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Abstract 

The climate crisis has rendered the utilization of clean and renewable solar energy for 

chemical transformations extremely important. Plasmonic nanostructures can provide 

tunable optical and electronic properties that can drive chemical reactions, realizing the 

conversion of light energy into chemical energy. The last decade has witnessed the 

development of a new research field emerging from the combination of plasmonics and 

surface chemistry. This thesis describes a straightforward method to fabricate 

plasmonic stamps that are harnessed to drive surface chemistry on silicon. 

An introduction to the plasmonics and hydrosilylation on silicon surfaces is 

provided first, followed by an overview of the proposed mechanisms for plasmon-

driven reactions and the recent advances of plasmon-driven reactivity for surface 

functionalization. Hydrosilylation triggered by metallic nanoparticles, such as Pd, Pt, 

and Au nanoparticles embedded in soft PDMS stamps, is reviewed in detail. 

The plasmonic stamps were prepared by sputtering gold films on flexible 

PDMS, followed by thermal annealing to dewet the gold to form gold nanoparticles. 

By changing the film thickness of the sputtered gold, the approximate size and shape 

of these gold nanoparticles can be changed, leading to a shift in the optical absorbance 

maximum of the plasmonic stamp from 535 to 625 nm. By applying the plasmonic 

stamp to a Si(111)–H surface using a long-chain alkene as the ink, illumination with 

green light results in covalent attachment of linear alkyl groups to the surface. Of the 

dewetted gold films on PDMS used to make the plasmonic stamps, the thinnest three 
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(5.0, 7.0, and 9.2 nm) resulted in the most effective plasmonic stamps for 

hydrosilylation. Because the electric field generated by the LSPR would be very local, 

hydrosilylation on the silicon surface should take place within only close proximity of 

the gold particles on the plasmonic stamps. These results underline the central role 

played by the LSPR in driving the hydrosilylation on silicon surfaces, mediated with 

plasmonic stamps. By using these highly reproducible PDMS stamps, studies of the 

reaction kinetics for plasmon-induced hydrosilylation on silicon substrates were carried 

out. Through variation of the doping levels, critical insights were gleaned, and a 

relationship between reaction rates and built-in electrical fields of metal-insulator-

semiconductor junctions was determined, along with a set of physical models and 

corresponding formulae. This work provides important insights into the reactivity of 

plasmonic structures in close proximity to a semiconductor, which is a common and 

important architecture used as a platform for photochemistry, light-promoted catalysis, 

and photonics in general. We reveal the intricate interplay between the electronics of 

the semiconductor proximal to the electric field induced by the localized surface 

plasmons, and how the resulting charge carriers can be used to drive chemical reactivity. 

Additionally, results from a secondary project are reported in Chapter 4. Pd-

Pt/ZrO2 catalysts with three different nanostructures were designed, synthesized, and 

their catalytic performance and lifetimes were evaluated for wet methane combustion, 

which pointed to advantages and limitations of yolk-shell nanostructures. Finally, the 

thesis concludes with a summary of each chapter and directions for future studies.   
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Preface 

This thesis is composed of five chapters. Chapter 1 introduces plasmonics and 

hydrosilylation, with an emphasis on plasmon-driven hydrosilylation by PDMS stamps. 

Chapter 2 introduces the facile fabrication of plasmonic stamps by gold dewetting on 

PDMS and demonstrates the efficacy of this approach. Chapter 3 presents a mechanistic 

understanding of plasmon-driven hydrosilylation through kinetic studies on silicon 

wafers of variable doping levels. Chapter 4 examines the catalytic performance of three 

Pd-Pt/ZrO2 catalysts for wet methane combustion by designing different nanostructures. 

Finally, Chapter 5 summarizes the thesis and provides several research directions for 

future work.  

    The work described in Chapter 2 has been published as: “Rao, C.; Luber, E. 

J.; Olsen, B. C.; Buriak, J. M. Plasmonic Stamps Fabricated by Gold Dewetting on 

PDMS for Catalyzing Hydrosilylation on Silicon Surfaces. ACS Appl. Nano Mater., 

2019, 2, 3238–3245. I designed the initial experimental plan with Dr. Erik J. Luber, 

Brian C. Olsen, and Prof. Jillian M. Buriak, and conducted all the experiments, 

analyzed the data, prepared the figures, and wrote the initial manuscript. Tate C. Hauger 

designed the sample holder. My supervisor, Prof. Jillian M. Buriak, assisted with 

manuscript writing. All authors have given approval to the final version of the 

manuscript.  

Chapter 3 is written as an article. Like most of the research in our group, it is 

the product of a collaborative effort. I designed the research plan with Dr. Erik J. Luber, 

Brian C. Olsen, and Prof. Jillian M. Buriak, and I carried out the experiments, and 

analyzed the data, which took place both pre- and post-pandemic shutdown. Dr. Erik J. 
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Luber, interpreted the experimental results, derived the formulae, and further honed the 

mechanism explanation. Prof. Jillian M. Buriak assisted with writing the article.  

    The work in Chapter 4 is part of an NSERC Strategic Partnership Grant, 

collaborating with the group of Prof. Natalia Semagina in the Department of Chemical 

and Material Engineering. Prof. Natalia Semagina proposed the initial ideas, and I 

performed the experiments, analyzed the data, and wrote the reports. Dr. Jing Shen 

performed the methane combustion catalysis tests. Prof. Jillian M. Buriak, my 

supervisor, coordinated the collaboration and assisted in writing the reports. 
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Chapter 1 Introduction 

 

1.1 Overview 

Plasmonic nanostructures exhibit special unique properties arising when localized 

surface plasmons (LSPs), free electrons at the boundary of a conductor and a dielectric, 

are illuminated. Irradiation of these LSPs at their frequency of absorption is called 

resonance and is termed localized surface plasmon resonance (LSPR).1– 4 In addition to 

the intense absorption of LSPRs, they also are accompanied by intense proximal and 

localized electrical fields that can be harnessed to drive chemical reactions, such as 

organic molecular transformations, CO2 reduction, and conversion of different carbon 

feedstocks into gas or liquid fuels,5–8 shown in Figure 1.1. 

 

Figure 1.1 (a) Schematic of a simple system containing a plasmonic antenna coupled through 

localized near-field enhancements to a catalytic reactor metal nanoparticle for organic molecular 

transformations. (b) Schematic of the reaction system for Au NP-photocatalyzed CO2 conversion 

to hydrocarbons under plasmonic excitation. (c) Simplified representation of plasmon-mediated 

electrocatalysis to convert feedstocks into fuels. (d) Schematic illustration of the metal photo-

staining method, wherein photogenerated carriers drive the deposition of Pt on semiconductor 

nanostructures in the presence of a plasmonic antenna. Reproduced with permission from 

reference 6, 7, 8. Copyright 2018 American Chemical Society. 
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When in close proximity to a semiconductor (a few nanometers or less), 

metallic nanoparticles with LSPRs can generate charge carriers (electrons and holes), 

which then can be harnessed to drive the chemistry on the semiconductor surface.9, 10 

This thesis focuses upon such a reaction, plasmon-driven hydrosilylation reaction, 

which enables the functionalization of silicon surfaces with a wide range of 

hydrocarbons. As will be shown here, plasmon-driven hydrosilylation is triggered 

using gold nanoparticle-on-PDMS stamps, termed plasmonic stamps, to perform Si–C 

bond formation on hydrogen-terminated silicon surfaces in a fast and clean manner. 

The Si–C bond forming reaction is based upon the hydrosilylation of alkenes and is a 

practical approach to functionalize the surface of this semiconductor through stable Si–

C bonds. 

As a general introduction, this chapter will consist of a brief overview of the 

two main fields, plasmonics and hydrosilylation. Specifically, this chapter will 

commence with a discussion of the concept of plasmonics and known plasmon-driven 

reactions, with an overview of their proposed mechanisms, including confined 

plasmonic fields, hot carrier excitation, and local heat generation. After briefly 

summarizing the recent advances of plasmon-driven reactions for surface 

functionalization with molecular entities, polymers, and nanomaterials, an introduction 

regarding surface functionalization on silicon surfaces via hydrosilylation will be 

provided. Finally, hydrosilylation triggered by metallic nanoparticles comprising Pd, 

Pt, and Au nanoparticles embedded in soft PDMS stamps will be described in detail. 

 

1.2 Plasmonics 

1.2.1 Overview of Plasmons 

Plasmons are the collective oscillation of free charges in a conducting material.11, 12 

The surface plasmons (SP) are oscillations confined to the surfaces of conducting 

materials and interact strongly with light.13–16 Specifically, a surface plasmon refers to 

the collective oscillation of electrons at the interface of  a metal and dielectrics, 

resulting in surface plasmon polarization at the interface when a certain frequency of 

photons matches the inherent frequency of the electrons.17, 18 There are two forms of 

surface plasmons. When the surface plasmons propagate along the metal/dielectric 
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interface, this phenomenon is called propagating surface plasmons. When surface 

plasmons are trapped at the metal/dielectric interface, which results in high-intensity 

electric-fields (or hot spots), this phenomenon is called localized surface plasmon 

(LSP),19 as illustrated in Figure 1.2. 

 

 

Figure 1.2 Schematic illustration of two forms of surface plasmons excited by the electric field (Eo) 

of incident light with wavevector (k). (a) The metal/dielectric interface has one dimension much 

larger than the wavelength of light. In this case, a propagating surface plasmon can travel along 

the surface of the metal. (b) The nanosphere is smaller than the wavelength of light, and the free 

electrons can be displaced from the lattice of positive ions and oscillate collectively in resonance 

with the light. This process is named localized surface plasmon resonance (LSPR). Reproduced 

with permission from reference 19. Copyright 2011 American Chemical Society. 

 

1.2.2 Plasmonic Metal Nanostructures 

In 1857, Michael Faraday was the first to describe the unusual optical properties of 

gold colloid solutions systematically.20 This solution was called “a beautiful ruby fluid”, 

as shown in Figure 1.3. Faraday’s ideas inspired Mie’s later theoretical work; in 1908, 

Guastav Mie was first to point out the surface plasmon resonance.21 For a spherical 

metal nanoparticle with a size much smaller than the wavelength of the incident light, 
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the surface oscillation is determined mainly by the particle volume, dielectric function 

of the metal, and surrounding medium.22, 23 

The most attractive plasmonic metal nanostructures for optical applications are 

composed of gold (Au), silver (Ag), and copper (Cu),24–26 as they exhibit resonance 

when interacting with ultraviolet (UV) to visible (vis) light (Figure 1.4a), The SPR 

frequency depends not only on the composition but also on the size and shape of the 

nanoparticles. For example, the plasmon resonance of silver nanoparticles can be 

shifted from the UV to the visible range by maximizing the nanocube size or changing 

the shape of nanoparticles (Figure 1.4b, c). 

Theoretically speaking, it is possible to design plasmonic nanostructures that 

interact with the whole solar spectrum by manipulating precisely the composition, size, 

and shape.27–29 For example, Table 1.1 lists silver nanoparticles with different shapes 

and the corresponding LSPR peaks that can be tuned from 320 nm to 1000 nm. 

 

 

 

Figure 1.3 Gold colloid microscope slide that Faraday used in his lecture to illustrate his work on 

gold colloids in 1857; it is stored in the Whipple Museum of the history of science, University of 

Cambridge. The inscription is “Faraday’s gold given to me himself after his lecture at the RI”. 

Reproduced with permission from reference 17. Copyright 2011 American Chemical Society. 
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Table 1.1 Summary of the Shapes, LSPR Absorption Peaks for Silver Nanoparticles.  Reproduced 

with Permission From Reference 19. Copyright 2011 American Chemical Society. 

 

a The main absorption peak (nm). 
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Figure 1.4 Overview of surface plasmon properties of plasmonic metal nanoparticles. SPR peaks 

vary with different types of composition (a), shapes (b), and sizes (c). The intensity of the solar 

radiation curve (black) also is shown in (a). Reproduced with permission from reference 24. 

Copyright 2015 Nature Publishing Group. 

 

1.3 Plasmon-driven Reactions 

Plasmonic metal nanoparticles are light-harvesting materials, which interact with 

visible light by the excitation of localized surface plasmon resonance, termed LSPR.30 

In this physical process, plasmonic metal nanoparticles absorb the energy from the light, 

and concentrate it near the surface of the nanoparticles. When these nanoparticles are 

used to drive a chemical reaction, the light energy ultimately can be converted to 

chemical energy.31–33 Recently, plasmon-driven oxidation/reduction processed without 

any other additional catalysts, have drawn tremendous attention. Plasmon excitation 

and decay provide ways to manipulate light within a sub-femtosecond on the nanoscale, 

enabling precision chemistry.34, 35 Sketches of the photoexcitation and relaxation 

processes are illustrated in Figure 1.5. First, the photophysics start with plasmon 

excitation of the nanoparticle, resulting in a highly elevated plasmonic field at the 

nanoparticle surface. Next, the oscillation of free electrons decays rapidly via excitation 

of hot carriers. Through electron–electron scattering, these excited electrons thermalize 

quickly, followed by a heat distribution cooling by coupling of phonons and “hot 

electrons”, leading to thermal dissipation to surroundings.36 By taking advantage of the 

plasmon excitation, hot carrier generation, and carrier thermalization processes, 

chemical reactions can be driven via three possible mechanisms: i) reactions enabled 
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by a confined plasmonic field, ii) hot carrier generation, and iii) generation of localized 

heat.34–39 

 

Figure 1.5 Sketches of the photoexcitation and subsequent relaxation processes of the LSPR. 

Reproduced with permission from reference 36. Copyright 2019 American Chemical Society. 

 

1.3.1 Plasmon Field-driven Catalysis 

LSPR excitation of surface plasmon resonance in metal nanoparticles leads to the 

confinement of the light energy and forms a highly enhanced plasmonic field on the 

surface of the metal nanoparticles. One example of chemistry that is assisted by the 

enhanced plasmonic field is the decomposition of methylene blue, whose rate is 

enhanced seven times, as shown in Figure 1.6.40 The LSPR effect of Ag nanoparticles 

causes a tremendous increase of the near-field amplitude at well-defined wavelengths 

in the UV region, which overlaps with the bandgap of TiO2. Therefore, more electron–

hole pairs are excited in TiO2, and the photocatalytic activity of TiO2 is improved. 
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Figure 1.6 (a) TEM image of the cross-section of a TiO2 film on Ag@SiO2 core-shell on a SiO2 

substrate, (b) optical absorption spectra of TiO2 thin film (black), Ag nanoparticles embedded in 

TiO2 (orange), and Ag nanoparticles covered with SiO2 layer embedded in TiO2 (blue), and (c) 

decomposition rates of methylene blue (MB) on TiO2 surfaces under near-UV irradiation. 

Reproduced with permission from reference 40. Copyright 2008 American Chemical Society. 

 

1.3.2 Hot Carrier-driven Catalysis 

The energy stored in the plasmonic field can induce hot carriers in the metal, and these 

plasmon-mediated hot carriers can be transferred to molecules through a transient 

electronic exchange between the metal and the molecules.35 Thus, molecules with the 

addition of high-energy electrons are created with the electronic exchange, which is 

sufficient to induce a chemical reaction. Sun et al. designed a home-built high vacuum 

tip-enhanced Raman spectroscope (HV-TERS) that can be used for plasmon-driven 

chemical reactions of 4-nitrobenzenethiol dimerizing to dimercaptoazobenzene.41 

Because of the “hot spot” from the tip, the high density of hot electrons arising from 

strong plasmon resonances could be transferred to the 4-nitrobenzenethiol near the 

metal surface to induce its dimerization, as shown in Figure 1.7. 
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Figure 1.7 Hot electron driven chemical reactions of 4-nitrobenzenethiol revealed by HV-TERS. 

Reproduced with permission from reference 41. Copyright 2012 Nature Publishing Group. 

 

1.3.3 Plasmonic Thermal Catalysis 

The hot electron−hole pairs ultimately dissipate by coupling to phonon modes of the 

metal nanoparticles, resulting in a higher lattice temperature. The thermal energy can 

be used to overcome the reaction barrier, which also is a promising approach to 

facilitate plasmon-mediated chemical reactions. Notably, the contribution of the 

thermal effect among other characteristics of the plasmon in the plasmonic-based 

catalytic reaction is hard to distinguish. One of the widely accepted ideas is that the 

excitation of hot electrons played the main role in plasmonic catalysis, rather than the 

thermal effect itself.42–44 The concept of a light-dependent activation barrier, which was 

introduced by Prof. Halas in 2018, was used to distinguish thermal from nonthermal 

effects in the process of plasmonic catalysis (Figure 1.8).1 Cu-Ru metal catalysts were 

measured with a thermal imaging camera to account for the photothermal effect at 

different illumination wavelengths and intensities. It was demonstrated that the reaction 

barrier of ammonia decomposition on a plasmonic photocatalyst has an electronic 

origin. The hot electrons can induce multiple vibrational transitions of the reactant 

molecule, and, as the vibrational energy stored in the bond increases, the activation 

energy is reduced. More recently, a review paper summarizes the simple experimental 

procedures that can help researchers detect and, in some cases, quantify photo-thermal 

effects in plasmon-assisted chemical reactions, including varying the illumination 

power, light beam diameter, infrared and thermocouple measurements, minding time 
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scales, calibrating with bubble formation, and comparing the effects of two 

polarizations and several wavelengths.45 

 

 

Figure 1.8 Catalytic ammonia decomposition. (a) Schematic of the structure consisting of a Cu 

nanoparticle antenna with a Cu-Ru surface alloy, where the Ru provides the reactor sites. This 

catalyst was used to quantify the contributions of hot carriers and the photothermal effect. (b) H2 

formation rate in photo- and thermally catalyzed reactions. Reproduced with permission from 

reference 1. Copyright 2018 American Association for the Advancement of Science. 

 

1.4 Plasmon-driven Catalysis for Functionalization of 

Surfaces 

1.4.1 Overview 

Wolfgang Ernst Pauli, one of the pioneers of quantum physics and recipient of the 

Nobel Prize in Physics in 1945, once said, “God made the bulk; the surface was 

invented by the devil.” Pauli explained that the diabolical properties of surfaces were 

due to the simple fact that surface atoms do not have an isotropic environment. They 

interact with three different types of atoms, those in the bulk below, other atoms from 

the same surface, and atoms in the adjacent phase.46 In other words, bulk materials can 

provide intrinsic properties, but the surfaces offer more possibilities.  

When combining plasmonics with surface chemistry, one arrives at a newly 

developed research field in the last decade. Because of the confined plasmonic field, 

hot carrier excitation, and local heat generation, plasmonic nanoparticles have been 

used to activate bond formation and/or dissociation and induce the chemical reactions 
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with spatial control on the nanoscale. Although different kinds of techniques, such as 

dip-pen lithography,47–49 inkjet printing,50–52 and direct laser patterning,53–55 have been 

reported to control surface functionalities spatially, these methods are expensive, time-

consuming, and cannot achieve sub-50 nm resolution easily. Plasmon-driven surface 

chemistry, however, offers a very fast, cost-effective, and scalable approach. The site-

selective surface functionalization can occur by placing molecules or nanostructures at 

specific reactive spots by using the localized plasmon from the surrounding 

nanostructure.56–58 As the proposed mechanisms of plasmon-driven surface 

functionalization are related to the strong electric field, hot carrier release, and heat 

dissipation, which we already discussed, and as surface properties are directly related 

to the grafting molecules, so the various plasmon-driven surface functionalization 

strategies will be divided into three main sections, namely, molecular entities, polymers, 

and nanoparticles.59 

 

1.4.2 Plasmon-driven Surface Grafting of Molecules 

There are many examples of functionalization strategies to modify surfaces with 

molecules. To date, only a few examples of spatial or patterned control of surface-

grafted molecules by LSPR excitation have been reported. One example is a plasmon-

mediated approach that was used as an effective means to modify the surfaces of gold 

coated optical fibers by iodonium salts under mild reaction conditions. The plasmon is 

excited by the coupling of the Au-covered optical fiber with the laser light source, with 

a wavelength corresponding to the plasmon absorption band.60 Typically, surface 

modification of optical fibers of silica by iodonium salts requires aggressive agents and 

strong bases, such as alkali metals. Another example is shown in Figure 1.9a without 

using any reducing agent. The plasmon-induced grafting of aryl layers on a gold surface 

derived from bisthienylbenzene diazonium salts on Au nanotriangles was performed 

under visible-light illumination in a few minutes.61 The grafting process was enhanced 

significantly on the apex of the Au triangles and between Au nanoparticles, which is 

where the electric field “hot spots” (the concentrated electric fields) are located. 

Moreover, by controlling the polarization of incident light, the localization and 

anisotropic growth orientation of the deposited polyaryl layer on the nanotriangle 
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surface was tuned (Figure 1.9b). These results clearly demonstrate plasmon 

enhancement and confirm that localized surface plasmon resonance can induce 

localized reactions on a nanoscale. 

 

Figure 1.9 (a) SEM image of Au triangles after 4 min of irradiation with visible light in the presence 

of bisthienylbenzene diazonium salt aqueous solution. (b) Polarization-dependent plasmon-

induced grafting from the diazonium solution. SEM images of Au triangles after 2 min irradiation 

with near-IR light. Inset is the calculated field enhancement with polarized light along the two 

different primary symmetry axes; the red arrows show the maximum of the electrical field. 

Reproduced with permission from reference 61. Copyright 2017 American Chemical Society. 

 

1.4.3 Plasmon-driven Surface Polymerization 

Plasmonic nanoparticles with surface-grafted polymers have shown potential 

applications in many studies, from biosensor devices to drug delivery systems and 

environmental decontamination.62, 63 As plasmon-induced surface polymerization 

techniques allow control of the site-selectivity and polymer growth orientation, the 

toolbox for polymerization and nanofabrication is expanded. For example, nitroxide-

mediated polymerization (NMP) is a reversible deactivation polymerization technique 

(Figure 1.10). There are two requirements for this reaction: firstly, a nitroxide initiator 

is needed as a control reagent to generate monodisperse macromolecular architectures; 

secondly, the reaction occurs above 100 °C, which constitutes the main limitation of 

this technique. To overcome these difficulties, plasmon-mediated homolysis of 

alkoxyamines was proposed as an alternative by Guselnikova et al.64 The alkoxyamine 

groups were attached first via Au−C bonds to gold graftings. The parameters for gold 

graftings (periodicity, 0.55 mm; amplitude, 27 nm; and metal thickness, 25 nm.) 
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provide the excitation and propagation of surface plasmon-polariton waves under 

illumination at 785 nm. Then, plasmon-induced homolysis and initiation of NMP were 

triggered by irradiation of the gold gratings with light at room temperature, and poly(N-

isopropylacrylamide)-co-4-vinylboronic acid block copolymers (PVBA-PNIPAM) 

were formed (Figure 1.10). The obtained polymer-coated gold grating platforms were 

used as smart SERS-sensors for the detection of biologically relevant glycoprotein with 

high intensity. 

 

 

Figure 1.10 (a) The strategy for plasmon-induced surface polymerization by growing 

PNIPAM/PVBA brushes onto alkoxyamine initiator-grafted gold grating. (b)The surface-modified 

gratings with a covalently attached copolymer were used for SERS detection of glycoproteins, and 

the intensity of characteristic peaks increased up to 2.5-fold. Reproduced with permission from 

reference 64. Copyright 2019 Royal Society of Chemistry. 

 

1.4.4 Plasmon-driven Surface Chemistry for Site-selective Grafting of 

Nanoparticles 

Nanomaterials, including gold nanoparticles65 and quantum dots,66 can be put into 

design locations with high lateral resolution. Such surface functionalization is expected 

to occur exclusively on highly reactive or high electromagnetic field regions (“hot 

spots”), while leaving the other area unmodified. In 2012, Dostert et al. reported site-

selective immobilization of gold nanoparticles by plasmon-mediated surface 
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functionalization on a glass substrate.65 The glass surface was functionalized first by a 

photosensitive organosilane. The field enhancement of the gold nanocrescents 

triggered the photocleavage of the cage, leaving free amine groups surrounding the 

gold nanostructures on the glass surface, which act as the binding sites for small gold 

nanoparticles. The scheme of this multi-step strategy is illustrated in Figure 1.11a. The 

resulting near-field-driven chemical nanopatterns were used to control the assembly of 

gold colloids, and a clear concentration of gold colloids at the tips and central back 

region of the gold crescent was observed that matches perfectly the near-field pattern 

predicted by numerical simulations based on the finite difference time domain method, 

as shown in the SEM image in Figure 1.11b. 

 

Figure 1.11 (a) Strategy to realize near-field guided chemical nanopatterning, followed by 

regioselective gold nanoparticle assembly. (b) SEM image of a gold crescent after this strategy, 

showing higher particle densities at the regions with the strongest near-field enhancement 

thatagree well with the theoretical calculation of the intensity distribution of the field enhancement 

surrounding a gold nano-crescent. Reproduced with permission from reference 65. Copyright 

2012 American Chemical Society. 
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1.5 Hydrosilylation on Si Surfaces 

1.5.1 Overview 

Surface functionalization with organic monolayers is used widely to stabilize the 

silicon surface, and the properties of silicon can be tailored precisely to endow the 

material with particular characteristics. Currently, there are two ways to conjugate 

organic monolayers onto Si surfaces: one is monolayers on native or thin silicon oxide 

surfaces through silane chemistry, the other is monolayers on oxide-free Si, prepared 

mostly via Si–C chemistry.67, 68 Notably, the oxide layer is not desirable because it acts 

as an additional insulating barrier between the organic layer and the bulk silicon. Unless 

grown under carefully controlled conditions, the interface between silicon and silicon 

oxide has a high density of electronic defects, thus limiting its property for devices.69,70 

For the oxide-free interfaces, H-terminated Si surfaces commonly are used as a reactive 

surface precursor. An H-terminated surface provides passivation of the silicon surfaces 

but exhibits limited chemical stability. Hydrosilylation, the addition of Si–H bonds 

across unsaturated bonds, has been one of the most widely studied chemistry on silicon 

surface modification. This reaction can be viewed as either an insertion reaction of an 

unsaturated bond into the Si−H bond or cleavage of the Si−H bond across the 

unsaturated group; examples are shown in Figure 1.12.71  

 

Figure 1.12 Examples of hydrosilylation of unsaturated molecules. (a) Hydrosilylation of an 

aldehyde, an alkene, and an alkyne with trisubstituted molecular silanes. (b) Hydrosilylation of an 

aldehyde, an alkene, and an alkyne on a representative silicon surface, Si(111)–H. Reproduced 

with permission from reference 71. Copyright 2014 American Chemical Society. 
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Inspired by a vast body of knowledge in analogous silicon compound reactions 

in solutions, Linford and Chidsey reported a Si–C bond alkyl chain on non-oxide 

Si(111)–H surfaces in 1993 for the first time.72, 73 Since then, hydrosilylation on Si 

surfaces has been expanded via various pathways, including thermally induced 

reactions, catalyst-aided reactions, photochemically induced reactions, and 

electrochemically-driven reactions.68, 74–77 As transition metal nanoparticles are 

extremely effective catalysts in the case of molecular hydrosilylation, their use in 

surface hydrosilylation also has been investigated. So, in the following section, I will 

introduce surface hydrosilylation driven by metal nanoparticles, including Pd, Pt, and 

Au. 

 

1.5.2 Pd/Pt Catalyzed Hydrosilylation on Si Surface 

In 2008, Mizuno from our group, designed a soft polydimethylsiloxane (PDMS) stamp 

with embedded Pd nanoparticles to catalyze hydrosilylation on H-terminated Si 

surfaces.78 Firstly, pseudo-hexagonal close-packed Pd nanoparticle arrays were 

assembled on oxide-capped silicon substrates via the use of self-assembled block 

copolymer (polystyrene-block-poly-2-vinylpyridine; PS-b-P2VP) templates. Then, 

these nanopatterns were transferred onto PDMS via a simple peel-off procedure. 

Finally, the Pd catalytic stamp was inked with diluted alkenes/alkynes for 1 min and 

then applied to freshly prepared flat H-terminated Si(100) or Si(111) for 20 min under 

continuous pressure, resulting in a duplication of the original pattern of Pd 

nanoparticles on the silicon surface with arrays, as shown in Figure 1.13. 

By modulating the molecular weight of the PS and/or P2VP blocks, 

nanopatterns of various metals can be synthesized with center-to-center spacings of, 

for instance, 50–180 nm and nanoparticle diameters of 10–70 nm.79, 80, 81 
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Figure 1.13 (a) Scheme of the typical process of catalytic stamp lithography. (b) AFM height image 

of a parent Pd catalytic stamp. The diameter of Pd nanoparticle is 40 nm, and the center-to-center 

spacing is 110 nm. (c) 1-Octadecyne stamped Si(111)–H surface height image; inset image is the 

height profile along the dashed line and corresponding phase image (d) Reproduced with 

permission from reference 82. Copyright 2008 American Chemical Society. 

 

Thereafter, by using the same fabrication strategy, PDMS stamps with 

hexagonally or linearly arranged Pt nanostructures were fabricated.78, 83 These hybrid 

materials, which act as catalytic stamps, have been examined with different 

hydrosilylation reactions with eight kinds of molecular inks to produce the 

hydrosilylated alkyl, alkenyl, or alkoxy groups on H-terminated Si surfaces (Figure 

1.14). 
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Figure 1.14 AFM height and phase images of H-terminated Si surfaces stamped with eight kinds 

of molecular inks: (a) Si(111)-H stamped with 1-dodecene; (b) Si(111)–H stamped with 4-

vinylpyridine; (c) Si(100)–Hx stamped with 1H,1H,2H-perfluoro-1-decene; (d) Si(111)–H stamped 

with phenylacetylene; (e) Si(100)–Hx stamped with 10-undecynoic acid; (f) Si(111)–H stamped 

with undecanal; (g) Si(111)–H stamped with benzaldehyde; (h) Si(111)–H stamped with dodecane. 

Reproduced with permission from reference 78. Copyright 2009 American Chemical Society. 
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1.5.3 Au Plasmon-induced Hydrosilylation on Si surface 

 

Figure 1.15 Covalent immobilization of Au nanoparticles onto a Si surface by illumination with 

visible light. (a) 11-Mercaptoundecene (MUD) modified Au nanoparticle. (b) Visible-light 

spectrum and irradiation set-up. (c) Mechanistic scheme of Si−H with MUD on Au NP. 

Reproduced with permission from reference 84. Copyright 2013 American Chemical Society. 

 

In 2013, the Sugimura group reported that alkene-terminated thiols modified gold 

nanoparticles showed higher levels of incorporation on a flat hydride-terminated silicon 

surface when illuminated with light that overlapped with the absorption maximum of 

the gold nanoparticles.84 The authors proposed that the gold nanoparticles acts as 

“photon collectors” to transport the energy from the incident illumination to the Si 

surface, as suggested in Figure 1.15. The proposed “photon collector” role of the gold 

nanoparticles could come from either scattering of gold nanoparticles and/or the surface 

plasmon absorption. 

Inspired by this work, Liu et al. from our group prepared gold plasmonic stamps 

via a similar approach to that described by Mizuno and co-workers.85, 86 The plasmonic 

stamps were made of embedded gold nanopatterns, also produced via block copolymer 

self-assembly. The stamps could trigger the localized hydrosilylation of alkenes or 



 

 

 

20 

alkynes on a hydrogen-terminated silicon surface by illumination with visible light 

(Figure 1.16a). The hydrosilylation reaction was expected to proceed via the generation 

of a proximal electric field upon plasmon excitation in the Si surface. After plasmonic 

stamping, hexagonal arrays of alkyl and alkenyl patches formed on the silicon surface, 

mirroring the topographic features of the parent gold nanopatterns. Subsequent 

thiol−ene coupling with 1,6-hexanedithiol on the free terminal alkene groups, followed 

by electroless deposition of gold from aqueous HAuCl4 solution and ascorbic acid, 

allowed the clear visualization of nanopatterns (Figure 1.16b, c). 

 

Figure 1.16 (a) Scheme of plasmon-induced hydrosilylation on a flat silicon Si(111)–H surface. 

White light was filtered by a green bandpass filter, then passed through the transparent PDMS 

stamp, allowing LSPR excitation of Au nanopatterns. After plasmonic stamping, localized 

hydrosilylation of alkenes or alkynes patterns occurs on Si surfaces. (b) Scheme of pattern 

visualization by thiol−ene coupling and electroless gold deposition. (c) SEM micrographs of the 

resulting gold nanopatterns. Reproduced with permission from reference 86. Copyright 2016 

American Chemical Society. 
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The PDMS stamps with embedded nanopatterned gold hemispheroids is an 

alternative to photolithography of semiconductor surfaces with sub-100 nm pattern 

resolution. However, multiple steps are needed to make one stamp successfully, 

including block copolymer self-assembling, PDMS preparation, and gold pattern 

transfer; thus, fabricating these stamps could be challenging and time-consuming. 

Alternatively, solid-state dewetting of metal thin films has distinctive advantages for 

producing metal nanoisland arrays over a large area. The average size and separation 

of metal nanoislands can be moderately controlled with the initial thickness of a thin 

metal film.Solid films are usually metastable or unstable in the as-deposited state, and 

they will dewet or agglomerate to form islands when heated to sufficiently high 

temperatures. This process is driven by surface energy minimization and can occur via 

surface diffusion well below a film's melting temperature, especially when the film is 

very thin.110, 111   

 

1.6 Scope of the Thesis 

While >80% of the work described in this thesis revolves around plasmon-driven 

chemistry, there are, in fact, two research projects that will be covered in this thesis. 

The primary one is the preparation of plasmonic stamps for hydrosilylation on silicon 

surfaces, and it makes up the majority of the thesis, representing Chapters 2 and 3. I 

will discuss the topic of the surface plasmon assisted hydrosilylation, from fabricating 

plasmonic stamps via metal dewetting to mechanistic understanding via reaction 

kinetic studies. I will, however, also discuss the focus of 20% of the remaining work 

that was performed on the design and synthesis of Pd-Pt catalysts for wet methane 

combustion, which appears in Chapter 4.  This chapter stands apart from Chapters 2 

and 3, and thus was not introduced here in Chapter 1. It will receive its own introduction 

in Chapter 4.  

In Chapter 2, a straightforward and facile method to fabricate optically 

transparent flexible PDMS stamps using gold dewetting is introduced. By changing the 

film thickness of the sputtered gold film, the size and shape of gold nanoparticles on 

PDMS were changed, resulting in tunable plasmonic properties. The gold nanoparticles 
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on plasmonic stamps can be used further to initiate hydrosilylation on a silicon surface 

spatially. To complement AFM imaging of the hydrosilylated silicon surfaces, galvanic 

displacement of gold(III) salts on the silicon was performed. The domains of 

hydrosilylated alkyl chains would be expected to block the deposition of gold 

nanoparticles.  

Chapter 3 will describe the optimization of the fabricating plasmonic stamps 

by tuning the sputtering rate and film thickness, leading to a more scalable and reliable 

method via gold dewetting on PDMS. Therefore, by using these highly reproducible 

PDMS stamps, systematic mechanistic studies were done. We carried out reaction 

kinetic studies for plasmon-induced hydrosilylation on five kinds of silicon substrates 

with different doping levels. As doping levels of the silicon substrates were tuned, the 

relationship between reaction rates and built-in electrical field of metal-insulator-

semiconductor junctions were investigated. 

Chapter 4 summarizes the results of a project that provided direct support 

during my time here. This project was part of an NSERC Strategic Partnership Grant 

to support a collaboration with the group of Prof. Natalia Semagina in the Department 

of Chemical and Material Engineering. The project looked at the synthesis of nanoscale 

catalysts for methane combustion. Chapter 4 stands apart from Chapters 2 and 3 in that 

Pd-Pt/ZrO2 catalysts were designed and synthesized for wet methane combustion. 

Chapter 5 of the thesis presents the conclusions of these two projects, along 

with potential research directions and perspectives for future work. 
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Chapter 2 *  Fabricating Plasmonic Stamps by Gold 

Dewetting for Catalyzing Hydrosilylation on Silicon 

Surfaces 

 

2.1 Introduction 

Metallic gold and silver nanostructures exhibit unique optical properties resulting from 

the excitation of LSPR upon illumination with light. LSPR results in intense absorption 

bands in the optical regime and an associated enhancement of local electrical fields in 

close proximity to the metal surface.2, 3 In addition to their interesting optical properties, 

plasmonic nanomaterials also can accelerate reactions and phase changes of proximal 

reagents. For instance, illuminated silver nanoparticles yield energetic electrons that 

can drive the oxidation of small gaseous reagents.4 Gold and other plasmonically active 

materials promote efficient photothermal water heating and generation of steam in bulk 

as well as hyperthermia in vivo.87–89 Irradiation of copper surfaces during propylene 

epoxidation reactions can reduce inactive copper oxide surfaces back to active Cu(0) 

due to photoexcitation of LSPRs in the copper metal.90 Hot carriers in metals also can 

be used to promote ammonia decomposition,1 CO2 reduction,6, 91 and other feedstocks 

for fuels.92, 8 These and a host of other reactions driven by photoexcitation of LSPRs in 

metallic nanomaterials point to the utility of using them as catalysts for small molecule 

conversion reactions. 

In 2013, Sugimura and co-workers demonstrated that the LSPRs of gold 

nanoparticles also could be harnessed to functionalize hydride-terminated silicon 

surfaces. Gold nanoparticles of ~20 nm diameter, functionalized with terminal alkene 

groups, preferentially underwent hydrosilylation and concomitant attachment to a 

 

*  The contents of this chapter have been reproduced and/or adapted from the following 

publication: Rao, C.; Luber, E. J.; Olsen, B. C.; Buriak, J. M. Plasmonic Stamps Fabricated by 

Gold Dewetting on PDMS for Catalyzing Hydrosilylation on Silicon Surfaces. ACS Appl. Nano 

Mater., 2019, 2, 3238–3245. 
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silicon surface when illuminated with light that matched the absorption maximum of 

the LSPR of the gold.84 They proposed a mechanism that invoked a direct transfer of 

the energy of the photon absorbed by the LSPR to drive the hydrosilylation reaction. 

The wavelengths of green light centered around 520 nm normally would be of 

insufficient energy to promote hydrosilylation on a flat silicon surface,71 pointing to the 

necessity of the LSPR of the nearby gold nanoparticle. In previous work, we introduced 

the concept of a plasmonic stamp, comprised of gold particles that had been prepared 

via block copolymer self-assembly, embedded within a flexible and optically 

transparent polydimethylsiloxane (PDMS) slab, to explore this plasmon-driven 

chemistry further.85, 86 Using catalytic plasmonic stamps, the local electric field 

generated by the embedded plasmonic gold nanostructures upon illumination drives the 

hydrosilylation reaction on a silicon surface, leading to patterned alkyl and alkenyl 

termination. It was proposed that the reaction proceeded by the generation of charge 

carriers within the silicon, specifically, holes that accumulated at the surface. These 

holes were susceptible to nucleophilic attack by the alkene or alkyne, leading to the 

formation of Si–C bonds and alkyl/alkenyl-terminated regions on the silicon surface. 

Many questions regarding the mechanism remain, and to further these experiments into 

verifying and understanding the nuances of the plasmon-driven catalytic surface 

chemistry, a more practical and general approach to preparing plasmonic stamps was 

needed. 

PDMS, coated with a metal nanostructured film, is an ideal substrate as the 

platform for a catalytic plasmonic stamp due to its flexibility and transparency to 

optical wavelengths.93–103 In this work, the dewetting of gold on PDMS was examined 

as a facile and scalable way for producing plasmonically active gold nanostructures on 

the stamp. Metal dewetting has been studied well on hard inorganic substrates, such as 

indium tin oxide,104 glass,105–107 hafnium dioxide (HfO2),
108 and sapphire.109 These 

studies showed that the average size and spacing of the resulting dewetted metal 

nanoparticles are correlated to the initial thickness of the deposited metal layer, with 

thicker layers leading to larger nanoparticles separated by greater center-to-center 

distances.110–113 The deposition of thin metal films, including gold, on PDMS also has 

been the subject of extensive physical analysis and characterization, particularly in 
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regards to wrinkle formation and related patterns.114–118 Combining the deposition of 

thin films of gold on PDMS with dewetting provides a useful starting point for the 

facile generation of gold nanostructure-based plasmonic stamps that can be applied to 

drive surface chemistry. 

 

2.2 Results and Discussion 

 

 

Figure 2.1 (a) Preparation of the plasmonic stamp: a thin gold film was sputtered on top of a PDMS 

slab, followed by dewetting of the gold with thermal treatment. (b) Plasmonic stamping and 

hydrosilylation: A thin layer of 1-dodecene was layered on a flat Si(111)–H surface, and the 

plasmonic stamp was pressed down onto the surface. Light (400–580 nm) was shone through the 

plasmonic stamp for 60 minutes. 
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Figure 2.2 (a) In order to measure the gold film thickness, gold films were sputtered onto a Si wafer 

cleaned by a standard RCA procedure, and then a cotton swab was used to scratch a line in the 

gold film. AFM was used to measure the thickness of the gold. (b) Plot of film thickness vs 

sputtering time, the error bar for the gold film thickness is from one sample with multiple 

measurements. AFM height images of films with different sputtering times: (c) 10 s, (d) 20 s, (e) 30 

s, (f) 40 s, (g) 60 s. All the scale bars are 1 μm.  

 

After sputtering, the gold films appear smooth by AFM (Figure 2.2) and blue-

gray to the eye (Figure 2.3). Previous work by Graudejus and co-workers had shown 

that thin films of gold on PDMS appeared smooth, as defined by the absence of 

microcracks or buckles, below a thickness of 50 nm, when deposited at temperatures 

above room temperature (>40–80 °C, depending upon thickness of the gold).114 The 

gold film sputtered onto the surface of PDMS is only physisorbed as there is no 

covalent interaction between the two. Upon heating in air at 150 °C for 20 h, the gold 

films dewet into gold nanoparticles on the surface of the PDMS. As shown in Figure 

2.3, the UV-visible absorption spectra of the smooth gold films on PDMS are broad, 

with maxima above 700 nm. After thermal treatment, the UV-visible spectra show a 

narrower absorption, with maxima varying from 535 to 625 nm, corresponding to the 

LSPRs of the newly formed gold nanoparticles (Figure 2.3 and Table 2.1). The 

corresponding colors of the PDMS stamps appear red-pink to red-brown, depending 

upon the initial thickness of the gold film. The dewetted gold nanoparticles on PDMS 

(the completed plasmonic stamps) appear to be stable for up to one month based upon 

a lack of any visible change of color or surface morphology. 
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Figure 2.3 Photographs of PDMS stamps with varying initial thickness of gold: 5.0 nm (a), 7.0 nm 

(b), 9.2 nm (c), 11.1 nm (d), 13.1 nm (e), before (black border) and after (red border) thermal 

dewetting of the gold film. Corresponding UV-vis spectra are shown on the right; black plot before 

dewetting, and red plot post-dewetting. The green band in the UV-vis plots indicates the spectral 

window of light used to drive the plasmonic stamping. All the scale bars are 0.5 cm. Thickness 

measurements of the sputtered gold films were carried out on a native oxide-capped silicon wafer, 

as shown in Figure 2.2. 
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Table 2.1 Deposition Parameters and Optical characteristics of Sputter-deposited Au films on 

PDMS. 

Sputtering time (s)a Gold film thickness (nm) LSPR absorption maxima after dewetting (nm) 

10 5.0 ± 0.2 535 

20 7.0 ± 0.1 548 

30 9.2 ± 0.3 556 

40 11.1 ± 0.2 592 

60 13.1 ± 0.4 625 

aSputtering time, as-deposited gold film thickness and LSPR wavelength. 

 

Optical micrographs (1000× magnification) of the PDMS samples before and 

after dewetting of the sputtered gold films are shown in Figure 2.4a and Figure 2.4b, 

respectively, and low-magnification AFM micrographs after dewetting are shown in 

Figure 2.5. After dewetting of Au films on PDMS substrates, the substrates adopted a 

wrinkle morphology, which commonly is observed in layered PDMS samples subject 

to strain.119–123 Wrinkling of the PDMS was not observed upon thermal treatment in the 

absence of a gold film (Figure 2.6), nor was it observed after sputtering of the gold film 

(Figure 2.7), which suggests that the wrinkling of the PDMS substrate is due to the 

interfacial stresses that occur during dewetting. 

AFM images of the dewetted gold-on-PDMS samples (Figure 2.4c) show that 

when the as-deposited thickness of the sputtered gold film increases, the resulting size 

of the dewetted gold nanoparticles also appears to increase, which agrees with the 

expected LSPR red-shift of larger gold nanoparticles,124 as seen in our measured 

absorption spectra in Figure 2.3 and Table 2.1. Moreover, as seen in the AFM 

micrographs of the three thinnest films (5.0, 7.0, and 9.2 nm), the dewetted particles 

appear to be mostly uniform in size and shape, possessing aspect ratios close to unity. 

However, the morphology of the dewetted 11.1 nm thick film clearly shows a much 

broader distribution of particle sizes and a large fraction of particles with aspect ratios 

significantly larger than unity and possessing irregular shapes. This symmetry breaking 

of particle shapes is expected to give rise to additional LSPR modes at longer 

wavelengths,125 which is seen clearly in the UV-vis spectra in Figure 2.3. 
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Figure 2.4 Optical microscope images (1000× magnification) of gold films on PDMS surfaces, (a) 

before and (b) after gold dewetting. From left to right, initial gold film thickness increased from 

5.0 nm to 13.1 nm. All scale bars are 10 µm. (c) AFM height images of dewetted gold films on 

PDMS, with different initial thicknesses of gold. All scale bars are 200 nm. 

 

 

 

Figure 2.5 (a) - (e) AFM images of plasmonic stamps fabricated from dewetted Au films on PDMS 

with as-deposited thicknesses ranging from 5.0 to 13.1 nm. All scale bars are 1 μm. 
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Figure 2.6 Blank PDMS, heated at 150 ℃ for 20 h. (a) Optical microscope images (1000× 

magnification) to show the morphology of the PDMS; scale bar = 10 μm. (b) Corresponding AFM 

height image. No wrinkles are observed with heating only; scale bar = 500 nm. 

 

 

Figure 2.7 As-sputtered 5.0 nm-thick gold on PDMS before heating. (a) Optical microscope images 

(1000× magnification) to show the morphology of the PDMS; scale bar = 10 μm. (b) Corresponding 

AFM height image. No wrinkles are observed with gold sputtering only; scale bar = 500 nm. 

 

A scheme illustrating the mechanism of how plasmonic stamping can be used 

to carry out hydrosilylation on a silicon surface is shown in Figure 2.8. The proposed 

mechanism in Figure 2.8 is based upon earlier published work by our group, which had 

shown the necessity of illumination, the role of doping of the underlying silicon, and 

other important factors that underline the critical role of the LSPR.85, 86  These two 

earlier studies also had examined the LSPR-driven chemistry of both alkenes and 

alkynes and used atomic labels (fluorine, sulfur) to substantiate the claim of 

hydrosilylation and Si–C bond formation by XPS, static water contact angle 

measurements, and detailed AFM imaging. This present work, therefore, builds upon 

this earlier work and focuses most heavily on water contact angle measurements to 

reveal the extent of hydrosilylation as promoted by these plasmonic stamps. Light 
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(400–580 nm), which matches the LSPR absorbance of the nanoparticles of gold on the 

plasmonic stamp, induces a local electric field (E-field). A built-in metal-insulator-

semiconductor (MIS) junction is established, with the 1-dodecene layer acting as the 

insulator. Electron-hole pairs are generated from the intense LSPR E-field, and these 

holes are then swept to the Si-H interface due to the built-in field of the depletion region 

from the MIS junction, which results in nucleophilic attack by the alkene and Si–C 

bond formation. As shown in earlier work, the thickness of the 1-dodecene “ink” layer 

is ~5 nm, which is thin enough to enable the electric field of the LSPR to generate the 

electron-hole pairs in the silicon.86 Static water contact angle measurements of the 

starting and reacted Si(111)-H surfaces are summarized in Figure 2.9 and Table 2.2 and 

include critical control experiments to elucidate the important factor(s) that lead to an 

increase in hydrophobicity, which occurs upon hydrosilylation with 1-dodecene. The 

starting static water contact angle of a freshly etched Si(111)–H surface is ~83°. Blank 

PDMS stamps and PDMS with non-dewet films of gold do not induce hydrosilylation 

among others, as evidenced by the lack of change of contact angle. Only the 

combination of illumination and a 5.0–9.2 nm-thick (as-deposited) dewetted films of 

gold on PDMS resulted in a significant increase of water contact angle to ~98°. The 

two thicker gold films, with initial thicknesses of 11.1 nm and 13.1 nm, resulted in 

lower water contact angles of ~91° and ~88°, respectively. It should be noted that the 

‘highest’ water contact angle of ~98° is less than would be expected for a complete, 

smooth, and uninterrupted monolayer due to the patchy nature of the plasmonic stamp-

induced patterning. 
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Figure 2.8 Mechanism for plasmonic stamp-induced hydrosilylation on a flat Si(111)–H surface. 

The built-in electric field of the LSPR results in electron-hole pair formation in the silicon, 

triggering the mechanism for hydrosilylation. R = –(CH2)9CH3. 

 

 

Figure 2.9 Summary of the measured values of static water contact angles of Si(111)–H surfaces 

under various conditions, including control experiments. Detailed statistics and errors are found 

in Table 2.2. 
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Table 2.2 Summary of Static Water Contact Angle. 

Samples 

Illumination 

conditiona 

Contact angle 

(°)b 

Si(111)–H Dark 82.9 ± 1.0 

Si(111)–H + 1-dodecene + blank PDMS Dark 82.5 ± 1.7 

Si(111)–H + 1-dodecene + blank PDMS Light 84.0 ± 1.6 

Si(111)–H + 1-dodecene + PDMS with 5.0 nm gold film Dark 82.8 ± 2.0 

Si(111)–H + 1-dodecene + PDMS with 5.0 nm gold film Light 85.8 ± 2.3 

Si(111)–H + 1-dodecene + PDMS with 7.0 nm gold film Light 84.1 ± 3.0 

Si(111)–H + 1-dodecene + PDMS with 9.2 nm gold film Light 82.1 ± 1.8 

Si(111)–H + 1-dodecene + PDMS with 11.1 nm gold film Light 82.5 ± 2.0 

Si(111)–H + 1-dodecene + PDMS with 13.1 nm gold film Light 82.2 ± 1.6 

Si(111)–H + 1-dodecene + PDMS with 5.0 nm gold film 

after dewetting 

Light 98.1 ± 1.5 

Si(111)–H + 1-dodecene + PDMS with 7.0 nm gold film 

after dewetting 

Light 97.4 ± 1.5 

Si(111)–H + 1-dodecene + PDMS with 9.2 nm gold film 

after dewetting 

Light 97.3 ± 1.7 

Si(111)–H + 1-dodecene + PDMS with 11.1 nm gold film 

after dewetting 

Light 90.9 ± 2.3 

Si(111)–H + 1-dodecene + PDMS with 13.1 nm gold film 

after dewetting 

Light 87.8 ± 2.6 

aThe contact measurement data of the Si(111)–H surface after hydrosilylation with 1-dodecene under various conditions are listed. 

For each condition, at least 10 measurements were collected. bMeasurements the uncertainty given is the standard deviation 

of these measurements. 

 

As seen from the AFM micrographs of the plasmonic stamps, for the initial 

thicker Au films that result in larger gold nanoparticles (Figure 2.4c), there is an 

increased fraction of gold nanoparticles with irregular non-circular shapes and aspect 

ratios greater than unity. The result is a larger fraction of stamping surface requiring 

longer wavelength light to drive the localized surface plasmon resonance (Figure 2.3). 

Given that the light used to drive the plasmonic stamping is limited to wavelengths 

shorter than ~580 nm, particles with LSPR modes greater than ~580 nm will not 
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hydrosilylate the silicon surface underneath. As such, the plasmonic stamps possessing 

a significant fraction of these longer wavelength LSPR modes (11.1 and 13.1 nm) 

would be expected to have lower static water contact angles due to the lower coverage 

of dodecyl groups on the surface. This result points to the necessity of the LSPR in 

driving this chemistry on the silicon surface. 

AFM images of the silicon surfaces that were stamped using the three 

plasmonic stamps with dewet films of gold with as-deposited thicknesses of 5.0 nm, 

7.0 nm, and 9.2 nm on PDMS are shown in Figure 2.10. The terraces of silicon (~3.0 Å 

in height), which are due to miscutting of the Si(111) wafer, can be seen clearly in 

Figure 2.10a. Upon hydrosilylation with the plasmonic stamps, the terraces vanish, 

presumably due to coverage with flexible 1-dodecyl chains. Insets of the corresponding 

static water contact angle measurements are included, showing the increase from 83° 

for the Si(111)–H, to ~98° for the hydrosilylated surfaces. The small gold nanoparticles 

(5.0 nm as-deposited gold film thickness) led to small spots on the silicon surface, and 

larger gold particles (7.0 and 9.2 nm as-deposited gold film thicknesses) appeared to 

produce correspondingly larger features on the silicon, but imaging these very thin and 

soft features by AFM is difficult due to their mechanically compliant nature. The 

wrinkle pattern of the original PDMS stamp does not appear to have been transferred 

to the silicon surface in the form of non-hydrosilylated regions on the surface; most 

likely, the applied pressure compresses the plasmonic stamps on the hard surface, 

leading to mostly uniform contact by the stamp. The plasmonic stamps can be used for 

at least three times, which is similar to the previous results.86 
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Figure 2.10 AFM height maps and static water contact angles of Si(111)-H surfaces reacted with 

1-dodecene under illumination with light (400–580 nm) using plasmonic stamps with different 

thicknesses of as-sputtered gold films: 0 nm (a), 5.0 nm (b), 7.1 nm (c) and 9.2 nm (d). All scale 

bars are 200 nm. 

 

In order to assist in the visualization of possible domains of grafted alkyl chains 

that would have been formed in close proximity to the nanoparticles on the PDMS 

stamp, the silicon samples were treated with aqueous KAuCl4 and HF to promote 

galvanic displacement of gold (Figure 2.11a). Au(III) salts deposit on exposed silicon 

surfaces in the presence of HF (aq) via reduction with electrons derived from the silicon 

wafer itself.126–129 Areas that are protected with alkyl chains, however, would be 

expected to prevent gold deposition. Si(111)–H surfaces that underwent hydrosilylation 

via plasmonic stamping with 1-dodecene were immersed in aqueous 1 mM KAuCl4/1% 

HF for 5 min. SEM images (Figure 2.11b–d) show dark circular regions surrounded by 

bright deposited gold nanoparticles, which only occur on the areas that are not protected 
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by 1-dodecene. These dark regions increase in size with the size of the gold 

nanoparticles on the PDMS stamp. AFM height mapping (Figure 2.12) shows a similar 

morphology where the circular regions are lower in height, which further confirms that 

the dark circular regions in SEM correspond to silicon protected by 1-dodecene. 

Control experiments on unpatterned silicon surfaces are shown in Figure 2.13.  

Because of AFM tip convolution effects, the actual feature sizes are not exactly 

as they appear, although the centre-to-centre spacing should be accurate. In order to 

assist in the visualization of grafted alkyl chains that would have been formed in close 

proximity to the nanoparticles, galvanic displacement was used as an imaging fiduciary, 

and qualitatively, we can conclude that, the spacing of the empty spots surrounded by 

gold nanoparticles (presumably patches of 1-dodecyl groups that prevent galvanic 

displacement) is similar  to the spacing of gold nanoparticles on the PDMS stamp. 

 

Figure 2.11 Hydrosilylation visualization using gold nanoparticle deposition. (a) Schematic outline 

of galvanic displacement with aqueous KAuCl4 and HF: hydrosilylated regions prevent galvanic 

displacement of metallic gold, thus enabling their visualization as dark, unreacted regions. (b-d) 

Silicon surfaces that have been hydrosilylated with plasmonic stamps of different initial thickness 

of gold films (5.0 nm, 7.0 nm and 9.2 nm). All the scale bars are 200 nm. 
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Figure 2.12 AFM image of the Si(111)–H sample after (i) hydrosilylation using a plasmonic stamp 

with a sputtered gold film thickness of 9.2 nm, and (ii) galvanic displacement with the aqueous 

KAuCl4 and HF solution indicated in Figure S9; scale bar = 200 nm. 

 

Figure 2.13 Method for visualization of hydrosilylation using gold nanoparticle fiduciaries. (a) 

Schematic outline of gold deposition via galvanic displacement. (b+c) SEM micrograph of two 

different silicon surfaces: (b) The Si(111)–H surface was functionalized with a monolayer of 1-

dodecene by thermal-induced hydrosilylation (150 °C, 24 h), followed by exposure to an aqueous 

1 mM KAuCl4 and and 1% HF mixture for 5 min at room temperature in air. The SEM image 

shows no gold deposited onto the Si wafer (image with red border). (c) Immersing a freshly etched 

sample of Si(111)–H into the same aqueous KAuCl4 and HF mixture solution directly resulted in 

gold deposition via galvanic displacement on the silicon surface (image with blue border). (d) XPS 

spectra of Au(4f) of the Si(111)–H treated wafer upon galvanic displacement confirms the presence 

of Au(0); SEM scale bar = 200 nm. 
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2.3 Conclusions 

Plasmonic stamps were prepared by a straightforward gold deposition on PDMS and 

dewetting procedure in order to access stamps with tunable plasmonic properties. The 

localized surface plasmons of the gold particles generate a proximal electric field in the 

underlying silicon, leading to production of charge carriers that drive surface 

hydrosilylation. Because the plasmonic stamps are removable, they provide a means to 

access mechanisms that are influenced by the electronic effects on a surface, on demand. 

Other reactions on semiconductors that could be driven by charge carriers can be 

studied using these plasmonic stamps. 

2.4 Experimental Section 

2.4.1 Materials 

Si wafers (111-oriented, p-type, B-doped, ρ = 1–10 Ω cm, thickness = 525 ± 25 μm) 

were purchased from WRS Materials Inc. Millipore water (resistivity of 18.2 MΩ•cm) 

was used for the preparation of all aqueous solutions. The precursors for Sylgard 184 

PDMS were purchased from Dow Corning. NH4OH (aqueous, 30%) and HCl (aqueous, 

37%) were purchased from Caledon Laboratories, Ltd. H2O2 (aqueous, 30%) was 

obtained from Sigma-Aldrich. NH4F (aqueous, 40%, semiconductor grade) was 

purchased from Transene Company, Inc. KAuCl4•xH2O (99.999%) was obtained from 

Sigma-Aldrich. 1-Dodecene from Sigma-Aldrich was passed through a short column 

of hot alumina (dried at 100 °C for over 24 h and used while still hot) to remove water 

residues and peroxides, then deoxygenated with nitrogen gas. The optical filter 

[CW526 (center band wavelength) of 526 nm; full width at half-maximum (fwhm) of 

180 nm] was purchased from Edmund Optics Inc (see Figure 2.14 for transmission 

spectrum). 
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Figure 2.14 Transmission spectrum of the band-pass filter used for plasmonic stamping (CW 526 

nm, fwhm: 180 nm, Edmund Optics Inc.). 

 

2.4.2 Characterization 

Optical microscopy images were performed using a Zeiss Axio Lab A1 optical 

microscope. UV-vis absorption spectroscopy measurements were carried out in air 

using an Agilent UV-8453 spectrophotometer at 1 nm resolution. A baseline correction 

procedure (through a blank PDMS stamp) was implemented prior to measurement. 

Scanning electron microscopy (SEM) images were obtained with a field emission 

scanning electron microscope (S-4800, Hitachi), with a working pressure of <10−8 Torr. 

Tapping mode atomic force microscopy (AFM) micrographs were captured using a 

Digital Instruments/Veeco Nanoscope IV with silicon PPP-NCHR cantilevers 

purchased from Nanosensors (thickness 4 μm, length 125 μm, width 30 μm, n-type Si 

with an Al coating, resonance frequency of 330 kHz, force constant of 10–130 N/m, tip 

height of 10 μm, and tip radius of <10 nm.). Sessile drop contact angles of the 

functionalized silicon surfaces were measured using 3 μL of water on a Rame-Hart 

Model 100-00 contact-angle goniometer after the droplet on the sample surface reached 

a static state. X-ray photoelectron spectroscopy (XPS) spectra were taken on a Kratos 

Axis Ultra X-ray photoelectron spectroscopy system using an Al source with an energy 

of 1487 eV, in the University of Alberta nanoFAB, with binding energies calibrated to 

C(1s) (285.0 eV). 
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2.4.3 Blank PDMS Stamp Preparation 

The soft substrates used in our experiment were polydimethylsiloxane (PDMS). PDMS 

prepolymer and the curing agent (Sylgard 184, Dow Corning) were mixed in a 10:1 

ratio and degassed by applying a vacuum to the prepolymer three times at room 

temperature. Then, ~10 mL of the mixtures was added to a petri dish (polystyrene, 

diameter 100 mm), with a PDMS layer thickness of ~3 mm, and cured at 65 °C for at 

least 6 h in an oven and then naturally in air. The cured PDMS was removed slowly 

and carefully from the petri dish, cleaned with Soxhlet extraction in hexane for 6 h in 

order to remove low molecular weight PDMS, and rinsed with ethanol and water. The 

blank PDMS was cut into 1 × 1 cm2 squares and stored under vacuum for further use. 

 

2.4.4 Preparation of Plasmonic Stamps 

A Denton desk II sputter coater was used to deposit the gold films onto the square blank 

PDMS sample at room temperature. This system uses a direct current power source to 

form the plasma. The target (diameter ~60 mm)-substrate distance was ~50 mm. The 

working argon gas (99.99% purity) pressure was 50 mTorr. The sputtering current was 

fixed to 20 mA. The deposition time was controlled precisely, ranging from 10 to 60 s. 

Because PDMS is soft, measurement of the thickness of the gold films was difficult; to 

solve this issue, gold films were sputtered simultaneously onto native oxide-capped 

silicon wafers. Film thicknesses were determined by gently wiping off an area of the 

gold with a cotton swab, and the thickness difference measured by tapping mode AFM 

(Figure 2.2). Given that the surface of native oxidize-capped silicon wafers and PDMS 

are chemically similar, it is reasonable to assume that the sputter-deposited gold would 

have essentially the same sticking coefficient on both surfaces. Even if there are small 

differences in sticking coefficients, there will only be a small systematic offset in the 

absolute values of the reported as-deposited thicknesses of these smooth films. As such, 

the relative differences in gold film thickness would be expected to be the same for 

native oxide-coated silicon or PDMS substrates. Given that the absolute thicknesses of 

the gold films on PDMS are not used to predict or explain any of our observations but 

rather the relative differences (e.g., thicker or thinner) and the similar sticking 
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coefficients for gold on PDMS or native silicon oxide, the reported gold film 

thicknesses are almost certainly sufficiently accurate and precise as given. 

Thermal treatment of the deposited thin gold films on PDMS substrates to 

induce dewetting was carried out in air, heating at 150 °C for 20 h in an oven, and then 

allowed to cool to room temperature. 

 

2.4.5 Silicon Wafer Cleaning and Preparation 

Silicon wafers were cut into 1 × 1 cm2 squares using a dicing saw (Disco DAD 321). 

After being sonicated in 2-propanol for 15 min and dried with a nitrogen gas stream, 

each chip underwent a standard RCA cleaning procedure: the chips were immersed first 

in a base solution [H2O/30% NH4OH (aq)/30% H2O2 (aq) (6:1:1)] at 80 °C for 15 min, 

rinsed with water, and then immersed in an acid solution [H2O/37% HCl (aq)/30% 

H2O2 (aq) (5:1:1)] at 80 °C for another 15 min. The chips were rinsed with water and 

dried in a stream of nitrogen gas. 

 

2.4.6 Plasmonic Stamping on Hydride-Terminated Silicon Surfaces 

The cleaned silicon chips were immersed in degassed 40% NH4F for 5 min (caution: 

this solution is highly corrosive and toxic; handle it with care) and then immersed into 

deoxygenated water for 10 s. After being dried with an argon stream, each chip was 

transferred immediately into a nitrogen-filled glovebox (O2 and H2O < 1 ppm) and 

placed into a customized sample holder (Figure 2.15). Typically, neat alkene (30 μL) 

was dropped onto the hydride-terminated Si(111) surface and covered quickly by the 

plasmonic stamp with the side containing the gold nanoparticles facing the Si surface. 

Following this, a quartz slip was placed on top of the plasmonic stamp. To apply 

reproducible pressure, two bulldog clamps were applied on both sides to fix the 

sandwich structure, as shown in Figure 2.15. White light (150 W ELH bulb) was 

focused through a periscope convex (PCX) lens, filtered through a bandpass filter 

(CW526), and shone onto the sandwiched sample for 60 min with an incident intensity 

of 50 mW/cm2. After the plasmonic stamping steps, the wafer was rinsed with 

dichloromethane and dried with a stream of argon gas. 
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Figure 2.15 Photograph of a customized experimental setup for plasmonic stamping: a silicon 

wafer was stamped with a plasmonic stamp and sandwiched between a quartz coverslip and a 

customized reaction holder, which was made of polytetrafluoroethylene (PTFE). Two clips were 

applied on both sides of the sandwich structure. 

 

2.4.7 Gold Deposition on Silicon via Galvanic Displacement 

After stamping, the silicon wafer was immersed in the aqueous gold salt and 

hydrofluoric acid solution in a Polytetrafluoroethylene (PTFE) beaker for 5 min. The 

gold salt/acid solutions were prepared by mixing 0.1 mL of 0.01 M KAuCl4 •xH2O and 

9.9 mL of 1% HF (aq) (caution: this solution is highly corrosive and toxic; handle it 

with care). After gold deposition, the sample was thoroughly rinsed with water and 

dried under a stream of nitrogen gas. 
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Chapter 3 Mechanistic Investigation of Plasmon-

induced Hydrosilylation on Si Surfaces by Kinetic 

Studies 

 

3.1 Introduction 

Light energy is converted to chemical energy by plasmonic nanostructures, which 

provide tunable optical properties that can drive chemical reactions.4, 24, 37 The 

combination of  plasmonics and surface chemistry is an emerging research area,59  with 

a wide range of promising applications, including sensing, photovoltaics, catalysis, 

imaging, and nanomedicine.130–133 

Silicon, as the second most abundant element after oxygen on the earth’s crust, 

is the cornerstone of the semiconductor industry.134 The functionalization of silicon 

surfaces to tailor the physical and chemical properties is of great importance; which it 

widens the range of applications, including silicon-based devices for sensing,135, 136 

solar energy conversion,137 electronic properties modulation,138, 139
 and light-emitting 

devices,140, 141 to name a few. Hydrosilylation is a commonly used tool to functionalize 

Si surface with alkenes or alkynes via the formation of Si–C bonds. This reaction can 

be initiated in a number of ways, including the use of heat, radical initiators, and light. 

Among them, light-promoted hydrosilylation is promising because it is clean and 

efficient and can be patterned via masking/shadowing; it requires no input of thermal 

energy and thus may reduce surface contamination and the numbers of defects.67, 71 

The Sugimura group showed the utility of plasmon-mediated surface chemistry 

on silicon in a set of experiments using gold nanoparticles conjugated with alkene-

terminated thiols.84 When irradiated with visible light that corresponds with the LSPR-

based absorption maximum of gold nanoparticles, more gold nanoparticles adhered to 

the Si(111)–H surface due to hydrosilylation between terminal alkenes and the silicon 

surface, as compared to the cases when different wavelengths (longer, shorter) were 

used. Two years later, inspired by this work,  our group introduced the concept of 

“plasmonic stamps”,85, 86, 142 transparent and flexible PDMS stamps with gold 
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nanopatterns to drive hydrosilylation on silicon surfaces with various “ink” molecules 

(alkenes and alkynes) on silicon wafers of different doping levels. Liu et al. found that 

the hydrosilylation yield is influenced strongly by the doping level of the silicon and 

proposed that a metal-insulator-semiconductor (MIS) junction drives the accumulation 

of plasmonically generated holes at the Au-organic-Si interface; the schematic 

mechanism figure is shown in Figure 2.8.86 Several assumptions regarding this 

proposed mechanism remain to be explored to substantiate it fully.  

Investigating the kinetics of catalytic reactions is a very useful way to 

understand the mechanism of any chemical reaction, including those that are plasmon-

driven.143 Currently, the reported ways to monitor the kinetics of plasmon-driven 

chemical reactions either take advantage of surface-enhanced Raman scattering (SERS) 

or tip-enhanced Raman scattering (TERS) technology.144–150 A very recent example 

reported in 2020151 used SERS and TERS together to investigate the plasmon-driven 

reaction kinetics of p-aminothiophenol (PATP) and p-nitrothiophenol (PNTP) 

dimerizing into p,p′-dimercaptoazobenzene (DMAB) on rough metal surfaces. The 

results indicate that the electron acceptor or donor plays a decisive role in whether the 

reactions can occur (Figure 3.1). 

 

Figure 3.1 (a) Scheme of azo-dimerization reactions of PATP and PNTP molecules, monitored by 

high-vacuum TERS. (b) Raman peak intensity ratio of IC−N/IC−S on Ag surfaces, which were 

oxidized for different time durations in air, varying from 0.5 to 60 h. The ratio increased with the 

oxidation time, indicating that more PATP molecules converted into DMAB molecules on the Ag 

surface. Reproduced with permission from reference 151. Copyright 2020 American Chemical 

Society. 
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In our case, as plasmon-induced hydrosilylation occurs on flat silicon 

substrates, water contact angle measurements can be used to study the kinetics; the 

contact angle value will increase or decrease after surface functionalization, depending 

on the functional group on the silicon surface, the length of carbon chain, and the 

density of packing.152–154  For example, in 2012, Huck et al. carried out kinetic studies 

on UV-initiated hydrosilylation with various “ink” molecules and found that the 

addition of aromatic compounds caused the reaction to proceed much faster,155, 156 

which supports a mechanism involving the ejection of electrons to leave behind 

reactive holes (Figure 3.2). 

 

Figure 3.2 Water contact angle of the surface of Si(111)–H coated with neat hexadecene and 0.25 

M PhCl in hexadecene and irradiated with 254 nm light. Reproduced with permission from 

reference 155. Copyright 2012 American Chemical Society. 

 

In order to perform a systematic kinetic study of plasmon-induced 

hydrosilylation, a reproducible and scalable method is of great need. The block-

copolymer self-assembly approach to make the gold nanoparticle arrays is very 

challenging, and there were persistent difficulties related to reproducibility. In our 

group, we  had screened five methods internally, including bottom-up self-assembly  

(metallization of block copolymers157 and colloid gold nanorods synthesis158, 159) and 

top-down methods (nanosphere lithography,160 electron-beam lithography,161 and gold 

sputtering and dewetting), as shown in Figure 3.3. Among all these methods, gold 

dewetting on PDMS directly appears to be the most scalable and reliable method and 

hence was used for this systematic study of plasmon-induced hydrosilylation. We first 
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improved the gold dewetting method further and optimized the sputtering rate and film 

thickness before using the as-prepared PDMS plasmonic stamps to drive 

hydrosilylation on flat Si(111)–H substrates with various doping levels. A physical 

model was built to show the relationship between reaction rate and doping density, 

optical absorption coefficients, depletion width, and the plasmonic E-field. 

 

Figure 3.3 Four additional methods tested for the fabrication of plasmonic stamps. (a) Preparation 

of gold hexagonal patterns on silicon wafers via block copolymer metallization followed by transfer 

of the gold nanoparticles to PDMS. (b) Gold nanorods with tunable aspect ratios were synthesized 

and then deposited onto blank PDMS. Wet chemistry needs multiple synthetic and purification 

steps, and surface ligands on gold nanorods could be an obstacle for the following reaction. (c) 

Deposition of polystyrene (PS) nanospheres on PDMS directly, followed by gold deposition. This 

approach was complicated by residual PS spheres. (d) Preparation of gold nanorods of various 

sizes by electron-beam lithography (EBL) on silicon wafers, followed by transfer to PDMS. The 

gold nanorods could not be removed by the PDMS.  
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3.2 Kinetic Studies of Plasmon-induced Hydrosilylation on Si 

Surfaces 

The parameters for the gold deposition on the PDMS needed to be refined further. First, 

a clear understanding of the thickness of the gold layer on the PDMS stamp is needed 

before dewetting. Because PDMS is soft and nonconducting, direct measurement of the 

gold film's thickness and dewetted gold nanoparticles on PDMS was more difficult than 

on silicon surfaces. The surfaces of native oxide-capped silicon wafers and PDMS are 

chemically similar, thus the sputter-deposited gold would be expected to have almost 

the same sticking coefficient, and the relative differences in gold film thickness and 

dewetting behavior would be expected to be the same for both surfaces. Therefore, gold 

films were sputtered onto native oxide-capped silicon chips to study the relationship 

between sputtering rate, film thickness, and dewetting behaviors. 

The SEM images in Figure 3.4 show the morphology of gold films (5.0 nm and 

10.0 nm) sputtered onto silicon wafers. As the sputtering rate is increased from 0.16 

nm/s to 0.22 nm/s, the film becomes more discontinuous for both 5.0 nm and 10.0 nm 

thick gold films. With the same sputtering rate (0.22 nm/s), when the gold film 

thickness is increased from 2.5 nm to 10.0 nm (thickness was measured by AFM height 

profiles, shown in Figure 3.6), the film becomes more continuous (Figure 3.5a), leading 

to different thermal dewetting morphologies after heating for 20 h at 150 °C. 

Specifically, gold dewetting only partially occurred when the thickness of gold films 

exceeded 5.0 nm (Figure 3.5b). Therefore, we know that the continuity of the as-

sputtered gold film is closely related to the sputtering rate, i.e., gold films sputtered at 

lower rates have better continuity. When the sputtering rate is the same, thicker films 

have better continuity, which eventually affects or even hinders the gold dewetting 

process.  
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Figure 3.4 SEM images of the as-sputtered 5.0 and 10.0 nm thickness gold film on Si wafers with 

different sputtering rate, (a) 0.16 nm/s, (b) 0.22 nm/s. 

 

Figure 3.5 SEM images of the as-sputtered gold film on Si wafers with the same sputtering rate 

(0.22 nm/s), but different thickness (2.5 nm, 5.0 nm, 7.5 nm, 10.0 nm), before (top row) and after 

(bottom row) dewetting via thermal treatment at 150 °C for 20 h. 



 

 

 

49 

 

Figure 3.6 Gold films were sputtered onto Si wafers,  and AFM height graphs were used to measure 

the thickness of the gold film. The thickness of gold films are (a) 2.5 ± 0.3 nm, (b) 5.0 ± 0.3 nm, (c) 

7.5 ± 0.2 nm, (d) 10.0 ± 0.2 nm, which agree well with the designed thickness, confirming the 

thickness accuracy and reproducibility of this method.  
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After optimization for the sputtering rate and film thickness for gold dewetting 

on Si surfaces, the relationship between sputtering rate and film thickness was 

determined, leading to a more controllable and repeatable gold dewetting method. 

Therefore, a 2.5 nm thick gold film sputtered at 0.22 nm/s was used as the working 

condition for gold dewetting on ~3 mm thick blank PDMS. Upon thermal treatment at 

150 °C for 20 h, the gold films dewet into gold nanoparticles on the surface of the 

PDMS; the scheme and the AFM image are shown in Figure 3.7a and b, respectively. 

The substrates adopted a wrinkle morphology, which commonly is observed in layered 

PDMS samples due to the interfacial stresses during dewetting. As shown in Figure 

3.7c, the color of the PDMS stamp appears red-pink, and the corresponding UV-visible 

absorption spectra of dewetted gold nanoparticles on PDMS show a peak at 546 ± 3 

nm, corresponding to the LSPRs of the newly formed gold nanoparticles. The UV-vis 

spectra for ten different plasmonic stamps are quite identical, confirming the 

repeatability of gold dewetting on the PDMS method and thus enabling the following 

kinetic study for plasmon-induced chemical reactions. 

 

Figure 3.7 (a) Schematic representation of gold dewetting on PDMS process. (b) AFM height 

images of plasmonic stamps fabricated from dewetted Au films on PDMS. (c) UV-vis spectra for 

ten plasmonic stamps; the inset photograph is the plasmonic stamp. 
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Driving silicon surface-mediated chemistry by as-prepared PDMS stamps 

involved three parts, a freshly prepared Si(111)–H surface, sandwiching a thin layer of 

the “ink” molecule (1H,1H,2H-perfluoro-1-decene) between the plasmonic stamp, and 

illumination the silicon surface through the PDMS stamp and molecular layer with 

green light, as shown in Figure 3.8. After the reaction, the silicon surface was rinsed 

with dichloromethane, and the water contact angle increased from ~83° to ~105°, which 

is less than would be expected for a complete, smooth, and uninterrupted monolayer 

due to the patchy nature of the plasmonic stamp-induced hydrosilylation.  

 

Figure 3.8 Scheme of plasmonic stamp-assisted hydrosilylation on a Si(111)–H surface. Green light 

shines through the optically transparent, PDMS-based plasmonic stamp with gold nanoparticle on 

the surface. Hydrosilylation occurs in a spatially defined fashion on the Si(111)–H surface, 

resulting in the increment of water contact angle from ~83° to ~105°. 

 

Figure 3.9 shows the growth of the water contact angle on silicon surfaces 

resulting from the plasmon-induced hydrosilylation by using 1H,1H,2H-perfluoro-1-

decene. Five kinds of silicon wafers with different doping levels were used to 

investigate their reaction kinetics for up to 9 h. The water contact angle for plasmon-

induced hydrosilylation silicon wafers with 1H,1H,2H-perfluoro-1-decene eventually 

will reach the same value (~105°) when the reaction time is long enough (over 9 h). 

However, the water contact angle at 1 h reaction time is quite different on five kinds of 

silicon wafers, with n++ and p++ silicon showed only a small increase in water contact 

angle after hydrosilylation, to ∼90° from ~83° for freshly etched Si(111)–H. Intrinsic 

silicon showed no significant increase in water contact angle, while in terms of lightly 

doped n- and p-type silicon, the water contact angles increased from ~83° for freshly 

etched Si(111)–H to ~105° for 1H,1H,2H-perfluoro-1-decene modified silicon 
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surfaces. The corresponding X-ray photoemission spectroscopy (XPS) spectras are 

shown in Figure 3.10. The F(1s) signal is used to compare the yield of hydrosilylation 

reactions at 1 h for five kinds of silicon wafers. Hydrosilylation on lightly doped n- and 

p-type silicon (Figure 3.10a and b) shows the highest F(1s) signal intensity, followed 

by n++ and p++ type silicon (Figure 3.10c and d), while intrinsic silicon (Figure 3.10e) 

has the lowest intensity among all of them. The Si 2p spectra of all the silicon samples 

reveal no significant oxidation, which would appear as higher energy features above 

102 eV due to the oxidation insertion into surface Si–Si and Si–H bonds.76, 162 

 

Figure 3.9 Kinetic profile of plasmonic stamp-assisted hydrosilylation on a hydrogen-terminated 

Si(111) surface of various doping densities and types. Data is fitted to the pseudo-first-order 

kinetics (equation 3.4). Each black dot represents a unique sample that had been reacted for the 

indicated reaction time. The error bars represent the standard deviation of five measurements. 
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Figure 3.10 High-resolution X-ray photoelectron spectroscopy (XPS) of each sample was taken of 

the F(1s) and Si(2p) regions. The hydrosilylation of 1H,1H,2H-perfluoro-1-decene on Si(111)–H 

occurred on different silicon wafers through plasmonic stamps for 1 h. (a) n-type silicon, (b) p-

type silicon, (c) n++-type silicon, (d) p++-type silicon, and (e) intrinsic silicon. 
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3.3 Mechanistic Understanding of Plasmon-induced 

Hydrosilylation on Si Surfaces 

3.3.1 Reaction Rate Calculations 

Shown in Figure 3.9 are the water contact angles of various silicon substrates of 

different doping types and levels that have undergone plasmonic stamping. As expected 

from previous work by Huck et al.155 the water contact angle increases as the 

illumination time increases, until a terminal contact angle is reached (~105°), which 

physically corresponds to a terminally substituted surface. A mathematical description 

of the hydrosilylation kinetics, which follows first-order adsorption, is straightforward 

to derive. If there are a total of N, available surface sites for grafting on the silicon 

surface, then the rate of change in the number of grafted sites, 𝑁g, is assumed to be 

proportional to the number of available surface sites, 

 
𝑑𝑁g

𝑑𝑡
= 𝑘𝑁 = 𝑘(𝑁T − β𝑁g − 𝑁ox) (3.1) 

where 𝑁T is the total number of surface sites of H-terminated silicon and 𝑁ox is the 

number of Si sites that have become oxidized. The prefactor β is a steric parameter, 

which accounts for the average number of silicon sites that become unavailable after a 

molecule is grafted to the silicon surface. For planar aromatic molecules, the value of 

β can be quite large (β ≈ 7), while linear molecules are expected to have β values in the 

range of 1 to 3.43 Lastly, the proportionality factor, 𝑘, which is known as the first-order 

rate constant or kinetic constant, quantifies the rate of the hydrosilylation reaction. If it 

is assumed that oxidation of the silicon is negligible, which is substantiated by XPS 

measurements shown in Figure 3.10, Equation 3.1 can be converted to substitution level, 

ϕ = 𝑁g 𝑁T⁄ , and subsequently solved to yield 

 ϕ =  
1−exp (−β𝑘𝑡)

β
 (3.2) 

If we take the limit as the time approaches infinity the substitution level equals 1 β⁄ , 

which gives a value for the physically intuitive resting maximum substitution level, ϕM, 

is equal to 1 β⁄ . It is also noted that we can write 𝑘obs = β𝑘, which gives the following 

equation for the relative substitution level, ϕr,    

https://www.zotero.org/google-docs/?D1BpcL
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 ϕr = ϕ ϕM⁄ = 1 − exp (−𝑘𝑜𝑏𝑠𝑡)  (3.3) 

Finally, the relative substitution level can be related to the experimentally measured 

water contact angle, θw, by assuming that they are linearly related  

θw = θ0 + (θM − θ0)ϕr 

 θw = θ0 + (θM − θ0)(1 − exp(−𝑘obs𝑡))  (3.4) 

where θ0 is the water contact angle for H-terminated silicon (~82 ± 1°) and θM is the 

maximum contact angle for a terminally substituted surface. 

The data in Figure 3.9 are fitted to Equation 3.4 by implementing a non-linear 

least squares algorithm from SciPy (a Python library). The value of θ0 is constrained 

to the range of 80–84° and 𝑘obs is constrained to the range of 10-7–10-1 sec-1, while the 

value of θM is fixed at 104.8°. The maximum contact angle is constrained to be the 

same for all substrates, independent of the doping level, as there is no 

thermodynamic/chemical reason to believe that the terminal substitution would change, 

as even in the most heavily doped case (𝑁𝑑 = 1.8×1019 cm-3), there is roughly 1 dopant 

atom per 3000 silicon atoms on the surface. This assumption is substantiated by the 

data acquired for n, n++, and intrinsic silicon, where it appears that all surfaces 

eventually approach the same terminal contact angle, independent of the substitution 

level. The fixed terminal contact angle of 104.8° is chosen by taking the average value 

of the contact angles of the n and n++ substrates measured after 9 h of continuous 

hydrosilylation via plasmonic stamping. Lastly, when fitting these data, the uncertainty 

in each measured data point is accounted for by minimizing the following objective 

function, 

  min (∑
(f(𝑡𝑖, θ0, 𝑘obs)−θi)2

σi
2

𝑁
𝑖=1 )  (3.5) 

where σi are the standard deviations of the contact angle on the same sample from five 

measurements. The results of these fittings are shown in Figure 3.9, and the values of 

rate constants are in Table 3.1, where the uncertainty of the rate constant is computed 

from the covariance matrix of the fitting procedure. 
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Table 3.1  Resistivity, Rate Constants for Plasmon-induced Hydrosilylation for Five Kinds of 

Silicon Wafers. 

Si type Resistivity (Ω cm)a kobs (10-3 s-1) 

n 15.09 ± 0.21 1.0 ± 0.1 

p 6.53 ± 0.51 1.6 ± 0.1 

n++ 0.0036 ± 0.00002 0.13 ± 0.01 

p++ 0.0067 ± 0.00008 0.14 ± 0.04 

Intrinsic 15173 ± 866 0.057 ± 0.005 

aMeasurements, with the uncertainty given as standard deviation of these measurements; at least 10 measurements were collected. 

 

The following important observations from these data are made: the rate 

constant of moderately n-type doped silicon is ~10x larger than degenerately doped 

n++ silicon and ~20x larger than intrinsic silicon. The rate constants of p-type silicon 

with similar doping to the n-type silicon are within the same order of magnitude, but 

slightly higher. 

 

3.3.2 Mechanistic Discussion 

From previous work exploring plasmonic stamping on H-terminated silicon, the 

following mechanisms were explored: resonant photon scattering, nanoparticle 

plasmonic heating, hot carrier injection, and near-field electromagnetic electron-hole 

pair generation (EHP),85 where it was concluded that near-field electromagnetic EHP 

generation from the plasmonic field in the Si substrate was the candidate most 

responsible for the plasmonic stamping effect. In follow-up work, which looked at the 

effect of changing the doping density, it was proposed that the Schottky or metal-

insulator-semiconductor (MIS) junction formed between the Au nanoparticles and the 

silicon substrate had a major role to play.86 The theoretical band diagrams at the MIS 

junction shown in Figure 3.11, for the different types of doped silicon used in our work 

(n++, n, i, p, and p++) are either only upward band bending or flat band conditions, 

because of the deep work function of Au (∼5.15 eV) relative to the Fermi level of the 
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silicon. In the case of upward band bending, injected/photogenerated holes will be 

swept toward the interface and electrons away from the interface. Therefore, if holes 

are either injected or photogenerated within the depletion width of the junction, they 

will be swept toward the junction to subsequently drive the hydrosilylation reaction.86 

 

Figure 3.11 Theoretical band diagrams of the gold−organic−silicon junction for different doping 

levels and types of Si substrates. All band diagrams are shown to a distance of 800 nm from the 

interface and were calculated using the Mott−Schottky rule. Reproduced with permission from 

reference 86. Copyright 2016 American Chemical Society. 

 

Specifically, it was found that after an hour of constant illumination, the contact 

angle of the n and p-type silicon substrates had much higher contact angles than the 

degenerately doped substrates, which was again still higher than the intrinsic Si 

substrate. This observation was attributed to the much longer expected depletion 

regions of the moderately doped silicon (~300–2000 nm), compared to the much 

shorter depletion width of the degenerately doped silicon (~1–5 nm), where 

photogenerated holes are expected to be swept to the silicon surface via the action of 

the built-in electric field of the depletion region. This mechanistic hypothesis was 

largely qualitative as it was difficult to connect a single contact angle measurement to 

theoretical predictions. 
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Now that we have measured the kinetic rate constants, it should be possible to 

connect these experimentally measured constants to theoretical predictions. The 

important observation is that the rate of the reaction (rate constant) should be directly 

proportional to the density of holes at the surface,163 which is proportional to the short-

circuit current density,  𝐽sc , or photoinduced current density,  𝐽ph , of the Schottky 

junction under illumination. To estimate the 𝐽ph, it is first necessary to calculate the 

values of key parameters of these junctions for the different types of silicon substrates 

used, which are shown in Table 3.2 below. 

 

Table 3.2 Important Parameters of Schottky Junction Between Au and Silicon of Various Doping 

Types and Levels. 𝑵𝒅: doping density; 𝑬𝐅: Fermi level; 𝑽𝐛𝐢: built-in electrical field; 𝑾: depletion 

width; 𝟏/𝛂𝟓𝟐𝟔: illumination length. 

Si type Nd (cm-3) EF (eV) Vbi (eV) W (nm) 1/α526 (nm) 

n 2.97×1014 4.35 0.80 1.9×103 250 

n++ 1.81×1019 4.06 1.09 8.9 125 

p 2.10×1015 4.93 0.22 3.7×102 250 

p++ 1.53×1019 5.16 0.01 1.1 200 

Intrinsic 8.30×109 4.61 0.54 2.92×105 250 

 

In Table 3.2 the doping density, 𝑁𝑑, is determined experimentally from four-

point probe resistivity measurements listed in Table 3.1. The Fermi level, 𝐸F , is 

determined from the following equations,   

𝐸Fn = χ +
𝑘B𝑇

𝑞
ln(𝑁c 𝑁d⁄ ) 

 𝐸Fp = χ −
𝑘B𝑇

𝑞
ln(𝑁v 𝑁d⁄ ) +  𝐸g (3.6) 

where χ is the electron affinity of silicon (4.05 eV), 𝑘B𝑇 𝑞⁄  is the thermal energy of the 

charge carriers at a temperature 𝑇 (25.9 meV), 𝐸g is the indirect bandgap of silicon 

(1.12 eV), while 𝑁c and 𝑁v are the density of states at the conduction and valence band 
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edges, which are 2.81×1019 and 1.88×1019 cm-3, respectively. The built-in field, 𝑉bi, is 

estimated using the Mott-Schottky rule,164 

 𝑉bi = ϕAu − 𝐸F  (3.7) 

where ϕAu is the work function of gold, which is assumed to be 5.15 eV. The depletion 

width,  𝑊, is given by 

 𝑊 = √
2ϵsi𝑉bi

𝑞𝑁d
  (3.8) 

where ϵsi is the permittivity of silicon (1.05×10-12 F/cm).  Finally, α526 is the optical 

absorption coefficient of silicon at 526 nm (values taken from ref. 23). 

Using these Schottky junction properties we can begin to formulate a 

mechanistic understanding of the plasmonic stamping hydrosilylation reaction kinetics. 

For the sake of simplicity, we shall restrict ourselves to n-type substrates for the time 

being. When the plasmonic stamp is placed in contact with the substrate, there is a net 

flow of majority carriers (electrons) towards the interface in order to equilibrate the 

Fermi levels between the n-type silicon and the gold nanoparticles. This results in a 

built-in field, over the depletion width (Equation 3.8) where the photogenerated holes 

are swept toward the junction, and electrons swept in the opposite direction. The 

generation rate of EHPs in the silicon at depth, 𝑥, from the surface will be proportional 

to the electromagnetic field strength of the incident illumination, which can be 

approximated by Beer's Law, 

 𝐺(𝑥, λ) = 𝐺0exp (−α(λ)𝑥)  (3.9) 

where 𝐺0 is the EHP generation rate at the surface and α(λ) is the absorption coefficient 

as a function of the incident illumination wavelength. For the purposes of this analysis, 

we assume a constant absorption coefficient, which is a reasonable approximation since 

the incident white light is filtered over a narrow wavelength range. As such, the 

absorption coefficient is taken at the center wavelength of the filter of 526 nm, which 

is listed in Table 3.2. The total rate of carrier absorption, 𝐺T, can be determined by 

integrating equation 3.9, 

   𝐺T = ∫ 𝐺(𝑥)𝑑𝑥
∞

0
= 𝐺0 α𝑛⁄   (3.10) 

Using this result, we can make the simplifying assumption that there is a uniform 

illumination over a distance of  1 α⁄ , with a constant generation rate 𝐺0, which will 
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result in the same total carrier generation rate. Using this model of carrier generation, 

we can approximate the photogenerated current density of holes of these illuminated 

Schottky junctions. 

The current density needs to be broken up into two parts: the drift current 𝐽d, 

and the diffusion current 𝐽diff. The drift current is the current from EHPs generated with 

the depletion region and the diffusion current is from EHPs generated outside the 

depletion region. Furthermore, the photocurrent density needs to be separated into the 

current from the EHPs generated from the intense E-field of the plasmons and the 

continuous wave (CW) illumination of the incident light source. 

For the moderately doped n-type silicon used in this work, the depletion width 

is ~1900 nm, which is much larger than the illumination length, 𝐿op = 1 α⁄  = 250 nm. 

As such, the diffusion current is zero, as all EHPs are generated within the depletion 

region, 

  𝐽𝑛
CW = 𝑞𝐺0/αn  (3.11) 

In the case of degenerately doped n++ silicon, the depletion width (~9 nm) is much less 

than the illumination length (125 nm), as such, EHPs will be generated outside of the 

built-in field, and holes will diffuse isotropically a distance 𝐿D, before they recombine 

(on average), which is known as the diffusion length.164 It is straightforward to show 

that if 𝐺0𝑑𝑥 holes are generated at a depth, 𝑥, from the surface, the diffusion current 

density contribution from these holes will be 𝑞𝐺0(1 − 𝑥/𝐿D)/2𝑑𝑥, which is integrated 

to give the final result, 

   𝐽𝑛++
CW = ∫

𝑞𝐺0

2
(1 − 𝑥/𝐿D)

1

α
0

𝑑𝑥 =
𝑞𝐺0

2α
(1 − 1/2α𝐿D)  (3.12) 

The diffusion length of n++ silicon is ~2 μm, the value of 1/2α𝐿D = 0.03 << 1, which 

gives the simple result of   

 𝐽𝑛++
CW =

𝑞𝐺0

2α
  (3.13) 

For intrinsic silicon, the depletion width is very large, however, due to the extremely 

low density of the majority carriers (~8.3×109 cm-3), the built-in field strength is very 

weak, and the average kinetic energy imparted by the built-in field is less than the 

thermal energy at room temperature (25.9 meV). As such, the current density from the 
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CW illumination is identical to the n++ substrate, being purely diffusional (the 

diffusion length of intrinsic silicon is even larger than n++). 

  𝐽𝑖
CW =

𝑞𝐺0

2α
  (3.14) 

Next, we need to consider the additional charge carriers generated by the 

plasmonic field. The plasmonic E-field can be very intense, generating a very high 

density of charge carriers within the effective spatial extent of the plasmonic field, 

𝑊SPR. The generation rate due to the plasmonic field is 

  𝐺SPR = 𝑆𝐺0  (3.15) 

where 𝑆  is the enhancement factor of the plasmonic field. For n-type silicon, the 

depletion width is larger than the spatial extent of the plasmonic field, and it is assumed 

that all of the plasmonically generated carriers will be swept towards the junction, 

  𝐽𝑛
SPR = 𝑞𝐺0𝑆𝑊SPR  (3.16) 

If we now combine Equation 3.11 and Equation 3.16, the total photocurrent density is 

given by 

  𝐽𝑛 = 𝐽𝑛
CW + 𝐽𝑛

SPR = 𝑞𝐺0(
1

α
+ 𝑆𝑊SPR)  (3.17) 

For degenerately doped silicon the depletion width is very small (~9 nm), likely 

less than the effective spatial extent of the plasmonic field. Therefore, it is assumed that 

any charge carriers generated outside of the depletion region will recombine rapidly 

due to the extremely high density of EHPs generated by the plasmonic field. The 

photocurrent density due to the plasmonic field is thus 

 𝐽𝑛++
SPR = 𝑞𝐺0𝑆𝑊  (3.18) 

where the final expression for the total photocurrent density of n++ silicon is 

 𝐽𝑛++ = 𝐽𝑛++
CW + 𝐽𝑛++

SPR = 𝑞𝐺0(
1

2α
+ 𝑆𝑊)  (3.19) 

For intrinsic silicon, we assume that none of the plasmonically generated charge 

carriers are captured due to the weak built-in field, and the total photogenerated current 

is given by Equation 3.14. Given that the kinetic rate constant will be proportional to 

the photocurrent densities, the ratio of rate constants should equal the corresponding 

ratio of photocurrent densities. For the ratio between n++ and intrinsic silicon,  

𝑘++

𝑘𝑖
=

𝐽++

𝐽𝑖
=

1 2α++⁄ + 𝑆𝑊++

1 2αi⁄
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 ⇒ 𝑆 =
1

2𝑊++
(

𝑘++

αi𝑘𝑖
−

1

α++
)  (3.20) 

It is worth noting at this point that the depletion widths listed in Table 3.2 are what 

would be expected for no illumination. However, under illumination, the bands will 

move towards flat band conditions, as when calculating the value of 𝑆 , a reduced 

depletion width of 4.5 nm (instead of 8.9) is used. Using the values in Table 3.2 and 

the experimentally determined ratio of rate constants (𝑘++/𝑘𝑖 ~ 2.3), the enhancement 

factor is estimated to be ~50. Next, we take the ratio of n-type and intrinsic, giving the 

expression, 

𝑘𝑛

𝑘𝑖
=

𝐽𝑛

𝐽𝑖
=

1 2αn⁄ + 𝑆𝑊SPR

1 2αi⁄
 

  ⇒ 𝑊SPR =
1

𝑆
(

𝑘𝑛

2αi𝑘𝑖
−

1

αn
) (3.21) 

Again, if we use the values in Table 3.2, the experimentally determined ratio of 

rate constants (𝑘𝑛/𝑘𝑖 ~ 17.5) and value of 𝑆 = 49, the value of 𝑊SPR comes to 39 nm, 

which is physically reasonable. Finally, the expression for the ratio of rate constants 

for n-type to n++ is given by 

   
𝑘𝑛

𝑘++
=

𝐽𝑛

𝐽++
=

1 αn⁄ +𝑆𝑊SPR

1 2αi⁄ +𝑆𝑊++
  (3.22) 

Utilizing the derived values of 𝑆 = 50, 𝑊SPR = 39 nm, and the absorption coefficients 

from Table 3.2, the predicted value of the rate constant ratio is 9.2. This predicted ratio 

of 9.2 agrees remarkably well with the experimental value of 𝑘𝑛/𝑘++~ 7.7, especially 

considering the large number of simplifying assumptions that went into this model. 

It is believed that in the case of p-type silicon, a similar analysis can be applied, 

despite the majority carriers being holes. This is due to the very deep work function of 

Au, which still results in holes being swept towards the silicon surface. The higher 

experimentally observed rate constants for p-type silicon (compared to n-type) are not 

entirely clear at this point, but it may be due to the additional holes that are accumulated 

at the silicon surface from the Schottky junction.  

 

3.4 Conclusions 

Detailed mechanistic studies involving silicon wafers with different doping densities 

revealed critical insights that allowed us to tie together charge mobility, doping, and 
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surface chemistry, driven by the electric field of localized surface plasmon resonance. 

The Si(111)–H interfaces comprised silicon wafers with the following doping regimes: 

n, p, n++, p++, and intrinsic type silicon. Water contact angles of the hydrosilylated 

and functionalized silicon surfaces revealed strong differences of reaction rate 

coefficients, and XPS spectra showed successful hydrosilylation on silicon surfaces, 

with no oxidation. A physical model was built, which predicts the rate constant as a 

function of doping density, optical absorption coefficients, depletion width, and the 

plasmonic E-field. The rate constant is proportional to the current density of holes, 

which is composed of the drift current (charge movement from the built-in field from 

the Schottky junction) and the diffusion current of photogenerated charges. 

 

3.5 Experimental Section 

3.5.1 Materials 

Si wafers (111-oriented, prime grade, p-type, B-doped, ρ = 1−10 Ω cm, thickness of 

600−650 μm; 111-oriented, prime grade, n-type, P-doped, ρ = 1−10 Ω cm, thickness of 

600−650 μm; 111-oriented, prime grade, n-type, As-doped, ρ = 0.001−0.004 Ω cm, 

thickness of 500−550 μm; 111-oriented, prime grade, p-type, B-doped, ρ = 

0.001−0.005 Ω cm, thickness of 400−450 μm) were purchased from WRS Materials 

Inc. Millipore water (resistivity of 18.2 MΩ•cm) was used for the preparation of all 

aqueous solutions. The precursors for Sylgard 184 PDMS were purchased from Dow 

Corning. NH4OH (aqueous, 30%) and HCl (aqueous, 37%) were purchased from 

Caledon Laboratories, Ltd. H2O2 (aqueous, 30%) was obtained from Sigma-Aldrich. 

NH4F (aqueous, 40%, semiconductor grade) was purchased from Transene Company, 

Inc. 1H,1H,2H-perfluoro-1-decene (99.0%) from Sigma-Aldrich was passed through a 

short column of hot alumina (dried at 100 °C for over 24 h and used while still hot) to 

remove water residues and peroxides, then deoxygenated with nitrogen gas. The optical 

filter [CW526 (center band wavelength) of 526 nm; full width at half-maximum 

(fwhm) of 180 nm] was purchased from Edmund Optics Inc. 
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3.5.2 Characterization 

SEM images were obtained using a field emission scanning electron microscope (S-

4800, Hitachi); the working pressure for imaging was <10−8 Torr. UV-vis absorption 

spectroscopy measurements were carried out in air using an Agilent UV-8453 

spectrophotometer at 1 nm resolution. Prior to measurement, a baseline correction 

procedure (through a blank PDMS stamp) was implemented. Tapping mode atomic 

force microscopy (AFM) micrographs were captured using a Digital 

Instruments/Veeco Nanoscope IV with silicon PPP-NCHR cantilevers purchased from 

Nanosensors (thickness 4 μm, length 125 μm, width 30 μm, n-type Si with an Al coating, 

resonance frequency of 330 kHz, force constant of 10–130 N/m, tip height of 10 μm, 

and tip radius of <10 nm.). Sessile drop contact angles of the functionalized silicon 

surfaces were measured using 3 μL of water on a Rame-Hart Model 100-00 contact-

angle goniometer after the droplet on the sample surface reached a static state. The 

resistivity of silicon wafers was measured by a Lucus Pro4 4000 sheet and bulk 

resistivity measurement system with Keithley 2601A sourcemeter. X-ray photoelectron 

spectroscopy (XPS) spectra were taken on a Kratos Axis Ultra X-ray photoelectron 

spectroscopy system using an Al source with an energy of 1487 eV, in the University 

of Alberta nanoFAB, with binding energies calibrated to C(1s) (285.0 eV).  

3.5.3 Blank PDMS Stamp Preparation 

Polydimethylsiloxane (PDMS) prepolymer and the curing agent (Sylgard 184, Dow 

Corning) were mixed in a 10:1 ratio and degassed by applying a vacuum three times to 

the prepolymer at room temperature. Then, 10 mL of the mixtures were added to a 

polystyrene petri dish, with a PDMS layer thickness of ~3 mm, and cured at 65 °C in 

an oven for over 6 h. The cured PDMS was removed slowly and carefully from the 

petri dish, cleaned with Soxhlet extraction in hexane for 6 h to remove low molecular 

weight PDMS, and rinsed with ethanol and water. The blank PDMS was cut into 1 × 1 

cm2 squares and stored under vacuum. 
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3.5.4 Silicon Wafer Cleaning and Preparation 

By using a Disco DAD 321 dicing saw, silicon wafers were cut into 1 × 1 cm2 squares. 

After being sonicated in 2-propanol for 15 min and dried with a nitrogen gas stream, 

each chip underwent a standard RCA cleaning procedure: the chips were immersed in 

a base solution [H2O/30% NH4OH (aq)/30% H2O2 (aq) (6:1:1)] at 80 °C for 15 min, 

rinsed with water, and then immersed in an acid solution [H2O/37% HCl (aq)/30% 

H2O2 (aq) (5:1:1)] at 80 °C for another 15 min. The chips were rinsed with water and 

dried in a stream of nitrogen gas. 

 

3.5.5 Gold Dewetting on Si wafers or PDMS 

The sputtering system, ATC Orion 8 (AJA International Inc.) was used to deposit the 

gold films onto silicon wafers or the blank PDMS at room temperature. The working 

argon gas (99.99% purity) pressure was 4 mTorr. The sputtering powers were fixed to 

100 W and 150 W, and the deposition rates were 0.16 and 0.22 nm/s, respectively. 

Afterwards, thermal treatment at 150 °C for 20 h of the deposited thin gold films on 

silicon wafers or PDMS substrates was carried out in an oven to induce dewetting, and 

then allowed to cool to room temperature. 

 

3.5.6 Plasmonic Stamping on Hydride-Terminated Silicon Surfaces 

The cleaned silicon chips were immersed in degassed 40% NH4F for 5 min and 

deoxygenated water for 10 s, respectively. After being dried with an argon stream, each 

chip was transferred immediately into an argon-filled glovebox (O2 and H2O < 1 ppm) 

and placed into a customized sample holder. Typically, neat 1H,1H,2H-perfluoro-1-

decene (30 μL) was dropped onto the hydride-terminated Si(111) surface and covered 

by the plasmonic stamp with the side containing the gold nanoparticles facing the Si 

surface. Then, a quartz slip was then placed onto the plasmonic stamp. Two bulldog 

clamps were applied on both sides to fix the sandwich structure and apply reproducible 

pressure. White light (150 W bulb) was focused through a periscope convex (PCX) 

lens, filtered through a bandpass filter (CW526), and shone onto the sandwiched 
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sample for various minutes with an incident intensity of 50 mW/cm2. Upon completion 

of the reaction, the wafer was rinsed with dichloromethane repeatedly and dried with 

argon gas. The wafers were immediately subjected to water contact angle 

measurements or XPS analyses. 
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Chapter 4         Pd-Pt@void@ZrO2 Yolk-Shell 

Nanoparticles for Wet Methane Combustion 

 

4.1 Introduction 

Natural gas is an abundant fossil fuel, with a total proven worldwide reserve of over 

193.9 trillion cubic meters; it is of interest due to its lower emissions upon combustion, 

compared to gasoline and diesel.165, 166, 167, 168 The main component of natural gas is 

methane, which has the lowest carbon/hydrogen ratio among all kinds of hydrocarbon 

fuels, thus, methane combustion generates the lowest amount of CO2 per unit of energy 

released. Notably, methane itself is the second most significant greenhouse gas of all 

greenhouse gases after CO2,
169, 170, 171, 172, 173 with a global warming potential of 23 

times higher than that of CO2; therefore, the release of unburned methane during 

combustion is a serious environmental concern. The use of heterogeneous catalysts 

enables methane oxidation at lower temperatures, compared to conventional thermal 

combustion (up to 1600 °C).174, 175 The equation for alkane oxidation is: 

CnH2n+2 + (3n+1)/2 O2 → n CO2 + (n+1) H2O 

Among alkanes, CH4 has the strongest C–H bonds (450 kJ/mol),176, 177, 178 thus, this 

molecule is difficult to oxidize catalytically. Platinum group metals (such as Pd, Pt, Rh, 

Au) and transition metal oxides (such as Mn, Cr, Cu, Co oxides) have been studied 

extensively for catalytic combustion.179, 180, 181, 182, 183 In the operating conditions of the 

catalytic converter (i.e., in the presence of abundant oxygen, since complete 

combustion of unburned methane favors lean operation conditions), Pd catalysts have 

the highest activity. The proposed mechanism for Pd catalyzed methane combustion is 

as follows: CH4 oxidation at low temperatures was reported to follow a Mars–van 

Krevelen redox mechanism and involve the activation of CH4 on site pairs consisting 

of Pd-PdOx crystallites. In these pairs, Pd acts as an oxygen vacancy and PdOx provides 

the oxygen atoms. CH4 is adsorbed and dissociated on metallic Pd producing H and 

CHx species; while the oxidation takes place on the adjacent PdO.184  Although Pd 

shows high initial activity, it tends to deactivate under exhaust conditions mainly due 

to thermal and hydrothermal-induced sintering of the Pd nanoparticles,185–188 which is 
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one major challenge in the development of stable combustion catalysts for automotive 

catalytic converters. This factor, coupled with a four-fold rise in the price of Pd in the 

last decade,189 means that a stable and economically viable catalyst to efficiently 

combust methane is of great need. 

 

Figure 4.1 (a) Schematic of Pd-Ni bimetallic catalyst preparation via colloidal techniques (PdNi12-

COL). (b) TEM images of the PdNi12-COL catalyst: nanoparticles before deposition on the support 

(“fresh”); (c) after deposition and calcination for 16 h at 550 °C (“calcined”), and after 

hydrothermal aging (methane combustion) for 40 h (“aged”). Reproduced with permission from 

reference 190. Copyright 2015 American Chemical Society. 

 

One widely used strategy to form heterogeneous catalysts is to deposit metal 

nanoparticles, such as metal oxides,191 zeolites,192 carbon,193 etc., on a catalyst support. 

Although it is theoretically possible to optimize the catalytic activity and improve the 

stability, in practice, nanoparticles may evolve during catalysis, adopt low-energy 

shapes, and grow by agglomeration, leading to a significant loss of activity.194–196 To 

solve these problems, researchers have tried either to add different elements to the metal 

nanoparticles or to modify the catalyst support by surface functionalization,197–200 but 
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metal nanoparticles atop the support surface are still prone to agglomeration and 

sintering. For example, Shen et al.190 synthesized Pd-Ni bimetallic nanoparticles and 

then deposited them onto a commercial γ-Al2O3 support as a catalyst for methane 

combustion (synthetic scheme is shown in Figure 1a). The initial size of the Pd-Ni 

nanoparticles is 2.6 nm (Figure 1b). The TEM images in Figures 1c and 1d are the Pd-

Ni nanoparticles on the Al2O3 support after calcination for 16 h at 550 °C and the used 

catalyst after hydrothermal aging for methane combustion, respectively. It can be seen 

clearly that the size of the nanoparticles becomes much larger due to thermal 

agglomeration, compared to the freshly prepared Pd-Ni bimetallic nanoparticles in 

Figure 1b. The author used a larger (200 nm) scale bar in Figure 1c and 1d and a smaller 

(50 nm) scale bar in Figure 1b. 

Another route towards stabilization of catalysts201, 202, 203, 204, 205, 206 is based on 

the concept of an “inverted” metal-support structure: the support material forms a 

porous nanoshell around the active metal nanoparticles. The reason is that the porous 

nanoshells can isolate nanoparticles and suppress agglomeration, while permitting 

gaseous molecules to access the active sites on the metal nanoparticles. A series of 

core-shell nanostructures have been screened for methane combustion by other groups, 

including Pd@SiO2,
207–209 Pd@CeO2,

210, 211 and Pd@ZrO2.
212, 213 (note that with the 

nomenclature, Y@MOx, the metal nanoparticle cores, Y, are encapsulated by the metal 

oxide shell, MOx). Among more complex nanostructures, yolk shell 

(core@void@shell) nanoparticles are recognized as a promising catalyst candidate 

because this nanostructure has shown catalytic activity for many different varieties of 

reactions.214–218 
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Figure 4.2 Catalytic oxidation reactions by yolk-shell nanoparticles. (a) Au@void@ZrO2 

nanoparticles were synthesized and tested for CO oxidation. (b) Pd yolk-shell nanoparticles with 

an outer shell based on periodic mesoporous organosilica were synthesized for the selective 

oxidation of various alcohol substrates. Reproduced with permission from reference 219 and 220. 

Copyright 2006, 2012 Wiley-VCH. 
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Figure 4.3 Catalytic reduction reactions by yolk-shell nanoparticles (a) The Au@SiO2 yolk-shell 

nanostructure was synthesized by selective etching of the gold cores in Au@SiO2 core-shell 

particles. This nanoreactor system was used to catalyze the reduction of p-nitrophenol. (b) The 

gold cores of Au@SiO2 yolk-shell catalysts were functionalized selectively by the addition of 3-

MPA, which generated carboxylate anions on the surface. It was a very effective means of 

increasing the reaction rates of 2-nitroaniline reduction. (c) Au@carbon yolk–shell nanoparticles 

were synthesized as the catalyst for hydrophobic nitrobenzene reduction. Reproduced with 

permission from reference 221, 222, and 223. Copyright 2008 Wiley-VCH, Copyright 2008 

American Chemical Society, and Copyright 2013 Royal Society of Chemistry, respectively. 
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One classical example was reported by Schüth in 2006; Au@void@ZrO2 yolk 

shell nanoparticles were synthesized for CO oxidation.219 The plots showing CO 

oxidation (Figure 4.2a, left) reveal that when the Au nanoparticles are encapsulated 

within the ZrO2 shell, the temperature for 50% CO conversion is about 200 °C. 

However, when the yolk-shell structures were crushed by ball-milling for 2 h, the 

catalytic performance reduced significantly, resulting in low reactivity of 10% CO 

conversion at 200 °C due to the growth of the gold particles through a thermal sintering 

process, as shown in the TEM image (Figure 4.2a, right); the hollow, porous zirconia 

outer shell is indeed advantageous for the thermal stabilization of the catalysts as it 

separates the metal nanoparticles and prevents agglomeration. Since this landmark 

paper, this yolk-shell nanostructure has been tested extensively for a range of reactions, 

including the catalytic oxidation of alcohols (Figure 4.2b)220 and the reduction of p-

nitrophenol,221, 224, 225 2-nitroaniline,222, 226, 227 and nitrobenzene,223, 228, 229 (Figure 4.3a, 

b, c), but to the best of our knowledge, it has not been reported yet for methane 

combustion. By using yolk-shell nanoparticles for methane combustion, the problems 

of agglomeration of the active metal nanoparticle core could be avoided. 

ZrO2 was chosen as the outer shell material, and Pd-Pt bimetallic nanoparticles 

as the core in the architecture tested here. To mimic the combustion conditions in lean-

burn natural gas exhaust, the yolk-shell nanoparticles were tested for methane 

combustion in the presence of 5 mol% water in the feed.230 Prior work pointed to the 

utility of the choice of ZrO2 for the metal oxide, ZrO2 showed stable activity during 

reaction in the presence of water vapor,231 whereas other metal oxide supports showed 

deactivation in the presence of water vapor (Al2O3, TiO2, and SnO2)
232–234 The earlier 

examples of yolk-shell ZrO2 structures pointed to pore sizes of ~5 nm,219, 235 which is 

permeable to the passage of gases. While previous work immobilized monometallic 

nanoparticles inside the ZrO2 yolk shell structure,236 we examined the use of bimetallic 

Pd-Pt nanoparticles because other work had shown that Pd catalysts improved 

considerably by addition of Pt to Pd.237–239 Recently, Nassiri et al.240 showed an 

improvement of the activity of Pd-Pt catalysts, compared to monometallic Pd in wet 

methane combustion conditions, and a Pd/Pt molar ratio of 1 was reported to show the 

most stable performance. The addition of Pt to a Pd system is to increase activity and 
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also to improve the thermal durability in the combustion of methane.241 The effect of 

Pt on the performance of Pd catalysts is still debated and can be explained in terms of 

electronic and geometric effects, synergistic effect, and/or presence of mixed sites.242 

Moreover, the Pd nanoparticles are reported to have the highest methane combustion 

turnover frequencies at a particle size of 8 to 10 nm.179, 207, 208 Thus, in our study, 8 nm 

Pd-Pt bimetallic nanoparticles with a 1:1 molar ratio were selected as the core for the 

yolk-shell nanoparticles. 

Herein, we report the preparation of Pd-Pt@void@ZrO2 yolk shell 

nanoparticles (1:1 molar ratio of Pd to Pt) and Pd-Pt@ZrO2 (1:1 molar ratio of Pd to 

Pt) core-shell nanoparticles, which were tested for wet methane combustion. The 

catalytic lifetimes of the encapsulated catalysts were evaluated by hydrothermal ageing 

tests and compared with non-yolk-shell Pd/Pt@ZrO2 materials. Our study shows the 

advantages and limitations of the yolk-shell nanoparticles for methane combustion by 

a comparison with core-shell nanoparticles and classical impregnated catalysts. 

 

4.2 Results and Discussion 

4.2.1 Synthesis of Pd-Pt@void@ZrO2 Yolk-Shell Nanoparticles 

The Pd-Pt nanoparticles were prepared by a reported method.243 Briefly, a 1:1 molar 

ratio of potassium tetrachloroplatinate (K2PtCl4, aqueous solution) and sodium 

tetrachloropalladate (Na2PdCl4, aqueous solution), polyvinylpyrrolidone (PVP), an 

aqueous solution of sodium iodide (NaI), and N, N-dimethylformamide (DMF) were 

mixed in a capped vial. After the mixture was ultrasonicated for about 2 min, the 

resulting homogeneous mixture was transferred into a conventional oven, heated at 

130 °C for 5 h, and then cooled to room temperature. The resulting colloidal products 

were collected by centrifugation and washed with acetone. The representative 

transmission electron microscope (TEM) of the colloidal products are shown in Figure 

4.4a and Figure 4.5a. The typical TEM images show that the product consisted of 

uniform cubic nanoparticles, with an average edge length of 8.0 ± 1.3 nm according to 

the size distribution. A high-resolution TEM (HRTEM) image in Figure 4.4a shows 

that it is a single crystal with well-defined fringes, and the lattice spacing along the 

edge of the nanocube is 0.19 nm. We characterized the Pd-Pt nanoparticles by energy-
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dispersive X-ray spectroscopy (EDX) analyses, and the compositional images (Figure 

4.4b) and spectra (Figure 4.4c) of Pd and Pt suggested that it was a Pd50.6-Pt49.4 alloy, 

with a homogeneous distribution of the Pd and Pt, which agrees well with the reported 

result.243 This value was in good agreement with the Pt/Pd atomic ratio of the initial 

reaction precursors, suggesting that the Pt and Pd precursors were reduced completely 

and taken up in the product.  

 

Figure 4.4 (a) S/TEM images of the cubic Pd-Pt nanoparticles. (b) EDX images for Pd-Pt 

nanoparticles, and corresponding EDX spectrum (c) for Pd, Pt element quantification. 
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In the next step, the as-prepared Pd-Pt nanoparticles were encapsulated by a 

silica shell by the Stöber process for the synthesis of silica spheres.244 The TEM images 

of as-synthesized Pd-Pt@SiO2 obtained under optimized experimental conditions (Pd-

Pt colloid/tetraethylorthosilicate, TEOS = 1:20), where each Pd-Pt nanoparticle is 

encapsulated by a silica layer, are shown in Figure 4.5b. The average diameter of the 

Pd-Pt@SiO2 was 204 ± 44 nm, which was estimated by the size distribution histogram.  

 

Figure 4.5 From left to right, schematic figures, TEM images, 10× enlarged TEM images and size 

distribution histograms for (a) Pd-Pt nanoparticles; (b) Pd-Pt nanoparticles@SiO2; (c)Pd-Pt 

nanoparticles@SiO2@ZrO2; (d) Pd-Pt nanoparticles@void@ZrO2. Notably, for the size 

distribution histograms, from top to bottom, is the diameter of (a) Pd-Pt nanoparticles; (b) Pd-Pt 

nanoparticles@SiO2; (c) Pd-Pt nanoparticles@SiO2@ZrO2; and ZrO2 shell thickness of (d) Pd-Pt 

nanoparticles@void@ZrO2. 
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The configuration of core shell nanoparticles was tuned by changing the amount 

of the silica source (TEOS).245 If the amount of TEOS was decreased compared with 

the amount required for the optimized condition, the silica shell contained multiple Pd-

Pt particles, as shown in Figures 4.6a–e; Increasing the amount of TEOS resulted in the 

formation of a mixture of Pd-Pt@SiO2 and amorphous silica particles without any cores 

(Figure 4.6f–i). 

 

Figure 4.6 TEM images for TEOS/Pd-Pt ratio control experiments, Pd-Pt@SiO2 core-shell 

nanoparticles synthesized under lower amounts of TEOS (TEOS volume, X < 60 µL): the silica 

shell contained multiple Pt particles; higher (TEOS volume, X > 80 µL) amounts of TEOS: a 

mixture of Pd-Pt@SiO2 and silica particles without cores; compared to the Pd-Pt@SiO2 

nanoparticles synthesized under the optimum TEOS amounts ( X = 70 µL) shown in Figure 4.5b, 

where each Pt particle is encaged within a silica shell. Reaction conditions: 10 mL PVP-stabilized 

Pd-Pt dispersed in EtOH, 0.5 mL NH4OH, 0.9 mL water, X µL TEOS, continued by stirring at 

room temperature for 24 h. No centrifugation or other purification. 
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Prior to encapsulating the Pd-Pt@SiO2 with ZrO2, the as-prepared Pd-Pt@SiO2 

nanoparticles needed to be washed with water and absolute ethanol sequentially. If only 

washed with water, ZrO2 was not deposited onto the SiO2 surface in a conformal 

fashion, as the zirconium butoxide hydrolysis process is affected strongly by the 

water/Zr source ratio and pH value.246–248 On the right side of this TEM image in Figure 

4.7, there are some Pd-Pt@SiO2 nanoparticles without ZrO2 coating; the surfaces are 

very smooth, compared to the rough surface of Pd-Pt@SiO2@ZrO2 shown in Figure 

4.5c. As described in previous work, a surfactant is needed, thus, Lutensol AO5 (BASF) 

was used.219, 236 Here, Lutensol XP50 (BASF) coats the Pd-Pt@SiO2 nanoparticle 

surfaces, followed by reaction with zirconium butoxide, and then calcined at 600 °C to 

produce a shell of porous zirconia; the diameter of the particles increases from 204 ± 

44 nm to 221 ± 48 nm, as shown in Figure 4.5c.  

 

Figure 4.7 Before ZrO2 encapsulation, as-prepared Pd-Pt@SiO2 nanoparticles need to be washed 

with water and absolute ethanol, respectively. If only washed with water, ZrO2 will not be 

encapsulated onto the SiO2 surface as shown in the TEM image. 

 

Notably, when using a lower amount of zirconium butoxide than the optimized 

amount, the ZrO2 shell is very thin and the Pd-Pt nanoparticles are released from the 

yolk-shell nanostructure (Figure 4.8). 
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Figure 4.8 When using a lower amount of zirconium butoxide than the optimized amount, the shell 

of ZrO2 is very thin, and some Pd-Pt nanoparticles are released from the yolk-shell nanostructures 

(highlighted in the white circle). 

 

Finally, the silica shell was removed via dissolution with a NaOH solution to 

form the Pd-Pt@void@ZrO2 yolk-shell structures (Figure 4.5d). At this point, the Pd-

Pt nanoparticles ‘rattle’ within the empty ZrO2 shell and can be observed by TEM on 

the inner side of the ZrO2 shell. Once the SiO2 shell has been removed, the yolk-shell 

structure is very fragile and is fractured upon sonication for 5 min (Figure 4.9). 

According to the histogram in Figure 4.5d, the thickness of the porous zirconia shell is 

16 ± 4 nm, which agrees well with a 17-nm size increment from Pd-Pt@SiO2 (204 nm) 

to Pd-Pt@SiO2@ZrO2 (221 nm).  

 



 

 

 

79 

 

Figure 4.9 Observed fracturing of the Pd-Pt@void@ZrO2 yolk-shell nanoparticles upon sonication 

for 5 min in a water solution.  

 

4.2.2 Testing of Pd-Pt on ZrO2 for Wet Methane Combustion 

In the past, tremendous efforts have been made to develop catalysts with superior 

catalytic activity, which enable full methane conversion below 450 °C. For example, a 

Pd/Co/Al2O3 catalyst prepared by a galvanic deposition (Figure 4.10a) exhibited full 

methane combustion at 450 °C,249 but the catalytic lifetime of the catalyst was not 

investigated. Another recent example is a Al2O3/Pd/SiO2 catalyst that was prepared by 

an atomic layer deposition method; this catalyst delivered full methane conversion 

below 400 °C, and remained stable for only five full combustion cycles (Figure 

4.10b).250 Noble metal/metal oxide yolk–shell structured nanoparticles have been 

exploited for catalytic applications, including gas phase and liquid phase reactions, as 

outlined earlier. Here we expand its application for methane combustion. To confirm 

that the ZrO2 shell we prepared permits diffusion of gases, we carried out gas 

adsorption isotherms, Brunauer–Emmett–Teller (BET), and Barrett–Joyner–Halenda 

(BJH) model analyses of N2 adsorption isotherms (Figure 4.11a and Table 4.1), which 

showed a surface area of 316.3 m2/g, and an average pore size of 5.6 nm. 
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Figure 4.10 (a) TEM images and EDX mapping images for Pd/Co/Al2O3 catalyst, synthesized by 

galvanic displacement. By comparing catalytic activity of methane combustion with Pd/Co/Al2O3 

impregnated catalyst, methane combustion over Pd/Co/Al2O3-GD (galvanic displacement) 

proceeded at a temperature about 50 °C lower than that over impregnated catalyst. Reproduced 

with permission from reference 45 (Copyright 2016 Royal Society of Chemistry). (b) TEM images 

and EDX mapping images of Al2O3/Pd/SiO2 catalyst, prepared by an atomic layer deposition 

method. Ignition–extinction curves show the catalyst delivered full methane conversion at 400 °C 

and maintained its activity during the five cycles. Reproduced with permission from reference 250. 

Copyright 2019 Wiley-VCH. 
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Figure 4.11 Nitrogen adsorption (red) and desorption (blue) isotherms for (a) Pd-Pt@void@ZrO2 

yolk-shell nanoparticles, (b) Pd-Pt@ZrO2 directly, (c) Pd-Pt/ZrO2 impregnated catalyst. 

 

Table 4.1 Pd, Pt Contents, Pd/Pt Molar Ratio, Size of Pd-Pt Nanoparticles, BET Surface Area and 

BJH Pore Size from Three As-prepared Catalysts. 

Catalyst Pd loading 

(wt%) 

Pt loading 

(wt%) 

Pd/Pt 

molar ratio 

Size of Pd-Pt 

nanoparticles 

BET surface 

area (m2 g−1) 

BJH Pore 

size (nm) 

Pd-Pt@void@ZrO2 0.57 0.90 53.8:46.2 8.0 ± 1.3 nm 316.3 5.6 

Pd-Pt@ZrO2 0.59 0.95 53.2:46.8 8.0 ± 1.3 nm 23.57 3.8 

Impregnated Pd-Pt/ZrO2 0.61 1.00 53.0:47.0 7.7 ± 5.0 nm 5.24 3.0 

 

As a comparison, two related sets of heterogeneous catalysts were synthesized, 

Pd-Pt@ZrO2 and Pd-Pt/ZrO2 impregnated catalysts. Briefly, Pd-Pt@ZrO2 

nanoparticles were obtained by the hydrolysis of zirconium butoxide in the presence of 

the preformed Pd-Pt nanoparticles (the same Pd-Pt nanoparticles described previously 

for the synthesis of the yolk-shell nanoparticles). After calcination, the Pd-Pt 

nanoparticles were immobilized within porous ZrO2, shown in Figure 4.12. The pore 

size determined for these Pd-Pt@ZrO2 nanoparticles is 3.8 nm, and the surface area is 

23.57 m2/g, as shown by BJH and BET analyses, respectively (Figure 4.11b and table 

4.1). 
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Figure 4.12 TEM images of Pd-Pt@ZrO2 core-shell nanoparticles. (a) Pd-Pt nanoparticles reacted 

with zirconium butoxide, Lutensol XP50, water, and ethanol. The Pd-Pt nanoparticles were 

synthesized using the same protocols as that of Pd-Pt@void@ZrO2, hence, Pd-Pt nanoparticles are 

of cubic shape, and the side length is ~8 nm in solution; (b) after calcination at 600 °C for 6 h, the 

shape of Pd-Pt nanoparticles changes from cube to sphere, size is still comparable, although some 

become bigger because of the thermal aggregation; (c) after 42 h hydrothermal ageing (methane 

combustion), Pd-Pt nanoparticles can be seen through the ZrO2 shell. As the Pd-Pt nanoparticles 

are immobilized by the ZrO2 shell, the size is still comparable, although some become bigger due 

to aggregation. 
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The other “control” catalyst architecture, the Pd-Pt impregnated onto a ZrO2 

support, was prepared via wet impregnation of palladium chloride and 

hexachloroplatinic acid in a 1:1 molar ratio onto a commercially obtained ZrO2 support, 

as reported earlier.230 As shown in Figure 4.13, Pd and Pt in the impregnated catalysts 

are observed to have formed bimetallic nanoparticles, as confirmed by EDX mapping, 

which is in agreement with the reported result.208 The Pd-Pt nanoparticles (7.7 ± 5.0 

nm) are, however, polydispersed (dispersity = 42%) and are scattered on the ZrO2 

surface. The surface area was determined to be 5.24 m2/g, revealing that the ZrO2 is 

solid and not porous. (Figure 4.11c and Table 4.1). 

 

Figure 4.13 TEM images (a), (b) and EDX mapping images (c) for prepared Pd-Pt/ZrO2 

impregnated catalysts. The size of Pd-Pt nanoparticles is 7.7 ± 5.0 nm.  The Pd and Pt elements 

are distributed all over the surface as there is no washing step for the conventional impregnation 

method, i.e., just calcination of the mix solution of palladium chloride, hexachloroplatinic acid 

with ZrO2 powder. However, we can see Pd-Pt nanoparticles on the surface (white arrow), 

especially compared to the Zr element map. (d) TEM image for the used Pd-Pt/ZrO2 impregnated 

catalyst after 42 h hydrothermal ageing (methane combustion). The average size of Pd-Pt 

nanoparticles is 29.8 ± 11.3 nm. 



 

 

 

84 

 

Metal loading of each of these catalysts was measured by inductively coupled 

plasma-mass spectroscopy (ICP-MS) and is summarized in Table 4.1. The Pd/Pt molar 

ratio for the Pd-Pt@void@ZrO2, Pd-Pt@ZrO2, and Pd-Pt/ZrO2 impregnated catalysts, 

are 53.8:47.2, 53.2:47.8, and 53.0:47.0, respectively, which are all consistent with the 

1:1 molar ratio of Pd/Pt. The total Pd metal loading of these three catalysts is 0.57 %, 

0.59 %, and 0.61 %, respectively.  

The catalytic activities of these three nanoparticle formulations for the same Pd 

metal loading were assessed in wet lean methane combustion between 300 and 650 °C. 

The ignition-extinction curves (Figure 4.14b, c) show that the Pd-Pt/ZrO2 impregnated 

catalyst and Pd-Pt@ZrO2 catalysts exhibited a limited maximum conversion of ~65% 

at 650 °C, but the Pd-Pt@void@ZrO2 (Figure 4.14a) showed a 100% conversion rate 

at the same temperature.  

During hydrothermal ageing, the reactor temperature was increased to 650 °C 

and then reduced to 475 °C (with a holding time of 1 h at each step). The high-low 

temperature cycling was repeated eight times over about 22 h. After cycling was 

complete, the reactor temperature was held at 475 °C for another 20 h. Therefore, 

hydrothermal ageing was done for 42 h in total; these figures are shown on the right 

side of Figure 4.14. During the cycling at 650 and 475 °C for just 5 h, the Pd-Pt/ZrO2 

impregnated catalyst lost its activity significantly, i.e., the methane conversion rate at 

475 °C decays to below 10% in 5 h. However, the Pd-Pt@void@ZrO2 and Pd-Pt@ZrO2 

catalysts both maintain their activity for the entire hydrothermal aging test (up to 42 h).  
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Figure 4.14 Ignition (solid circle) and extinction (hollow circle) curves on the left side and 

hydrothermal tests on the right side for three different Pd-Pt on ZrO2 catalysts (a) Pd-

Pt@void@ZrO2 yolk-shell nanoparticles, (b) Pd-Pt@ZrO2 directly, (c) Pd-Pt impregnated on 

ZrO2. For the ignition–extinction curves, the catalyst was tested at 300, 350, 400, 450, 500, 550, 

600, and 650 °C during ignition, and then tested at 650, 600, 550, 500, 450, 400, 350, 300 °C during 

extinction, for 30 min at each temperature. For the hydrothermal tests, they were done after the 

ignition–extinction test, so we know the estimated 100% conversion (~650 °C) and 50% conversion 

temperature (~475 °C). Thus, the temperature was cycling between 650 and 475 °C for 1 h at each 

temperature; in total, eight cycles in about 22 h. Then, reactor temperature was held at 475 °C for 

another 20 h. 
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The TEM image in Figure 4.15 shows that after hydrothermal ageing, the Pd-

Pt@void@ZrO2 yolk-shell nanoparticles have maintained their structural integrity. For 

the Pd-Pt@ZrO2 core-shell nanoparticles after hydrothermal ageing, we can still see 

Pd-Pt nanoparticles through the ZrO2 shell in Figure 4.12c. As the Pd-Pt nanoparticles 

are immobilized within the ZrO2 shell, the size is still ~8 nm. Therefore, the reason that 

the Pd-Pt@void@ZrO2 and Pd-Pt@ZrO2 catalysts maintain their activity for the entire 

hydrothermal aging test (up to 42 h), is that the Pd-Pt nanoparticles are kept isolated by 

the ZrO2 shell and thus do not undergo sintering at high temperature. For the case of 

the Pd-Pt/ZrO2 impregnated catalysts, however, the Pd-Pt nanoparticles are “sitting” 

on the surface of the bulk ZrO2 surface, as shown in Figure 4.13b, and these Pd-Pt 

nanoparticles aggregate after the test (Figure 4.13c), resulting in an appreciable 

increment in the size of the Pd-Pt nanoparticles from 7.7 ± 5.0 nm to 29.8 ± 11.3 nm. 

 

Figure 4.15 TEM image of the Pd-Pt@void@ZrO2 yolk-shell nanoparticles after the hydrothermal 

aging test for 42 h. All yolk-shell particles are not sintered, and the hollow structures are still intact 

when compared to Figure 4.5d. 

 

The ultimate objective of synthesizing these nanoparticles is to apply them to 

mitigate unburnt CH4 in the engine exhaust gas. In exhaust gas systems, the temperature 

that can be achieved is between 495 and 540 °C, when the catalyst is placed upstream 

of the engine’s turbocharger.251, 252 Hence, a catalyst that can offer 100% methane 

conversion at about 500 °C is ideal in practice. However, Pd-Pt@void@ZrO2 
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nanoparticles, Pd-Pt@ZrO2 nanoparticles, and Pd-Pt/ZrO2 impregnated catalysts 

delivered about 60%, 40%, and 40% methane conversion rate at 500 °C, respectively; 

therefore, further optimization is needed. 

We attempted to improve the catalytic performance further by the following 

approaches. Firstly, since high metal loading would increase the density and thus 

enable smaller volume catalytic converters, which are more favorable in industrial 

applications, we tried to decrease the size of the yolk-shell nanoparticles from 204 nm 

to 100 nm (shown in Figure 4.16a); this increased the Pd metal loading from 0.57% to 

1.23%. Secondly, “free” and unencumbered active sites are crucial, so we attempted to 

remove as much of the remaining silica as possible by increasing the NaOH etching 

time from 6 h to 24 h; the Zr/Si molar ratio increased from 1.2 to 1.7 (Table 4.2). We 

then assessed the catalytic activity and stability of the smaller yolk-shell nanoparticles 

with higher metal loading; the 100% methane combustion temperature remained the 

same (Figure 4.16b). 

 

Table 4.2 SiO2, ZrO2 Contents of Yolk-shell Nanoparticles for Different NaOH Etching Times. 

Catalyst NaOH etching 

time (h) 

SiO2(wt %) ZrO2(wt %) Zr/Si molar ratio 

Pd-Pt@void@ZrO2 

(204 nm) 

6 27.7 68.5 1.2 

Pd-Pt@void@ZrO2 

(100 nm) 

24 21.3 74.1 1.7 
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Figure 4.16 (a) Increasing the metal loading by decreasing the void volume of the nanostructures, 

so that we get smaller yolk-shell nanoparticles, from 204 ± 44 nm to 100 ± 21 nm and Pd metal 

loading from 0.57 % to 1.23 %. (b) The corresponding ignition (solid circle) and extinction (open 

circle) curves for yolk-shell nanoparticles with higher metal loading and longer etching time. 

 

As has been suggested by Schüth, it is not possible to extract all the silica from 

the sample even though, when using a NaOH solution for SiO2 extraction over 50 h, 

they observed that the Zr/Si ratio reaches a plateau of 1.8 after an extraction time of 

about 20 h.235 In other words, incomplete etching of silica might have blocked Pd-Pt 

active sites, leading to lower activity. Therefore, the steric protection of yolk-shell 



 

 

 

89 

nanostructure is an effective structure to enhance the catalysis stability, but the catalysis 

activity is limited due to the nature of the structure, namely, the remaining SiO2 that 

blocks active sites of Pd-Pt nanoparticles. 

  

4.3 Conclusions 

Bimetallic Pd-Pt@void@ZrO2 yolk-shell nanostructures were synthesized and tested 

for wet methane combustion. The stability of the encapsulated catalyst in the lean CH4 

combustion was investigated using a hydrothermal ageing test at temperatures up to 

650 °C with 5 mol% water in the feed. The yolk-shell nanoparticles catalyst showed 

higher conversions (100% methane conversion) and longer stability (up to 42 h) at T = 

650 °C, compared to the Pd-Pt/ZrO2 impregnated catalysts (65% methane conversion, 

no stability) and Pd-Pt@ZrO2 (65% methane conversion, stable for 42 h) with the same 

metal loading. The yolk-shell nanoreactors can be used to increase the lifetime of noble 

nanoparticles but seem to lower the mass transfer efficiency during the methane 

combustion due to the remaining silicon.  

 

4.4 Experimental Section 

4.4.1 Materials 

Millipore water (resistivity of 18.2 MΩ•cm) was used throughout the work. Sodium 

tetrachloropalladate (Na2PdCl4, >99.9%), potassium tetrachloroplatinate 

(K2PtCl4, >99.9%), sodium iodide (NaI, ACS reagent, >99.5%), poly(vinyl 

pyrrolidone) (PVP, MW≈55000), N, N-dimethylformamide (DMF), ammonium 

hydroxide solution (ACS reagent, 28.0–30.0% NH3 basis), tetraethylorthosilicate 

(TEOS, reagent grade, 98%), zirconium butoxide solution (80 wt% in 1-butanol), 

zirconium oxide (powder, 5 μm, 99% trace metals basis), and palladium (II) chloride 

solution (PdCl2, 5% w/v), hexachloroplatinic acid solution (H2PtCl6, 8 wt.% in H2O), 

were all purchased from Sigma-Aldrich. All the chemicals were used as received 

without further purification.  
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4.4.2 Characterization 

The S/TEM/EDX (energy dispersive X-ray) analysis was performed on a JEOL JEM- 

ARM200cF S/TEM, which was equipped with a cold Field-Emission Gun and a probe 

Cs corrector. EDX maps were acquired with a Silicon Drift EDX detector at an 

acceleration voltage of 200 kV. The samples were prepared by dropping a dispersion 

of samples onto carbon-coated copper TEM grids (Ted Pella, Inc.) using pipettes and 

dried under ambient condition. ImageJ software was used to measure the particle size 

and standard deviation of the samples. The measurements were done by counting 200 

nanoparticles from the TEM images. The Pd wt% of the prepared catalysts was 

estimated by a Perkin Elmer Elan 6000 quadrupole inductively coupled plasma mass 

spectrometer (ICP-MS). The BET surface area and adsorption isotherms of the 

catalysts were determined at -195 °C by volumetric measurements using a surface area 

analyzer (Quantachrome, Autosorb iQ). Prior to adsorption analyses, a 30 to 100 mg of 

the sample was degassed for 4 h at 350 °C under vacuum with a helium backfill gas to 

remove any moisture or volatiles within the existing pores of the material. The BET 

model was used to determine the surface area of the catalysts from the N2 adsorption 

isotherms. The specific surface area was calculated using the BET method, and the pore 

size distribution was derived from the BJH model. 

  

4.4.3 Synthesis of Pd-Pt Bimetallic Nanoparticles 

In a typical synthesis of cubic Pd-Pt nanocrystals, sodium tetrachloropalladate 

(Na2PdCl4, 20 mM, 1.0 mL), potassium tetrachloroplatinate (K2PtCl4, 20 mM, 1.0 mL), 

sodium iodide (NaI, 75.0 mg), and poly(vinylpyrrolidone) (PVP, 160.0 mg) were 

mixed together with 10 mL N, N-dimethylformamide in a 22.0 mL vial. After the vial 

had been capped, the mixture was ultrasonicated for about 2 min. The resulting 

homogeneous mixture was transferred into a conventional oven and heated at 130 °C 

for 5 h before it was cooled to room temperature. The resulting colloidal products were 

collected by centrifugation at 10000 rpm for 15 min and washed with acetone three 

times. 243 
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4.4.4 Synthesis of Pd-Pt@SiO2 Nanoparticles 

The PVP-stabilized Pd-Pt nanoparticles were dispersed in 200 mL of ethanol, to which 

10 mL of NH4OH, 18 mL of DI water, and 1.4 mL of tetraethyl orthosilicate (TEOS) 

were added. The formation of the siliceous gel and its aging were continued by stirring 

at room temperature for 12 h. Thicker silica shells could be grown by subsequent 

addition of more TEOS every 12 h. The Pd-Pt@SiO2 was collected by centrifuging at 

10000 rpm for 15 min, washing with water two times, and absolute ethanol two times, 

respectively. 

 

4.4.5 Synthesis of Pd-Pt@void@ZrO2 Nanoparticles 

As shown in Figure 4.4c and d, the synthesis of Pd@void@ZrO2 occurred in two steps: 

Pd@SiO2 was encapsulated with ZrO2 to prepare Pd@SiO2@ZrO2, then the silica layer 

was etched from Pd@SiO2@ZrO2 with a NaOH solution. The as-prepared Pd@SiO2 

particles were dispersed in a mixture of Lutensol XP50 (BASF, 0.06 mL), water (1.48 

mL), and pure ethanol (400 mL) with sonication. Zirconium butoxide solution (2 mL) 

was added, and the solution was stirred for 15 h at room temperature. The solids 

(Pd@SiO2@ZrO2) were collected by centrifuging at 10000 rpm for 15 min and then 

washed with water three times. This was followed by calcination at 60 °C overnight 

and calcination at 600 °C for 6 h, both of which were performed in air to remove the 

organics and form zirconia. The prepared Pd@SiO2@ZrO2 was added to a NaOH 

solution (500 mL, 0.2 M), which was stirred for 6 h to remove the inner layer of silica. 

The solids (Pd@void@ZrO2) were separated by centrifugation (10000 rpm, 15 min) 

and washed with water three times. Then, the Pd@void@ZrO2 was dried overnight at 

60 °C in air. 

 

4.4.6 Synthesis of Pd-Pt@ZrO2 Catalyst 

As prepared Pd-Pt nanoparticles were dispersed in a mixture of Lutensol XP50 (BASF, 

0.06 mL), water (1.48 mL), and pure ethanol (400 mL) with sonication. Zirconium 

butoxide solution (2 mL) was added, and the solution was stirred for 15 h at room 

temperature. The solids (Pd-Pt@ZrO2) were collected by centrifuging at 10000 rpm for 
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15 min and then washed with water three times, followed by calcination at 60 °C 

overnight and calcination at 600 °C for 6 h in air to remove the organics and form 

zirconia.  

 

4.4.7 Synthesis of Pd-Pt/ZrO2 Impregnated Catalyst 

The Pd-Pt/ZrO2 catalyst was prepared using a wetness impregnation method to achieve 

the same metals loadings as in the encapsulated PdPt@void@ZrO2 catalyst. A mix 

solution of palladium chloride and hexachloroplatinic acid with 1:1 molar ratio was 

impregnated onto the ZrO2 support (pre-calcined at 550 °C for 4 h). The catalysts were 

dried overnight at room temperature and subsequently calcined under air at 550 °C for 

16 h. 

 

4.4.8 Test for Wet Methane Combustion 

Wet methane combustion in the presence of 5 mol% water was investigated according 

to the previous study.190, 208 A tubular reactor was packed with calcined catalysts 

(550 °C, 16 h under static air) corresponding to 0.38 mg active Pd in relevant catalysts. 

Methane (10% balanced in N2, Praxair, 8.5 mL/min) and air (extra-dry, Praxair, 200 

mL/min) were pre-mixed and fed into the reactor (4100 ppm CH4 in N2 and air mixture). 

The reactions were carried out at a pressure of 1.1 bar. Ignition and extinction curves 

were obtained by increasing and decreasing the reaction temperature stepwise (50 °C 

for each step), respectively, with a ramping rate of 60 °C/min; the system was held at 

each temperature for 30 min. The ignition curves were initiated at 300 °C and ended at 

650 °C, and the extinction was performed vice versa to investigate the catalytic 

performance during cooling down. First, an ignition–extinction experiment (with 5 mol% 

water) was performed to precondition the catalyst, followed by the hydrothermal aging 

in the wet methane/air feed by increasing the reaction temperature to 650 °C (60 °C/min 

ramping rate) and then cooling the reactor to 475 °C, giving about 50% CH4 conversion. 

The high-low temperature cycling was repeated eight times (about 22 h). Each 

temperature stage was held for 1 h. After the cycling was completed, the reactor 

temperature was held at the selected temperature for another 20 h. The gas outlet from 
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the reactor was analyzed online every 15-min using an Agilent HP 7890A gas 

chromatograph equipped with a thermal conductivity detector (TCD) and a flame 

ionization detector (FID) in series.  
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Chapter 5 Thesis Summary and Outlook 

 

5.1 Summary 

This thesis has examined two reactions that are triggered by noble metal nanoparticles. 

The primary one is plasmon-driven hydrosilylation on silicon surfaces, which is driven 

by plasmonic stamps fabricated by gold dewetting on PDMS. Another one is wet 

methane combustion driven by Pd-Pt@void@ZrO2 yolk-shell nanoparticles. To 

conclude the two stories, summaries of each preceding chapter and future research 

directions are provided in the following sections.   

5.1.1 Chapter 1 

In Chapter 1, the background of both plasmonics and hydrosilylation was introduced. 

Firstly, the concept of plasmonics and plasmon-driven reactions was discussed in the 

order of their proposed mechanisms, including confined plasmonic fields, hot carrier 

excitation, and local heat generation. Then, recent advances of plasmon-driven 

reactions for surface functionalization with molecules, polymers, and nanomaterials 

were reviewed, followed by surface functionalization on silicon surfaces via 

hydrosilylation. Lastly, the fabrication of metallic (Pd, Pt, and Au) nanoparticle 

embedded PDMS stamps and hydrosilylation on flat silicon surfaces were described in 

detail. 

5.1.2 Chapter 2 

Chapter 2 describes a facile method to prepare plasmonic stamps. These stamps with 

tunable absorption wavelengths were prepared by sputtering gold films on PDMS, 

followed by thermal annealing to dewet the gold and form an array of gold 

nanoparticles on the PDMS surface. Then, the as-prepared plasmonic stamps were used 

to drive hydrosilylation reactions on hydride-terminated silicon surfaces in a spatially 

defined manner upon illumination with low energy green light (wavelengths of 400–

580 nm). By changing the thickness of the initial sputtered gold film on the PDMS, a 

series of plasmonic stamps with different gold nanoparticle sizes and densities could 
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be prepared and then employed as a stamp to drive hydrosilylation of 1-alkenes on 

silicon surfaces. Hydrosilylation of, for instance, 1-dodecene, leads to the formation of 

monolayers of 1-dodecyl groups with tunable densities on Si(111)–H wafers. The 

localized surface plasmons of the gold nanoparticles on the PDMS stamp generate a 

proximal electric field with respect to the underlying silicon, thus forming localized 

electron/hole pairs that underpin the mechanism for hydrosilylation. These plasmonic 

stamps are a useful starting point for the discovery of new plasmon-driven reactivity 

on semiconductor surfaces. 

5.1.3 Chapter 3 

Chapter 3 describes an in-depth mechanistic investigation of the plasmon-driven 

hydrosilylation. To ensure reproducibility, fabrication of the production of the 

plasmonic stamps was optimized via tuning of the sputtering rate and film thickness of 

the gold, resulting in a more scalable and reliable method to dewet the gold on the 

PDMS. We carried out reaction kinetic studies for plasmon-induced hydrosilylation on 

silicon substrates with five different doping levels. As doping levels of the silicon 

substrates were modulated, the relationship between reaction rates and built-in 

electrical fields of metal-insulator-semiconductor junctions were investigated. A 

physical model explaining the relationship between reaction rate and doping density, 

optical absorption coefficients, depletion width, and plasmonic electrical field has been 

built. 

5.1.4 Chapter 4 

Chapter 4 introduces the background of methane combustion catalysis and then 

describes the preparation of Pd-Pt@void@ZrO2 yolk-shell nanoparticles and Pd-

Pt@ZrO2 (Pd: Pt molar ratio = 1:1) core-shell nanoparticles, which were tested for wet 

methane combustion. By using the hydrothermal aging tests, the catalytic lifetimes of 

the encapsulated catalysts were assessed. By comparing with core-shell nanoparticles 

and classical impregnated catalysts, the advantages and limitations of the yolk-shell 

nanostructures for methane combustion were discussed. Among all three catalysts with 

the same chemical components, the yolk-shell nanoparticles catalyst showed higher 
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conversions (100% methane conversion) and longer stability (up to 42 h) than the Pd-

Pt/ZrO2 impregnated catalysts (65% methane conversion, no stability) and Pd-Pt@ZrO2 

(65% methane conversion, stable for 42 h) with the same metal loading at the same 

temperature (650 °C). The yolk-shell nanoreactors can be used to increase the lifetime 

of noble nanoparticles, but the silicon remaining due to the nature of the yolk-shell 

nanostructure, may lower the mass transfer efficiency during the methane combustion 

catalysis process.  

 

5.2 Future Works 

5.2.1 Expanding the Menu for Metal Dewetting on PDMS 

The above-mentioned solid-state dewetting of the gold metal film on PDMS is an 

effective way to tailor the plasmonic resonance. This fabrication route also can be used 

for other metals, such as silver (Ag),253 copper (Cu),254 and aluminum (Al)255 as a thin 

metal film on PDMS is thermodynamically unstable and it readily dewets or 

agglomerates to form the nanoparticles through thermal treatment. For example, 

aluminum for plasmonics has attracted much attention recently.256, 257, 258 The Halas 

group reported that, unlike silver and gold, aluminum has material properties that 

enable strong plasmon resonances spanning much of the visible region of the spectrum 

and into the ultraviolet(Figure 5.1). This extended response, combined with its natural 

abundance, low cost, and amenability to manufacturing processes, makes aluminum as 

a highly promising plasmonic material. 
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Figure 5.1 Aluminum as a plasmonic material. (a) Plasmon tuning ranges of the most common 

plasmonic materials, Au and Ag, compared with Al. (b) Calculated spectra for a 35-nm thick, 50 

nm diameter Al nanodisk: (i) a pure, isolated Al nanodisk (black); (ii) an isolated Al nanodisk with 

a 3 nm surface oxide (green); and (iii) the same Al nanodisk on an infinite SiO2 substrate (orange). 

Reproduced with permission from reference 256. Copyright 2014 American Chemical Society. 

 

Notably, Ag, Cu, and Al nanoparticles are not as stable as Au nanoparticles in 

the air or under light illumination, but Au-Ag, Au-Cu, and Au-Al bimetallic 

nanoparticles are more stable than monometallic nanoparticles. In 2017, Kang et al. 

reported that by using successive thermal sputtering of thin Au and Ag films and 

thermal dewetting, bimetallic Au-Ag nanoparticles can be obtained on quartz substrates, 

as shown in Figure 5.2.259 Because of the complete miscibility of Au and Ag, a 

programmable plasmon resonance wavelength in a broadband visible range can be 
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achieved. We can use this method to prepare various bimetallic nanoparticles for the 

plasmonic stamp fabrication; thus the application of the plasmon-driven surface 

functionalization can be extended, owing to the extraordinary broadband SPR 

wavelength. 

 

 

Figure 5.2 Scheme of nanofabrication for Au-Ag nanoparticles by using successive thin film 

deposition and thermal dewetting. The individual and total film thicknesses of Au and Ag 

determine the Au/Ag fractions and the average diameter of nanoparticles. High-angle annular 

dark-field (HAADF) and energy-dispersive X-ray (EDX) mapping of Au and Ag elements. 

Reproduced with permission from reference 259. Copyright 2017 American Chemical Society. 

 

5.2.2 Variation of Shapes for Plasmonic Nanoparticles on PDMS 

Although metal dewetting on PDMS is a facile and reproducible way for the fabrication 

of plasmonic stamps, the shape of the as-prepared nanoparticles on PDMS is usually 

spheres/hemispheres. To better investigate the mechanism of plasmon-driven 

mechanisms and extend the application of plasmonic stamps, fabricating plasmonic 

nanostructures with variable shapes are of great interest.  Plasmonic nanoparticles and 

nanostructures often are fabricated by top-down techniques, including electron beam 

lithography (EBL), which develops well-designed morphologies and orientations.260,261 

As shown in Figure 5.3, nanoparticles with different sizes and shapes, including rods, 

triangles and cubes, are prepared by EBL. Next, if all these nanoparticles can be 

transferred effectively to the PDMS, a series of plasmonic stamps can be obtained. For 
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example, as the hot spots of Au nanotriangles are at the three corners, the molecules 

may tend to form in these regions via plasmon-driven reactions.262, 263 

 

Figure 5.3 Left: SEM images of gold nanoparticles with different sizes and shapes (sphere, rod, 

square, and triangle) fabricated by EBL. Right: zoom in SEM of gold nanotriangles and nanorods.  

 

As the metal is evaporated onto the Si surface, it may hard to be peeled off the 

metal nanoparticles by PDMS without using an anti-sticking layer and/or capture 

molecules.264–266 For example, Lee et al. reported two procedures to embed metallic 

structures in an elastomeric polymer substrate by maintaining adhesion between PDMS 

and embedded metallic structures, as shown in Figure 5.4, which refer to Method I and 

Method II.267 The depositions of both the 3-mercaptopropyl trimethoxysilane (MPT) 

adhesion and the silane release layers occur in a different order for each method. Once 

the metallic structures and SAMs are patterned, the procedure followed to embed them 

in PDMS is identical. Additionally, the time and cost to prepare nanoparticles with 

wide areas on the Si surface by EBL is another problem.  
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Figure 5.4 Scheme of two different fabrication ways used to embed metallic patterns into soft 

PDMS. TFOS: tridecafluoro-1,1,2,2-tetrahydor-octyl-1-trichlorosilane; PR: photoresist; MPT: 3-

mercaptopropyl trimethoxysilane. Reproduced with permission from reference 267. Copyright 

2005 Wiley-VCH. 

 

5.2.3 Synthesis Pd-Pt@SiO2 Nanoparticles via Magnesiothermic 

Reduction 

The Pd-Pt nanoparticles can be encapsulated by SiO2 shells by the Stober method. 

However, this Pd-Pt@SiO2 structure is not sufficiently porous to permit the satisfactory 

mass transfer of reactants to the Pd-Pt metal sites. The existing practices to make porous 

SiO2 shells are mainly by a template-based method268, 269 and an etching-based 

method.201, 204 The magnesiothermic reduction is also an effective method to produce 

porous Si.270–272 As illustrated in Figure 5.5, Pd-Pt@ porous SiO2 can be synthesized 
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by reacting with Mg/Al at 650 °C, followed by an acid wash to remove the remaining 

Mg and MgO. Therefore, the porosity of the SiO2 shells is enhanced significantly; this 

will be a new method to prepare catalysts for methane combustion with a long lifetime. 

 

Figure 5.5 Schematic representation of synthesizes Pd-Pt@porous SiO2 via magnesiothermic 

reduction. 
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