 3.94 and 3.92 on the Pt/TiO2-2/C and Pt/C E-TEK, they produced 97.1 and 96.1% of 

water, respectively. This further shows the low loss of overall activity of Pt/TiO2-2/C 

compared to the Pt/C E-TEK. 

 

Table 4.5 – Summary of the RRDE data obtained after the AST tests for the ORR employing 

Pt/C E-TEK and Pt/TiO2-2/C as electrocatalysts. n refers to the number of exchanged 

electrons and p the water proportion efficiency based on the ring and disk currents.49 

E vs RHE 
Pt/C E-TEK Pt/TiO2-2/C 

nRRDE p(H2O)% nRRDE p(H2O)% 

0.60 3.96 97.8 3.93 96.5 

0.50 3.94 97.0 3.93 96.3 

0.40 3.92 96.1 3.93 96.7 

0.30 3.91 95.5 3.95 97.7 

0.20 3.88 94.2 3.96 98.1 

Mean 3.92 96.1 3.94 97.1 

 

In addition to metal-support interactions, the utilization of TiO2 as support also 

enables the harvesting of its photocatalytic properties to further improve activities. Therefore, 

the influence of UV irradiation on the electrocatalytic activity of the Pt/TiO2-2/C 
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electrocatalyst was also evaluated. The effect of light irradiation was probed in 

chronoamperometry experiments performed at 0.51 V (vs RHE) as shown in Figure 4.12A 

and the activity towards the ORR by linear scanning voltammogram as shown in Figure 

4.12B (rotation rate of 1600 rpm in O2 saturated 0.5 mol L-1 H2SO4 solution). 

 

Figure 4.12 – Photoelectrocatalytic profile of Pt/TiO2-2/C: (A) chronoamperometry at 0.51 V 

(vs. RHE) applying regular UV light pulses in the presence and absence of UV illumination; 

and (B) disk current density for the ORR measured under 1600 rpm in a 0.5 H2SO4 mol L-1 

electrolyte in the presence and absence of UV light excitation (red and black traces, 

respectively). 

 

Here, the activity under UV excitation was compared with its activity in the absence 

of UV excitation. Figure 4.12A shows a chronoamperometric assay while applying to the 

electrode UV light pulses of about 150 seconds. It was observed that under UV light 

excitation the current density increased in about 4 mA cm-2 due to the light excitation. The 

voltammograms on Figure 4.12B revealed a slight shift to more positive potentials (~30 mV) 

and an increase of 11.3% on the limiting diffusion current density under UV-excitation. This 

indicates that the utilization that TiO2 based electrocatalysts and UV light excitation can be 

employed to improve the electrocatalytic activities towards the ORR. It is anticipated that 

further optimizations can lead to further improvements both in the photoelectrocatalytic 
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activities and in the use of visible light (instead of UV) by TiO2 doping or use Au NPs 

(harvesting of plasmonic effects).  
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4.4 – Conclusions 

We investigated herein how Pt surface coverage in hybrid materials comprised of Pt 

NPs supported on TiO2 colloidal spheres (Pt/TiO2) influence their electrocatalytic activities 

towards the ORR. It was demonstrated that, by employing TiO2 colloidal spheres as physical 

templates, the uniform deposition of monodisperse and spherical Pt NPs ~3 nm could be 

achieved. The Pt coverage could be tuned as a function of the deposition steps. After 

incorporating the Pt/TiO2 materials into Vulcan XC72 Carbon (to produce Pt/TiO2/C 

materials), the electrocatalytic activities towards the ORR as well as the reaction and 

enhancement mechanisms were investigated. Our results demonstrated that the control over 

the Pt coverage at the surface plays a pivotal role over the optimization of activities, in which 

a relationship among Pt content at the TiO2 surface, the generation of reactive surface sites as 

a result of metal-support interactions, and ORR performance were unraveled. More 

specifically, the material produced from two Pt deposition steps displayed the highest activity, 

which was also superior as compared to commercial Pt/C E-TEK even at lower Pt loadings 

(between 2.0 and 4.0 wt.% of Pt on the final material). The variations in catalytic activity 

could be explained by the presence and concentration of surface reactive groups, such as 

adsorbed oxygenated species as a function of the Pt coverage. Moreover, the presence of TiO2 

as support enabled increased stability relative to PT/C ETEK. These results illustrate that the 

understanding of the electrocatalytic enhancement mechanism together with the controlled 

synthesis of Pt-based nanomaterials can lead to tailored surface properties and electrocatalytic 

activities. 
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Chapter 5 – Shape controlled Pd/Fe2O3 towards the selective 

hydrogenation of styrene epoxide 

5.1 – Introduction 

The interest towards 2-phenyl ethanol for industrial applications can be attributed to 

its various properties, from its odor of roses to antifungal and antibacterial properties.1 This 

alcohol has been used for the manufacture of cosmetics, food additives, as precursors for 

polymers, in the preparation of detergents, or even as starting material for other chemicals.2 

The usual production of this molecule happens through catalytic procedures such as the 

Friedel-Krafts alkylation of benzene.3 Such reaction employs AlCl3 as catalyst and 2-

chloroethanol and benzene as reagents, producing 2-phenyl ethanol and hydrochloric acid, 

which has to be neutralized and discarded, a process that adds a step onto the production and 

that requires an acid-resistant reactor.3 Another procedure employed to its output is via a 

Grignard precursor, generating as side products both MgSO4 and HBr and requires another 

separation and purification method.4  

To avoid the shortcomings of using such procedures and move towards more green 

conditions, the catalytic hydrogenation of styrene oxide is a promising alternative. Since this 

reaction may produce many side products, tailoring the catalyst to improve the selectivity is 

needed.5 Palladium is a noble metal known for its excellent ability in hydrogenations,6 in 

previous reports, it was shown that this metal presented the highest conversion rates of 

styrene oxide.7 There have been reports of catalysts of Pd/C,3 Pd/chitosan,1 Pd/MgO and 

Pd/Al2O4,7 or even a Pd/Hidrotalcite.8 However, they still require high temperatures, 

pressures, or reaction time. When Pd is deposited onto an acid support, it has been shown that 

it tends to form isomerization products such as phenylacetaldehyde or hydrogenate styrene 

oxide onto 1-phenyl ethanol.9 Thus, employing a basic oxide such as Fe2O3 can benefit the 
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system to improve the selectivity towards 2-phenyl ethanol.10 Aside from being the most 

stable phase of the iron oxide group, hematite is also inexpensive. Furthermore, by controlling 

its shape, it is possible to improve its interaction with certain molecular groups.11 

In this chapter, we explore the use of shape-controlled Pd/Fe2O3 as nanocatalyst for 

the selective hydrogenation of styrene oxide, aiming at improving the selectivity and 

understanding the reaction pathway that our catalysts provide. Our material is comprised of 

Palladium nanoparticles (Pd NPs) supported onto Fe2O3 microcubes. We also have the 

objective of verifying the effect of various reaction conditions over the production of 2-phenyl 

ethanol. 
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5.2 – Experimental Section 

Chemicals and instrumentation 

Fe(NO3)3·9H2O (Iron(III) nitrate nonahydrate, 99.0%, Sigma-Aldrich), 

Zn(CH3COO)2·2H2O (Zinc(II) acetate dihydrate, ≥98%, Sigma-Aldrich), NH4OH 

(Ammonium hydroxide, Synth),  K2PdCl4 (Potassium tetrachloropalladate, 98.0%, Sigma-

Aldrich), PVP (polyvinylpyrrolidone, Sigma-Aldrich, MW 55 000 g mol-1), C6H4-(OH)2 

(Hydroquinone, ≥99%, Sigma-Aldrich), C3H6O (acetone, 99.5%, Synth), C2H6O (ethanol, 

95%, Synth), C8H6 (Phenylacetylene, ≥98%, Sigma-Aldrich), C8H8 (Styrene, ≥99%, Sigma-

Aldrich), C8H10 (Ethylbenzene, 99.8%, Sigma-Aldrich), C8H8O (Styrene oxide, 97%, Sigma-

Aldrich), C8H10O (1-Phenylethanol, 98%, Sigma-Aldrich), C8H10O (2-Phenylethanol, ≥99%, 

Sigma-Aldrich),  C8H8O (Acetophenone, 99%, Sigma-Aldrich), C8H8O (Phenylacetaldehyde, 

≥95%, Sigma-Aldrich),  C3H7ON (N,N-Dimethylformamide, anhydrous, 99.8%, Sigma-

Aldrich), and Pd/C (Palladium on carbon, 10 wt.%, Sigma-Aldrich) were used as received. 

All chemicals were analytical grade reagents. Deionized water (18.2 MΩ) was used 

throughout the experiments. 

A JEOL FEG-SEM JSM 6330F microscope operated at 5 kV was used to obtain 

scanning electron microscopy images. Aqueous suspensions of the samples were drop-casted 

on top of a silicon wafer and let dry under room temperature. A Tecnai FEI G20 microscope 

operated at 200 kV was used to capture transmission electron microscopy images. A 

suspension of each sample on isopropanol was drop-casted on a carbon-coated copper grid. 

The size distribution profile was determined by measuring 200 particles from our TEM 

images. 

A Renishaw Raman System 3000 equipped with a CCD detector and coupled to a 

microscope was used to acquire Raman spectra. The laser beam was focused on the sample by 

using a 50× lens. All spectra were acquired in a single scan with 10 seconds accumulation 
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time. Experiments were performed in a back-scattering geometry under ambient conditions. 

All samples were irradiated using a (He–Ne) 632.8 nm line with controlled laser power 

outputs. 

A Bruker D2 Phaser equipment was employed to acquire X-ray diffraction patterns of 

the samples. A standard Cu Kα source was employed (l ¼ 1.54060 Å, 30 kV, 15 mA). The 

integration time was set to 0.75 s and step to 0.03°, with 2θ ranging from 20 to 80°. XRD 

samples were prepared by placing the samples on an acrylic sample holder. 

Thermogravimetric assays were performed using thermal analysis Shimadzu TGA Q500 

equipment from TA Instruments. The procedure was performed by placing ≈7.0 mg of dried 

sample in an open platinum crucible under a 60 mL min-1 air flow and heating it from room 

temperature to 950 °C with a heating rate of 5 °C min-1. Pd and Fe contents were determined 

through flame atomic absorption spectrophotometry (FAAS) using a Shimadzu AA-6300 

equipment, samples were digested using freshly prepared aqua regia. 

The H2 – temperature-programmed reduction assays were performed using a 

Quantachrome ChemBET PULSAR TPR/TPD instrument. 40 mg of sample was placed in the 

TPR quartz tube, sandwiched between layers of quartz wool with a thermocouple placed in 

contact with the sample. The TPR tube was then placed in the instrument for measurements. 

The material was firstly heated up to 120°C, to remove adsorbed water, and left at this 

temperature for 25 minutes under nitrogen flow. It was then cooled to room temperature and 

left stabilize with hydrogen for 15 minutes. The reduction of our catalysts (5% H2 in N2 

flowing through the TPR tube at 20 mL∙min–1 at a temperature ramp of 10°C min–1 from 25 to 

1000°C then cooling to room temperature) was carried out to reduce the Pd2+ and Fe3+ within 

the sample. The consumption of hydrogen gas changed the conductivity of the gas stream; 

Thus, the change in conductivity was measured and calibrated as a function of both 
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temperature and time to produce the TPR profile. The instrument was calibrated using a high 

purity CuO. 

For catalytic reactions, the experiments were performed inside a Fischer-Porter glass 

reactor adapted with a pressure valve to set the desired pressure. These reactors were purged 

with the desired gas five times before reactions. After finalizing the reactions, the pressure 

was relieved, and the catalysts were separated from the solution by centrifugation. Before 

analysis, the solutions were also filtered. 

In a typical procedure, 2 mg of catalyst was weighed, placed in the reactor, then, the 

substrate was added based on the desired molar ratio (Pd/Styrene Oxide), followed by the 

addition of dimethylformamide as solvent to complete 2 mL of total volume. The mixture was 

sealed and quickly sonicated for better dispersion of the catalyst. Hydrogen was purged, and 

the desired pressure was set. The reactor was then put in an oil bath at the desired 

temperature. For kinetic measurements, a small sample (50 µL) was removed from the reactor 

under N2 flow, centrifuged and analyzed promptly. 

For reuse tests, the catalysts were removed from the reaction medium using 

centrifugation (5000 rpm, 5 min) and washed with acetone three times, dried under vacuum 

and resuspended in DMF. For XPS, these samples were removed and washed inside a 

glovebox. 

All products were quantified using a Shimadzu GC-2010 Plus gas chromatograph with 

a Restek RTX®-Wax column. To confirm the molecules obtained on each reaction, a Gas 

Chromatograph (Agilent 7890B) coupled with a Mass Spectrometer, a Thermal Conductivity 

Detector, and a Flame Ionization Detector was employed. In this case, an HP-INNOWax 

column was employed, and the sample split between detectors. The method employed 

consisted on a flow of 2 mL min-1, starting at 50°C with a ramp of 10°C up to 130°C and 
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increasing at a 15°C to 200°C which it was left for 3 minutes. The products presented definite 

and symmetric peaks. 

 

Synthesis of Fe2O3 microcubes12 

In a typical procedure, 5.7 g of Fe(NO3)3·9H2O were added to 70 mL of deionized 

water and stirred until all the salt was dissolved. Then, 768 mg of Zn(CH3COO)2·2H2O were 

added and stirred for 10 minutes at room temperature, followed by the addition of 70 mL of 

concentrated NH4OH, forming a brown precipitate. This mixture was then stirred for 15 min 

at room temperature and transferred to a Teflon-lined steel autoclave (220 mL), heated up to 

160°C, treated for 16 hours and let cool to room temperature. After cooling, it was separated 

using centrifugation, washed with water (5 times, 5000 rpm 5 min) and ethanol (2 times, 5000 

rpm, 5 min). After the last wash, the sample was dried under vacuum, producing about 2.0 

grams of Fe2O3 microcubes. 

 

Synthesis of Pd NPs onto Fe2O3 microcubes13 

To decorate the pre-formed microcubes, a suspension of Fe2O3 cubes was prepared 

by adding 200 mg of the powder to 10 mL of water and leaving it under ultrasound for 10 

minutes. Then, 30 mL of a 10 mmol L-1 aqueous solution of hydroquinone was added to the 

mixture, followed by the addition of 50 mL of a 7 g L-1 aqueous solution of PVP 55.000. This 

mixture was kept under stirring for 10 minutes at 90°C. At last, 30 mL of K2PdCl4 4 mM was 

added to the mixture, and left for 1 hour at 90°C under vigorous stirring, producing the 

Pd/Fe2O3 materials, which were then washed 5 times with ethanol (4000 rpm, 5 min), and left 

to dry overnight in a vacuum oven at 70°C. To prepare Pd/Fe2O3 ATT, the samples were 

placed in a furnace and heated up to 400°C for 1 hour with airflow (10 mL/min) and let cool 

down to room temperature.  
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5.3 – Results and Discussion 

 We started by synthesizing shape-controlled iron oxide quasi-cubes as supports for Pd 

NPs. This material was designed aiming at preparing a catalyst with enhanced selectivity to 

the anti-Markovnikov product on styrene oxide hydrogenation (2-phenyl ethanol).14 The 

procedure used to prepare our support is based on the precipitation of ferrite nanocrystals 

(MFe2O4) employing Zn(CH3CO2)2 as the structure-directing agent, which is efficiently 

removed during the hydrothermal step of the synthesis.12 This support presents a very well-

tailored quasi-cubic shape with sizes ranging from 498.9  69.6 nm (SEM on Figure 5.1A). 

 

Figure 5.1 – SEM images of Fe2O3 microcubes as prepared (A) and decorated with Pd NPs 

(B). The Fe2O3 cubes measure 498.9  69.6 nm while the Pd NPs measure 34.5  2.5 

 

 The next step was based on the deposition of Pd NPs onto the controlled support. We 

employed an in-situ reduction of the K2PdCl4 precursor using hydroquinone as reducing agent 

and PVP as stabilizer.13 This procedure granted monodisperse spherical Pd NPs with 34.5  

2.5 nm sizes (SEM on Figure 5.1B, TEM on Figure 5.2A). This sample presented 8.6 wt.% 

of Pd, measured by FAAS and confirmed by ICP-OES. 
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Figure 5.2 – TEM images of Pd NPs supported onto Fe2O3 microcubes before (A and C) and 

after (B and D) thermal treatment at 400°C. The Pd NPs measure 34.5  2.5 and 64.9  7.7 

nm, respectively, in the samples before and after thermal treatment. The Fe2O3 cubes measure 

498.9  69.6 nm. 

 

 Raman spectroscopy, Figure 5.3, showed no significant changes in the profile of the 

material after depositing Pd on the Fe2O3 surface,15 with both samples presenting peaks at 

222.7 cm-1, and 498.54 cm-1 assigned to the A1g phonon modes of this oxide and peaks at 

243.8 cm-1, 289.19 cm-1, 404.89 cm-1, and 606.00 cm-1 assigned to its Eg phonon modes.16 

Furthermore, the clear peak observed at 660.00 cm-1 could be mistaken for the magnetite 

phase of this oxide, yet, several studies assign it as an infrared-active longitudinal optical 

(LO) Eu mode of Fe2O3 related to the level of disorder in its crystal lattice.17 
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Figure 5.3 – Raman spectroscopy analyses of Fe2O3 microcubes (blue line) and Pd/Fe2O3 

BTT (red line). The general profile of the spectra is maintained, indicating that both materials 

contain the hematite phase of Fe2O3. 

 

 Even though the materials are thoroughly washed with both water and acetone, studies 

show that some PVP usually is maintained on the surface of NPs even after washed.18–20 A 

thermogravimetric analysis of our samples, Figure 5.4, displayed about 0.5 wt.% water 

content in the sample (first mass loss from 25°C to 200°C) and close to 2.0 wt.% of organic 

matter (second mass loss from 200°C to 344°C) which could be assigned to the remaining 

PVP. The analysis reached its minimum weight at 344°C. For this reason, we employed a 

thermal treatment to remove any other organic molecules on the catalyst surface at a slightly 

higher temperature (400°C). It led to a change in the Pd morphology, which grew to about 

64.9  7.7 nm, Figure 5.2B. These images also show that the number of NPs on the samples 

before thermal treatment (Pd/Fe2O3 BTT) is more significant than on the sample after thermal 

treatment (Pd/Fe2O3 ATT), indicating coalescence of Pd particles, yet the cubes were kept 

intact. Another aspect worth mentioning is the morphology change, as more closely displayed 

in Figure 5.2C and 5.2D. The Pd particles on Pd/Fe2O3 BTT display a rounder surface, 
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formed by circular particles (Figure 5.1C), while the Pd NPs on Pd/Fe2O3 ATT, presented 

sharper edges, with clear lines and points seen on the TEM image (Figure 5.2C). 

 

Figure 5.4 – Thermogravimetric analysis of as-prepared Pd/Fe2O3 performed under air with a 

heating rate of 5°C min-1. The evident decrease between 200°C and 400°C could be attributed 

to the combustion of organic matter adsorbed onto the material surface. 

 

 Some further differences between these materials are seen on their X-Ray 

diffractogram, Figure 5.5, which displays the iron oxide sample (blue line), and the Pd/Fe2O3 

samples before (red line), and after thermal treatment (black line). All samples displayed the 

diffraction pattern assigned to the hematite phase of Fe2O3,15,16 and while the as-prepared 

Fe2O3 sample had crystallite sizes of 53.6 nm based on Scherrer’s equation.21 The samples 

with Pd NPs presented iron oxide crystallites with lower sizes, 49.0 nm for the sample before 

thermal treatment, and 48.1 nm for the sample after thermal treatment, a value that is very 

similar to the before-mentioned, indicating no change in structure. For the Pd NPs, at 39°, the 

mean crystallite size for Pd/Fe2O3 BTT was of 0.8 nm while for Pd/Fe2O3 ATT they measured 

19.5 nm, in this sample we could also obtain the value for PdO nanocrystallites from its peak 

at 34°, which measured 7.4 nm.22 These results were expected based on the TEM images. 
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Figure 5.5 – X-Ray diffractograms of the iron (III) oxide microcubes (blue line) and the 

analogous with Pd before (red line) and after thermal treatment (black line). These 

diffractograms confirmed the presence of 100% hematite phase with its standard peaks 

labeled on top of the diffractograms. One can also notice the presence of different Pd species 

on each material, while the material before thermal treatment displayed only Pd0 peaks, the 

one after thermal treatment showed a clear PdO peak. 

 

 To further characterize our samples, we performed H2-Temperature Programmed 

Reduction (TPR), an experiment in which our sample was treated at 10°C min-1 under a 20 

mL min-1 flow of H2 5% in N2 (Figure 5.6). Through these results, we can have information 

about the average oxidation state of our materials. The TPR profile of Fe2O3 is typically 

characterized by three peaks, the initial one, due to the reduction of Fe3+ to Fe2+, generating 

Fe3O4. As seen on Figure 5.6A, this peak suffered a shift, while for the iron oxide sample it 

was located at 443°C, for the Pd/Fe2O3 samples they were found at 364°C for the sample 

before thermal treatment and at 320°C for the sample after thermal treatment. As for the next 

peak, indicating the reduction of Fe3O4 to FeO, it is seen as a small shoulder between 600°C 

and 625°C for all three samples. The last peak, the broad one, indicates the reduction of FeO 
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to Fe0, and we can see that for all samples they finished in different temperatures 907°C for 

Fe2O3, 782°C for Pd/Fe2O3 BTT and 850°C for Pd/Fe2O3 ATT. 

 

Figure 5.6 – (A) Temperature programmed reduction of Fe2O3 materials using a 5%H2/N2 

flow (20 mL min-1), as prepared Fe2O3 sample (blue line), Pd/Fe2O3 sample before thermal 

treatment (red line), and after thermal treatment (black line), we notice shifts throughout the 

entire graph, which indicates modifications on the surface of these materials. (B) zoom of the 

temperatures between 25°C and 260°C to display smaller peaks that may have appeared. 

 

 A small broad peak can also be seen at on the sample Pd/Fe2O3 ATT, located at 

232°C, based on the literature, Pd NPs are known to reduce at temperatures lower than 

200°C.23,24 Thus, this reduction peak could either be associated to the PdO on the 

interface,25,26 or with the reduction of iron oxide, as there are reports on the literature showing 

the reduction of Fe2O3 between 200°C and 300°C.25 To verify the presence of reduction peaks 

at lower temperatures, we zoomed-in at the TPR profiles between 25°C and 260°C, Figure 

5.6B. We can see some small peaks on the Pd-decorated samples, circled on the figure, which 

could be associated with the reduction of PdO, and since the Pd/Fe2O3 BTT sample has 

smaller NPs, it makes sense that the peaks are shifted to lower temperatures.26 

 After characterizing the samples, our catalytic assays were performed for the room 

temperature, low-pressure hydrogenation of styrene oxide (Figure 5.7), this reaction is known 

for its many products and side products, yet the dimers and polymers originated from side 
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reactions were not illustrated, it is also known that they could appear depending on the 

conditions applied.27,28 Styrene oxide, the reagent, could suffer isomerization in the presence 

of a Lewis acid, to form phenylacetaldehyde (A),29,30 which is known to polymerize at room 

temperature.27,28 This product could also be hydrogenated to 2-phenyl ethanol (B), which is a 

direct product of the hydrogenation of our reagent. As a second product, our reagent can 

produce 1-phenyl ethanol (C), and if a deoxygenation reaction occurs, styrene (D) appears and 

can be further hydrogenated to ethylbenzene.31 

 

Figure 5.7 – Styrene oxide catalytic hydrogenation reaction. The reagent, styrene oxide, can 

undergo an isomerization forming phenylacetaldehyde (A), while at the same time it can be 

hydrogenated to 2-phenyl ethanol (B), 1-phenyl ethanol (C), or suffer a deoxygenation 

producing styrene (D), which could get further hydrogenated to ethylbenzene (E). 

 

 Pd catalysts usually tend to over-hydrogenate molecules under high pressure,32 for this 

reason, we performed our reactions employing 1 bar of hydrogen and 30°C as temperature, 

and due to a better dispersion of our catalyst, dimethylformamide was used as solvent. For the 

molar ratio (Pd/Styrene oxide), we performed tests employing the Pd/Fe2O3 material before 

thermal treatment, obtaining the results illustrated in Table 5.1. Since the 60 molar ratio 

(Pd/Styrene Oxide) for 1 hour of reaction produced a high conversion but not 100%, we 

decided to employ these conditions to allow the conversion to go either up or down for any 

other changes in conditions. 
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Table 5.1 – Tests of molar ratio (Pd/Styrene Oxide) employed to choose the correct molar 

ratio for the catalytic hydrogenation of Styrene oxide. Selectivity (%) towards 

phenylacetaldehyde (A), 2-phenyl ethanol (B), 1-phenyl ethanol (C), styrene (D), and 

ethylbenzene (E). 

Molar Ratio Conversion (A) (B) (C) (D) (E) 

20 (1h) 100% 4.6% 95.4% 0% 0% 0% 

20 (2h) 100% 1.3% 98.7% 0% 0% 0% 

30 (1h) 98.8% 5.6% 94.4% 0% 0% 0% 

60 (1h) 86.8% 8.2% 91.8% 0% 0% 0% 

 

Through these tests, we anticipated that phenylacetaldehyde was being converted into 

2-phenyl ethanol since when the reaction time changed from 1 to 2 hours, the concentration of 

phenylacetaldehyde dropped. And when the concentration of styrene oxide in the mixture was 

higher, there was a higher production of phenylacetaldehyde. Thus, we decided to study the 

kinetics of hydrogenation for both catalysts, Figure 5.8. For the catalyst after thermal 

treatment, the molar ratio (Pd/Styrene Oxide) had to be increased three times (180) due to the 

higher conversion of the catalyst, which can be justified by the fact that organic matter on its 

surface was probably blocking catalytic sites, thus, when it was calcinated under air, this layer 

was removed exposing the sites. Another interesting fact was that while the catalyst Pd/Fe2O3 

BTT (Figure 5.8A) displayed a high selectivity towards 2-phenyl ethanol, the Pd/Fe2O3 ATT 

(Figure 5.8B) displayed a mixed profile with phenylacetaldehyde being the dominant product 

in the beginning and getting converted into 2-phenyl ethanol and other products after the 

reaction reached 100% of conversion. 
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Figure 5.8 – Kinetics of styrene oxide (black squares) hydrogenation to 2-Phenylethanol (red 

triangles) and Phenylacetaldehyde (blue spheres) using the Pd/Fe2O3 catalyst as prepared (A) 

and after thermal treatment at 400°C (B). Here, differences in the selectivity of both catalysts 

are seen, indicating that the treatment significantly changed the catalytic sites exposed on the 

material. 

 

 As for the kinetic constants for each reaction, while the Pd/Fe2O3 BTT produced a 

first-order kinetic constant of 25.43 × 10-3 min-1, the Pd/Fe2O3 ATT displayed a constant of 

70.74 × 10-3 min-1, even at a higher molar ratio (Pd/Styrene Oxide). Which further shows that 

although the NPs are twice as big as the ones before treatment, their activity is a lot higher. 

For comparison, we employed 6 bar as the hydrogen pressure with the Pd/Fe2O3 BTT catalyst. 

Results can be seen in Figure 5.9. This test showed that at a higher hydrogen pressure, the 

selectivity towards 2-phenyl ethanol increased, as well as the kinetic constant, reaching a 

value of 49.35 × 10-3 min-1, which was twice the value of the same reaction at 1 bar. This was 

expected, since once the pressure is increased, the number of effective collisions between 

gases and the catalyst is higher than before, and the internal energy of the system also 

increases, leading to a higher yield.33 
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Figure 5.9 – Pd/Fe2O3 BTT sample employed in the hydrogenation of styrene oxide under 6 

bar of hydrogen pressure as a comparison for the 1 bar test. Here we can verify that the 

reaction went faster than the one at lower pressure, and the selectivity towards 2-phenyl 

ethanol was higher. 

 

 It is worth mentioning that all samples were collected under nitrogen and the catalyst 

was immediately removed from the mixture after collection (through centrifugation and 

filtration), the sample was then diluted in acetone to the desired concentration range for 

injection in the chromatograph. To verify the conversion rates of phenylacetaldehyde onto 2-

phenyl ethanol under the same conditions of reaction, we repeated the experiments 

exchanging styrene oxide by phenylacetaldehyde. Results can be seen in Figure 5.10. 

Through these graphs we can notice that the conversion of Phenylacetaldehyde onto 2-phenyl 

ethanol happens very slowly in both cases, producing a slightly higher concentration for the 

Pd/Fe2O3 ATT sample (Figure 5.10B) than on Pd/Fe2O3 BTT (Figure 5.10A). This could be 

explained once again by the cleaner surface, allowing more catalytic sites to efficiently 

hydrogenate the aldehyde to the alcohol product on the sample after thermal treatment. On the 

other hand, after 24 hours of reaction, we can see that the concentration of 

phenylacetaldehyde drops more intensely on the sample before thermal treatment, while this 
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is contradictory based on the explanation mentioned above, this catalyst must present different 

catalytic sites that are responsible for the side reactions that are occurring. 

 

 

Figure 5.10 – Kinetics Phenylacetaldehyde (blue spheres) hydrogenation to 2-Phenylethanol 

(red triangles) using the Pd/Fe2O3 BTT (A) and Pd/Fe2O3 ATT (B). Here, we can notice that 

while the Phenylacetaldehyde concentration suffers a significant decrease in the 24 hours of 

reaction, the 2-Phenylethanol is barely increased, indicating the formation of other side 

products. 

 

 Since phenylacetaldehyde is a highly unstable molecule and can be polymerized,27,28 

we maintained the reaction at 1 hour to minimize the generation of secondary products. 

(identified as Benzaldehyde, 2-phenylpropenal, and acetophenone on GC-MS) 

 To understand where these secondary products could be coming from, we decided to 

employ dry DMF as solvent (≈10 ppm of water), which was also degassed through 3 cycles of 

freeze-drying and vacuum. The catalysts were placed in the reactor under argon flow, and the 

sample was removed inside a glovebox to avoid any contact with oxygen. The side products 

disappeared, and only phenylacetaldehyde, styrene oxide, and 2-phenyl ethanol could be seen, 

indicating that the low percentage of water present in the commercially available solvent 

played a role in the generation of side products. Next, we decided to study the reusability of 

our materials in the catalytic hydrogenation of styrene oxide. The catalysts were placed in the 
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reactor using the same conditions mentioned before, and after every reaction cycle, they were 

washed three times with acetone and dried under vacuum before use. Results can be seen in 

Figure 5.11.  

 

Figure 5.11 – Recycling reactions of styrene oxide hydrogenation employing the synthesized 

Pd-decorated shape-controlled Fe2O3, as prepared (A), and after thermal treatment (B), and 

their respective yields for all seven cycles (C and D). Reactions were performed under 1 bar 

of hydrogen pressure in DMF, for 1 hour each, and the catalysts were removed and washed 

using acetone, dried under vacuum for 1 hour, and re-suspended. 

 

 For the Pd/Fe2O3 BTT material, Figure 5.11A, the reaction presented a relatively 

constant conversion even after seven cycles, although, the selectivity suffered an apparent 

inversion after the third cycle. This indicates changes on the surface of the catalyst that could 

be related to 1) aggregation of NPs or 2) removal of organic matter during the 
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washing/reaction cycles. Figure 5.11B shows the Pd/Fe2O3 ATT material under recycling. As 

it can be seen, the conversion drops after the third cycle, indicating either that the Pd NPs are 

being removed during the procedure, or that they are aggregating even further. The selectivity 

of this material also displayed an inversion after the sixth cycle, which could also be due to 

structural changes in catalytic sites. When plotting both cases in terms of 2-phenyl ethanol 

yield percentage, Figure 5.11C (Pd/Fe2O3 BTT), and Figure 5.11D (Pd/Fe2O3 ATT), the 

profile shows that the yield lowers drastically after the first cycle on the catalyst before 

thermal treatment, getting to a value that is close to the material without any PVP on the 

surface. This could indicate that recycling the catalyst removed the stabilizer that was 

blocking some catalytic sites and managing the selectivity of this catalyst. 

To observe the catalyst after one cycle of reaction, we employed TEM, Figure 5.12. 

Here, we can see that the NPs on the material before thermal treatment, Figure 5.12A, already 

suffered a drastic change from the material before the reaction. While the NPs still present the 

rounder characteristics, seemingly formed by smaller particles, they already grew in size, 

measuring 61.7 ± 3.3 nm in diameter, which is about twice the size of the initial particles. On 

the other hand, the material after thermal treatment did not present a clear difference after one 

cycle, with particles measuring 58.5 ± 1.7 nm in diameter, which is similar to the initial value. 

To compare with a benchmark material, we employed the commercially available 20% wt. 

Pd/C with a molar ratio of 60 (Pd/Styrene oxide). After one hour of reaction, the commercial 

catalyst showed a conversion of 100% with a selectivity of 63.9% towards 2-phenyl ethanol, 

indicating that even though the conversion was high, the selectivity was lower than our 

materials. 
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Figure 5.12 – Pd/Fe2O3 samples before thermal treatment (A), and after thermal treatment 

(B), after employed in the hydrogenation of styrene oxide. The particles are seen as more 

aggregated in both cases, yet for the sample without thermal treatment, we can notice a 

significant growth on their size. 

 

 Pre-treatment tests were performed on Pd/Fe2O3 BTT to verify if by reducing any 

oxidized Pd would cause an enhancement on the reaction conversion or selectivity. For this, 

we pressurized the reactor with 1 bar of hydrogen for 14 hours without adding styrene oxide 

and degassed the solvent with nitrogen and ultrasound to remove any dissolved hydrogen 

before starting the reaction. These treatments were performed both at 30°C and 50°C. Results 

can be seen in Table 5.2. 

 

Table 5.2 – Effect of pretreating the sample with hydrogen for 14 hours before performing 

the reaction. 

Treatment 

Temperature 
Conversion Phenylacetaldehyde 2-Phenyl ethanol 

30 °C 75.6% 12.2% 87.8% 

50 °C 91.5% 2.2% 98.8% 

 

 These results show that the oxidized Pd species on the surface of our catalyst were 

responsible for lowering the selectivity towards 2-phenyl ethanol, and since 
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phenylacetaldehyde is known to be formed in the presence of a Lewis acid, this is expected to 

happen in the presence of a Pdx+ species. These samples were analyzed by XPS, though, due 

to some errors, we cannot display these results at the moment. 

 To understand whether the selectivity of our catalyst towards 2-phenyl ethanol was 

due to the support, we also synthesized a Pd/C material through the same method used for 

Pd/Fe2O3 BTT, substituting the Fe2O3 by Vulcan Carbon. The product can be seen in Figure 

5.13. This material presented smaller Pd particles as in our materials, which could be 

attributed to the higher surface area of the carbon support, yet a lot of NPs were not 

successfully deposited onto the carbon support. 

 

Figure 5.13 – Pd/C samples synthesized employing the same method as for the Pd/Fe2O3 

method (A), and the same material after styrene oxide hydrogenation. This sample was 

prepared to verify the effect of Fe2O3 onto the reaction in question. 

 

 The NPs range from 11.5 ± 1.7 nm and are well distributed on the support with 1.27 

wt.% of Pd. After 1 hour of reaction employing this nanomaterial at a 60 molar ratio 

(Pd/Styrene Oxide), the conversion achieved 100% with a selectivity of 95.3% to 2-phenyl 

ethanol, and at a 180 molar ratio (Pd/Styrene Oxide), it reached a 45.2% conversion with a 

selectivity of 96.8% to 2-phenyl ethanol. It indicates that our method produces NPs with high 

selectivity to the less substituted alcohol. Although this method granted smaller particles and 

higher activity, when the material was centrifuged and separated from the mixture, a lot of 
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NPs were still present in the liquid phase. This could also be seen on TEM, Figure 5.13B, the 

material has fewer NPs, and they were not as easily found. To confirm that, we employed 

FAAS on the catalyst after reaction, which displayed a loss of 44.3 wt.% of Pd.  

 Our last experiment was performed to verify whether our catalyst was active due to 

complexes that were formed if Pd was dissolved during the reaction. This experiment is based 

on adding mercury to the system while the reaction is happening, Hg0 forms an amalgam with 

Pd,34 hindering its activity. All results can be seen in Table 5.3. Initially (entry 1), we tested 

only PdCl42- as the catalyst, with a 60 molar ratio (Pd/styrene oxide), while the reaction was 

happening the solution changed color to black, indicating that Pd was reduced, which was 

probably the reason for its high activity. 

 

Table 5.3 – Tests performed to explore the Pd precursor as the catalyst and poisoning with 

mercury. 

Entry Catalyst Additive Conversion Selectivity to 2-Phenyl Ethanol 

1 PdCl42- - 99.9% 38.3% 

2 PdCl42- Fe2O3 85.8% 35.8% 

3 PdCl42- Hg0 1.7% 26.5% 

4 PdCl42- Fe2O3 + Hg0 1.5% 20.1% 

5 Pd/Fe2O3 Hg0 3.9% 69.9% 

6 Pd/Fe2O3 
Hg0 

added after 30 min 

t30 = 64.5% 

t60 = 65.2% 

t30 = 85.3% 

t60 = 85.6% 

 

 As a second test (entry 2) we performed the same reaction in the presence of Fe2O3 to 

verify whether the support played any roles in this system, our conversion was lower than in 

the absence of support, indicating that the Pd0 could have been reduced on top of the Fe2O3, 

which lowered the surface area, compared to the first sample. After that, we performed the 

same reactions in the presence of mercury (Entries 3 and 4), to verify whether the catalyst was 

the complex species or the metallic one. In both cases the conversion was very low, indicating 

that the metallic species was responsible for the conversion. Lastly, we performed the reaction 
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using our Pd/Fe2O3 BTT catalyst in the presence of mercury (Entries 5 and 6), and also tested 

the same reaction by adding mercury after 30 minutes, and results showed that after the 

addition of mercury, the reaction stops, which further indicates that Pd0 is responsible for the 

reaction. 

 

5.4 – Conclusions 

 We described in this chapter the successful synthesis of a catalyst based on Pd NPs 

and iron oxide in the hematite phase, with high activity and selectivity towards 2-phenyl 

ethanol. Our catalyst under 6 bar of pressure and 30°C converted 94.6% styrene oxide with 

1.7 mol% of catalyst to the selectivity of 94.0%. This selectivity was investigated and 

attributed to the blockage of some catalytic sites on the NPs that were responsible for the 

isomerization of the reagent. To show this, we calcined the sample under air to remove 

organic matter from its surface, and we were able to obtain materials with a cleaner surface 

producing a lower selectivity towards the desired product. Recycling the catalyst also caused 

a lower selectivity, which led us to believe that the stabilizers were removed during the 

reaction, and we could also see an evident growth on the nanoparticle sizes after recycling. 

Such results show us that stabilizers may have a beneficial role towards a higher selectivity, 

as long as they stay on the surface of the catalyst throughout the process. 
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Chapter 6 – Final remarks 

 This dissertation showed three different materials with similarities when it comes to 

their overall composition: presenting noble metal NPs as active phases supported on 

semiconductors. While in Au/TiO2 it was demonstrated that the reaction pathway was 

dependent on the nature of the reducing agent, the control over Pt coverage and metal-support 

interactions was fundamental to optimize performances in Pt/TiO2. Interestingly, we observed 

that the selectivity of a hydrogenation reaction over Pd/Fe2O3 was strongly dependent on the 

presence of surfactants at the NPs surface. The results clearly demonstrate the use of 

controlled NPs is important to establish structure-performance relationships in nanocatalysis 

and also optimize performances and selectivities. We believe that the results describe herein 

may inspire the development of catalysts towards hydrogenation reactions. 

 As for perspectives, this field has several factors to be explored to understand the 

chemistry and physics of nanomaterials, from in-situ studies to operando reactions, these 

techniques tend to give numerous insights into the improvement of catalyst design. For 

plasmonic nanomaterials, it is a fairly new area that needs a lot of development to a better 

understanding of their role in the activity and selectivity of catalytic reactions. Most results 

show evidences of charge transfer phenomena in plasmonic catalysis combined with 

theoretical studies, although proving the mechanism is a hard task that is still under thorough 

research. 

 As for the oxygen reduction reaction, one of the most important reactions for fuel-cell 

applications, the development of materials of lower cost than platinum is a field that has been 

and that will still be thoroughly researched for years since green energy production brings 

great benefits to the environment. And since surface groups can cause a significant change in 

the activity of the catalyst, the next step would be to vary the surfactants to insert different 
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groups to verify whether this activity could be further enhanced. These materials could also be 

employed in in situ studies for a mechanistic verification that supports our hypothesis. 

 Finally, catalytic reactions employing shape-controlled materials have allowed us to 

make a clearer correlation between structure and activity of materials. In nanocatalysis, these 

nanomaterials tend to be employed in several reactions to improve factors such as the 

nanomaterial’s stability, its reactivity, adsorption properties, and especially to understand the 

relationship between surface, crystal structure, electronic structure, and activity. On the other 

hand, maintaining surface groups during the reaction is still a task that needs further work. 

Our material presented a better selectivity at a low pressure and temperature, however, as 

soon as the surfactant leaves the surface, the nanoparticles suffer aggregation. In order to 

improve these materials, a systematic study has to be performed to maintain the capping 

agents on the surface, while not hindering their activities. 
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