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ABSTRACT 

 

The development of nanoscale heterostructure photocatalysts for the effective, 

direct utilization of visible light (400-750 nm, ~44% of solar spectrum) to drive important 

chemical conversions is a prime research area in the field of photocatalysis. Particles at 

nanoscale dimensions have a large surface area-to-volume ratio, expose a high number of 

active surface sites, and exhibit unique electronic properties (different from bulk) that are 

beneficial for improving the overall catalytic activity. However, the advantages of size 

reduction are often overshadowed by the low optical absorption (as absorption power  

size3) and colloidal instability (extensive aggregation) of particles at the nanoscale. In this 

dissertation, we demonstrate a strategy to improve the colloidal stability and enhance the 

optical absorption of nano-sized semiconductor and metal nanoparticles (NPs) that exhibit 

weak visible light absorption. The colloidal, free-standing NPs are placed on transparent, 

dielectric silica nanospheres (SiOx NSs) that act as optical antenna supports, forming 

SiOx/NP composite nanostructures. The spherical morphology of SiOx enables scattering 

resonances (Fabry Perot or Whispering Gallery Modes) which enhances the local electric 

field on or near the surface of the NS. The NPs placed on the surface of SiOx NS interact 

with the locally enhanced electric field and exhibit improved optical absorption. By varying 

the size of the SiOx NS, the resonance wavelengths and the intensity of the local electric 

field enhancement can be tuned, offering the ability of such structures to effectively utilize 

a wide range of energies in the visible region. Composite nanostructures comprised of 

various classes of nanomaterials such as metal-doped semiconductor, plasmonic, and non-

plasmonic metal NPs were investigated to perform the desirable solar-to-chemical 

transformations.  
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First, we employed SiOx-loaded silver-doped silver chloride (SiOx/AgCl(Ag)) 

photocatalyst to investigate the role of metal-induced gap states in AgCl, a wide bandgap 

semiconductor. SiOx/AgCl(Ag) exhibit high catalytic performance and photostability after 

10 cycles of the probe reaction, methylene blue (MB) degradation under visible light 

irradiation. The results indicate that the visible light absorption due to metal-induced gap 

states can be further improved by employing the SiOx NSs as supports that act as optical 

nanoantenna. We then studied the influence of  NP size on the catalytic activity to 

understand the effect of size in promoting the generation and transfer of hot electrons to 

surface adsorbates. Our findings indicate that upon employing Ag NPs of different particle 

size (<10 nm and >10 nm) and normalizing for the optical absorption and moles of surface 

Ag atoms, the efficient generation and transfer of photoexcited hot electrons is favored in 

the small-sized Ag NPs (size <10 nm) than bigger Ag NPs. Next, we investigated the 

selective partial hydrogenation of nitroarene to N-aryl hydroxylamine using SiOx-loaded 

platinum (SiOx/Pt) photocatalysts. We found that change in the surface electronic structure 

of the small Pt NPs (size <5 nm) due to light illumination and surface modification (by 

adding suitable organic ligands), minimize the adsorption of the electron-rich 

hydroxylamine molecules and minimize their complete conversion to aniline, resulting in 

high N-hydroxylamine selectivity. Overall, our work shows that well-controlled composite 

nanostructures comprising of active catalyst loaded on dielectric SiOx NS supports that act 

as optical nanoantenna are a promising class of photocatalysts for driving photon-to-

chemical transformations with high activity and product selectivity.  
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1 

 

CHAPTER 1 

INTRODUCTION 

1.1. Preface 

This dissertation describes the strategies employed for developing nanostructured 

composite photocatalysts for the effective utilization of visible light to drive desirable 

chemical transformations. The low optical absorption (due to the particle size reduction to 

nanoscale) and colloidal instability (due to severe aggregation) results in the low catalytic 

performance of the active photocatalysts at the nanoscale. We demonstrate a strategy to 

synthesize composite nanostructures that exhibit enhanced optical absorption in the visible 

region (400-750 nm, comprises ~44% of the solar spectrum), improved the colloidal 

stability of the nanostructured photocatalysts by attaching them on catalytically inert silica 

supports with well-controlled spherical morphology and monodispersity. The silica 

nanospheres (SiOx NSs) enable dielectric scattering resonance which enhances the local 

electric field at the SiOx/NP interface and improves the optical absorption cross-section of 

the attached NPs. Various class of nanomaterials such as semiconductor, metal-doped 

semiconductor, plasmonic, and non-plasmonic metal NPs was investigated to perform the 

desirable solar-to-chemical transformations.  

 

1.2. Heterogeneous catalysis 

Catalysis is the acceleration of the rate of a chemical reaction in the presence of a 

catalyst that provides an alternate reaction pathway with low activation energy, without 

being consumed or altered during the reaction (Figure 1.1a).1 The two major classifications 

of catalysis depending on the type of catalysts employed are - homogeneous2,3 and  
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heterogeneous catalysis.4–6 In homogeneous catalysis, the catalyst is in the same physical 

state (gas or liquid) as the reactants and/or products which makes the process of 

separation/removal of the catalyst from the reaction mixture very challenging. 

Organometallic complexes of transition metals and biocatalysts such as enzymes are 

common examples of homogeneous catalysts.7 In heterogeneous catalysis, the chemical 

reaction typically occurs on the surface of a solid catalyst that can be easily separated from 

the liquid or gaseous reactants/products in the reaction system.8,9 The feasibility of catalyst 

separation and reusability makes heterogeneous catalysis suitable for various industrial 

processes such as fuel production, large scale chemical conversions for the synthesis of 

valuable chemicals, and pollution mitigation. Around 90% of all the high energy 

demanding chemical processes in industries use heterogeneous catalysts that utilize large 

amounts of thermal energy (derived predominantly from the combustion of fossil fuels) for 

catalyzing the chemical reaction.8 Heterogeneous catalytic reaction relies on a series of 

individual steps that are, (1) diffusion of the reactants from the bulk reaction mixture to the  

 

Figure 1. 1: (a) Energy diagram indicating the relative energies of reactants and the 

products along the reaction coordinate. (b) The individual elementary steps involved in a 

heterogeneous catalytic reaction.11 
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surface of the catalyst, (2) diffusion of reactants on the catalyst surface followed by their 

adsorption on active sites, (3) surface reactions resulting in the conversion of reactants to 

products via formation of various surface intermediates, (4) diffusion of products on the 

catalyst surface from the active sites followed by their desorption to the bulk10,11 (Figure 

1.1b). The reaction proceeds across the potential energy surface at the ground state where 

reactants gain vibrational energy by coupling with phonons (metal lattice vibrations).12,13 

A chemical reaction occurs when the adsorbates gain sufficient vibrational energy to 

overcome the high activation barrier to form products (Figure 1.2a).  

 

The reaction rate increases with increasing reaction temperature (exponential, 

follows the Arrhenius relationship14,15) due to the population of reactants at high energy 

vibrational levels (Figure 1.2b). The activity of the heterogeneous thermal catalyst depends 

on several factors such as active surface area (high for catalyst dimensions at nanoscale), 

reaction temperature, geometric and surface structure (arrangement of atoms at the active 

site), and surface defects. Common problems such as thermal instability, limited control 

Figure 1. 2: (a) Energy diagram of an exergonic reaction indicating the requirement of 

activation energy, Ea, to overcome the energy barrier. R* and P* represents reactants and 

product molecules at higher vibrational energy levels in the ground state, (b) The reaction 

rate dependence on reaction temperature that follows the Arrhenius relationship. 
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over product selectivity (as manipulating the energetics of a single specific elementary step 

is difficult), poisoning of active sites due to strong interactions of adsorbates or reaction 

intermediates with the catalyst surface at elevated temperatures, can result in the decreased 

overall activity of the heterogeneous thermal catalysts.9,10  

 

1.3. Fundamentals of heterogeneous photocatalysis 

Minimization or elimination of the thermal energy input required to accelerate the 

catalytic processes is crucial for addressing problems associated with the depletion of fossil 

fuel resources and carbon emissions.8,16,17 This has led to the development of an alternative, 

greener energy conversion strategy that employs suitable catalysts to directly utilize the 

abundantly available solar energy to catalyze chemical conversions of interest, a process 

known as heterogeneous photocatalysis.18,19 The current research focus in the field of 

heterogeneous photocatalysis is on the development of suitable photocatalysts that 

efficiently absorb visible light (comprises of ~44% of the solar spectrum) and promote the 

generation of high energy hot charge carriers (electrons and holes).20 In a heterogeneous 

photocatalytic reaction, the energized charge carriers are transferred to the surface 

adsorbates resulting in the activation/dissociation of specific chemical bonds of the surface 

adsorbates to aid the selective formation of the desired products. The fundamental 

processes involved in heterogeneous photocatalysis are similar to that of thermal catalysis, 

however, photoreaction utilizes hot charge carriers to accelerate the chemical reaction 

rather than phonons.21,22 In a heterogenous photocatalytic reaction, the reaction rate 

depends on light intensity (I), and such dependence is typically divided into 4 categories: 

sublinear (commonly observed in semiconductors), linear, superlinear (depending on the n 
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value of the power law, rate  In, where n<1, n=1 or n>1, respectively) and exponential 

(due to photothermal heating).23,24 This information is useful in understanding the ability 

of the photocatalyst to efficiently generate charge carriers that can be utilized by the surface 

adsorbates and whether the chemical reaction is driven by photo-generated charge carriers 

or by heat. A hot carrier driven chemical conversion typically exhibits a linear or super-

linear dependence of reaction rate on light intensity. The hot carrier generation and 

utilization to drive desired chemical reactions employing various classes of visible light 

absorbers such as semiconductors and plasmonic/non-plasmonic metal nanoparticles are 

discussed below.  

 

1.3.1. Semiconductor nanoparticles as photocatalysts 

Excitons (electron-hole pairs) are generated in a semiconductor photocatalyst upon 

photoillumination, when the energy of the incident photon is higher than the energy of the 

bandgap (i.e., Ephoton  Eg).
25–27 The electrons in the conduction band (CB) and holes in the 

valence band (VB) can either recombine (detrimental for the catalytic activity) or migrate 

to the catalyst surface to drive the redox reactions (Figure 1.3).  

Figure 1. 3: A schematic depiction illustrating the hot carrier generation in semiconductor 

photocatalysts (a), followed by their migration to the surface (b) and (c) for driving redox 

reactions. (d) shows the process of exciton recombination which competes with the 

processes of utilizing the charge carriers to drive chemical reactions. 
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Several factors are crucial in selecting a suitable semiconductor photocatalyst for driving 

a chemical reaction which includes, (1) enhanced visible light absorption (400-750 nm), 

(2) high photostability (no photo-corrosion) and reusability, (3) prolonged exciton lifetime 

(low rate of exciton recombination), (4) inert to various biological and chemical 

environments, (5) inexpensive and non-toxic, and (6) appropriate alignment of CB (VB) 

with the unpopulated (populated) orbitals in the surface adsorbates to drive redox 

reactions.27 Therefore, the availability of suitable semiconductors to drive specific 

chemical reactions are very limited.  Few wide bandgap semiconductors, for example, TiO2 

with Eg > 3 eV, typically satisfy most of the above criteria but exhibit very weak visible 

light absorption. However, the visible light absorption in wide-bandgap semiconductors 

can be improved by inducing electronic band structure modifications by adopting suitable 

approaches such as doping with suitable transition metal ion, metals/non-metals, co-doping 

metals with non-metals, dye sensitization, or by the formation of 

heterojunctions/heterostructures.26  

 

1.3.2. Metal nanoparticles as photocatalysts 

 Noble metals such as gold and silver nanoparticles (Au and Ag NPs) exhibit strong 

visible light absorption due to the phenomenon of localized surface plasmon resonance 

(LSPR).23,28 LSPR is the coherent oscillation of the surface conduction electrons in the 

metal nanoparticles that occurs upon photoillumination when the size of the metal NP is 

much smaller than the wavelength of the incident photon. LSPR is sensitive to the 

composition, size, shape, and dielectric environment and can be tuned to effectively absorb 

a wide range of the visible spectrum (400-750 nm).29 The non-radiative LSPR decay results 
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in the generation of primary excited carriers (excitation of electrons at/above the Fermi 

level (Ef) leaving the corresponding holes at/below Ef). The interaction of primary excited 

electrons with other electrons via inelastic scattering generates a distribution of electrons 

above the Fermi level comprised of low energy Drude electrons (in energy levels between 

Ef and Ef +0.5 eV) and high energy hot electrons (at energy levels higher than Ef +0.5 eV) 

with the photogenerated holes present below Ef  (Figure 1.4).30  

 

The high energy hot electrons can scatter off from the NP (inelastic scattering from the 

metal surface) into the unpopulated antibonding orbitals of the adsorbate reactants and 

facilitate hot-electron-driven chemical reaction.23 Similarly, the transfer of hot holes to the 

populated (filled) orbitals of adsorbates can facilitate hot-hole-driven chemical conversion. 

The overall photon-to-chemical conversion efficiency () of a photocatalyst depends on 

quantum efficiencies of three crucial steps: (1) the number of hot carriers generated to the 

number of absorbed photons (1), (2) the number of adsorbate reactant molecules 

effectively activated by the hot carriers to the total number of available hot carriers (2), 

and (3) activated reactants that undergo product formation to the total number of available 

Figure 1. 4: Photillumination of a plasmonic metal NP excites LSPR. One of the non-

radiative decay pathways results in the distribution of electrons with high energy (hot 

electrons) and low energy (Drude or warm electrons) in the metal NP. Adapted from ref 

30. Copyright 2017 American Chemical Society. 
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activated reactant molecules (3).
31 A common scenario in plasmon-mediated 

photocatalysis the injection of hot electrons into the antibonding orbital of the surface 

adsorbates resulting in the formation of negatively charged transient intermediates (NCTI). 

The NTCI moves along the excited state potential energy surface (PES) and relaxes back 

to a higher vibrational energy level in the ground state (decreases the activation barrier, Ea) 

or directly forms a product depending on the position of the valley in the excited state PES 

(Figure 1.5).32 

 

After exchanging the gained energy with other electrons in NCTI, the high energy hot 

electrons become warm/cool electrons (with low energies) and flow back to the metal NP. 

In such cases, the hot electrons merely act as mediators that enable the transfer of energy 

Figure 1. 5: Energy diagrams of exergonic reactions (black curves in (a) and (b)) indicating 

the requirement of activation energy, Ea, to overcome the energy barrier. Depending on the 

position of the valley of the potential energy surface of negatively charged transient 

intermediates (NCTI), the relaxation of NCTI  results in (a) the population of reactants at 

high energy vibrational levels in the ground state (R*) which decreases the Ea required to 

overcome the reaction barrier to Ea*, or (b) the direct formation of products. P* represents 

products at high vibration energy levels in the ground state. 
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from absorbed photons to the surface adsorbates and are not consumed during the reaction 

as commonly observed in semiconductor photocatalysis.  

Although plasmonic metals such as Au and Ag exhibit strong confinement of 

visible light within small volumes of the nanoparticle, show improved optical absorption 

cross-section and high hot carrier generation efficiency, they are typically not suitable for 

driving a wide range of chemical reactions.31,33,34 Therefore, the use of platinum group 

metals (PGMs) such as Pt, Pd, and Rh, as efficient visible light photocatalysts have been 

investigated recently. Although PGMs are commonly employed thermal catalysts in 

several industrial processes, they are non-plasmonic in the visible region and display weak 

optical absorption cross-section.35,36 The strategies reported in the literature such as, 

loading Pt on plasmonic or semiconductor photocatalysts, and anchoring Pt on plasmonic 

and/or dielectric antenna supports have successfully demonstrated the use of PGMs for 

driving several important chemical reactions by effectively utilizing the visible light.  

 

1.4. Colloidal, free-standing nanoscale photocatalysts  

 The size reduction of bulk materials to nanoscale significantly alters their 

physicochemical properties. The unique surface effects and quantum size effects arising 

from the particle size reduction to nanoscale dimensions (typically 1-100 nm) strongly 

influences the role of nanostructured materials as photocatalysts.37,38 For example, the 

increase in the surface-to-volume ratio of the catalysts at nanoscale exposes more active 

surface sites (more surface adsorbed reactants) which results in the high rates of the 

chemical reaction. In semiconductors, the quantum size effect realized at specific 

dimensions can be beneficial to achieve improved charge carrier separation or appropriate 
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band alignment to drive specific photoreactions.39 In metals, size reduction to nanoscale 

benefits from the strong light-matter interactions and effective confinement of light in the 

small volumes which enable LSPR in the visible region (depending on the size, shape, 

material/composition, and dielectric environment).29 Such strong coupling of light with the 

metal NPs can subsequently result in the high efficiency of the quantum processes of high 

energy hot electron generation and their subsequent transfer to surface adsorbates to 

activate/break specific chemical bonds.  

 However, the advantages of size reduction are overshadowed by the disadvantages 

of colloidal instability (intensive aggregation) and low optical absorption.31 The loss of 

surface ligands during the photocatalytic reaction leads to quick aggregation of dispersed, 

free-standing nano-catalysts resulting in the loss of their structure, composition (photo-

corrosion in semiconductors), and the available active sites, resulting in the decreased 

photocatalytic activity, and colloidal instability. Furthermore, the weak optical absorption 

power exhibited by the catalyst at the nanoscale results in the reduced utilization of the 

incident photons and decreases the overall performance of the catalyst. 

 

1.5. Composite nanostructures as efficient visible-light photocatalysts  

The problems associated with the colloidal, free-standing semiconductor or metal 

nano-catalysts can be surmounted upon employing composite nanostructures that are 

obtained by placing the free-standing NPs on optical nanoantenna supports.33,34,40–42 

Nanostructure antenna supports facilitate the effective modulation of incident light that 

enhances the local electric field on or near the surface of the support. When the nano-

catalysts with weak optical absorption are placed on the nanoantenna supports (size of the 
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loaded NP catalyst much smaller than the nanoantenna), they experience an enhanced local 

electric field. The interaction with a strong electric field increases the optical absorption 

power of the loaded NPs. Several reports have shown the use of plasmonic nanostructures 

as optical antenna supports for improving the optical absorption of the loaded non-

plasmonic noble metal NPs (such as Pt, Pd) to drive important catalytic conversions, for 

example, CO oxidation42 and selective reduction of acetylene to ethylene.33 However, this 

strategy requires a separation layer (spacer) between the nanoantenna and the loaded NPs 

with carefully controlled spacer thickness to allow the NPs to experience the generated 

maximum local electric field and inhibit the direct charge transfer from the NP to the 

plasmonic nanoantenna. Moreover, the ability of the plasmonic nanoantenna supports to 

amplify the local electric field relies on the LSPR excitation upon photoillumination. The 

optical enhancement at the LSPR frequency covers only a narrow region of the solar 

spectrum for a specific type of antenna nanostructures, therefore, broadband optical 

absorption cannot be facilitated in the loaded NPs. Furthermore, a portion of the light 

absorbed to generate enhanced local electric field decays to heat which cannot be utilized 

by the loaded NPs to generate hot charge carriers. These problems associated with using 

plasmonic nanoantenna support can be overcome by utilizing dielectric nanoantenna 

supports.31 In such composite nanostructures, the metal NPs can be directly placed on the 

dielectric antenna which does not facilitate charge transfer from the metal to the antenna 

support. This strategy avoids the requirement of spacers and allows the loaded NPs to 

directly interact with the strong local electric field. Recently, researchers have reported the 

use of silica or titania (SiO2 or TiO2) dielectric nanoantenna will well-controlled spherical 

morphology that enables dielectric scattering resonances (for example, Fabry-Perot or 



12 

 

Whispering Gallery mode) resulting in the enhanced local electric field on/near the surface 

of the NS supports43–45 (Figure 1.6).  

 

 

Figure 1. 6: The plots of local field enhancement (|E|/|E0|) showing the (a) Fabry–Perot 

resonance in a dielectric nanosphere of size 270 nm decorated with 2 nm Pt NPs upon 

excitation (λ = 397 nm), and (b) the whispering gallery mode resonances in a dielectric 

nanosphere of size 685 nm decorated with 2 nm Pt NPs (λ = 493 nm). Adapted from ref 

44. Copyright 2017 American Chemical Society. 

Figure 1. 7: (a) Schematic illustrating indicating the different geometries of SiOx: 

nanospheres (SiOx NS), truncated SiOx nanospheres (t-SiOx NS), and ellipsoidal SiOx 

nanoparticles (e-SiOx NPs) from left to right, (b) DRS spectra showing the absorption of 

the bare silica nanoparticles (SiOx NSs, t-SiOx NSs and e-SiOx NPs), and the respective 

SiOx/Pt heterostructures with 1 wt.% Pt loading, indicating improved optical absorption 

promoted by resonant scattering of light by SiOx NSs.46 
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The spherical morphology of support plays a major role in modulating incident light 

and promoting scattering-mediated absorption in the loaded NPs which is not observed in 

SiOx supports with other morphologies46 (Figure 1.7). Varying the size of the dielectric NS 

can allow tuning of the resonance wavelength and result in the local electric field 

enhancement of 103-105.47 The optical transparency and colloidal stability of the dielectric 

nanoantenna make them suitable supports to load semiconductor or metal NPs, resulting in 

the formation of composite nanostructures that can act as effective photocatalysts. 

   

1.6. Scope of Work 

This dissertation aims to address the problems associated with colloidal dispersed, 

free-standing nanostructured photocatalysts, for example, colloidal instability and weak 

visible light absorption which results in their low catalytic performance towards driving 

desirable chemical reactions. We employ silica nanospheres (SiOx NSs) with well-

controlled morphology as dielectric antenna supports to improve both colloidal stability 

and visible light absorption of the attached nanostructured semiconductor or metal NPs. 

The generation and utilization of photoexcited hot charge carriers towards accelerating the 

reaction rate and promoting product selectivity is studied employing various classes of 

visible light absorbers by carefully investigating the appropriate model reactions. 

In Chapter 2, experimental and theoretical methods are described. The synthetic 

protocols are discussed for obtaining silver chloride nanocubes (AgCl NCs), silver-doped 

silver chloride nanocubes (AgCl(Ag) NCs) with edge lengths of 60 nm, different-sized Ag 

NPs (with average particle sizes of 6 and 13 nm), and small-sized Pt NPs (average particle 

size of 3.2 nm). The characterization techniques and the details on the analysis of 
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morphology, size, elemental composition, surface charge, and optical absorption properties 

of the free-standing NPs are discussed. The details on sampling, testing procedures along 

with the specific column parameters for the gas chromatographic analysis of liquid and gas 

samples are specified. 

In Chapter 3, we show the influence of SiOx NSs in promoting the visible light 

absorption of AgCl(Ag) NCs. AgCl is a wide bandgap semiconductor with a direct bandgap 

of 5.13 eV and indirect bandgaps of 3.28 eV, with minimum optical absorption in the 

visible region. Doping AgCl NCs with metals such as Ag incorporate metal-induced gap 

states within the conduction and valence band of AgCl which promotes visible light 

absorption. The AgCl(Ag) NCs exhibit broadband optical absorption in the visible region, 

which was further improved by attaching the NCs on SiOx NSs that enable dielectric optical 

resonances in the visible region. SiOx/AgCl(Ag) heterostructures result in the efficient 

generation of the hot carriers, that are utilized towards driving a probe reaction- methylene 

blue (MB) degradation. MB oxidation is facilitated by the superoxide radicals (O2
•‒) 

formed due to the transfer of a photoexcited hot-electron to 2* antibonding orbitals of the 

surface-adsorbed O2 molecules. Additionally, the high potential of the photogenerated 

holes results in the direct oxidation of MB, resulting in the higher catalytic performance of 

the catalyst.  

In Chapter 4, we show the dependence of particle size on the efficient generation and 

utilization of hot carriers to drive a probe reaction, MB degradation. Two different-sized 

plasmonic silver (Ag) NPs with high monodispersity were synthesized by carefully 

controlling the reaction condition. The activity of the free-standing Ag NPs and those 

loaded on SiOx NSs (SiOx/Ag heterostructures) was determined upon normalizing the 
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optical absorption and the available moles of surface atoms. The observed high calculated 

turnover frequency (TOF) for the SiOx/Ag (~10 times high) compared to the free-standing 

NPs indicate the high colloidal stability of supported Ag NPs. Similarly, the observed 

increase in the TOF of SiOx/Ag-6 (~ 6 times high) compared to SiOx/Ag-13 indicates the 

efficient generation and transfer of photoexcited hot electrons in the quantum-sized Ag 

NPs (Ag size <10 nm) than bigger Ag NPs.  

In Chapter 5, we show the feasibility to promote the generation of photoexcited hot 

carriers in platinum (Pt) NPs, a commonly employed thermal catalyst, that typically 

exhibits low visible light absorption. Free-standing Pt NPs are non-plasmonic, with no 

strong optical absorption peaks in the visible region. However, Pt NPs loaded on SiOx NSs 

(SiOx/Pt heterostructures) display broadband visible light absorption which is promoted 

by the local electric field enhancement at the SiOx/Pt interface due to the dielectric 

scattering resonances enabled in the SiOx NSs. The hot carriers in Pt NPs were utilized to 

drive selective partial hydrogenation reaction, using nitrobenzene (Ph-NO2) reduction to 

phenylhydroxylamine (Ph-NHOH) as the model reaction. Results indicate that the hot 

electrons result in the activation of surface adsorbed Ph-NO2 and its derivative species (by 

breaking the N-O bonds) to facilitate high reaction rates for Ph-NO2 conversion under 

photoillumination. Additionally, the accumulation of hot electrons on the surface of Pt 

atoms induces electronic structure modification which improves the selective formation of 

Ph-NHOH (>60% selectivity in light vs <10% in dark) by minimizing its complete 

hydrogenation to aniline. It was found that in the presence of the surface adsorbed organic 

modifier, triethanolamine, electronic structure changes induced due to both 
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photoillumination and surface modification act synergistically, resulting in the high 

(~90%) Ph-NHOH selectivity.  

Overall, this dissertation discusses an interesting strategy to improve the visible light 

absorption of nanostructured photocatalysts that exhibit weak optical absorption in the 

visible region to drive chemical transformations by effectively utilizing solar energy. 
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CHAPTER 2 

SYNTHESIS, CHARACTERIZATION OF SILICA NANOSPHERES AND FREE-

STANDING, CATALYTIC ACTIVE NANOPARTICLES 

(Note: Content adapted from the publications “Rasamani, K. D., Foley IV, J. J. and Sun, 

Y., One Stone, Two Birds: Silica Nanospheres Significantly Increase Photocatalytic 

Activity and Colloidal Stability of Photocatalysts, Nano Futures 2018, 2, 015003”, 

“Rasamani, K. D. and Sun, Y., Promoting Reactivity of Photoexcited Hot Electrons in 

Small-sized Plasmonic Metal Nanoparticles that are Supported on Dielectric Nanospheres, 

The Journal of Chemical Physics 2020, 152, 084706”, “Dai, X., Rasamani, K. D., Hall, G. 

Makrypodi, R. and Sun, Y., Geometric symmetry of dielectric antenna influencing light 

absorption in quantum-sized metal nanocrystals: A comparative study, Frontiers in 

chemistry  2018, 6, 494” and “Rasamani, K.D., Foley, J. J., Beidelman, B. and Sun, Y., 

Enhanced optical absorption in semiconductor nanoparticles enabled by nearfield dielectric 

scattering,  Nano Research, 2017, 10, 1292-1301” with permission.) 

 

2.1. Material Synthesis 

2.1.1. Synthesis of silica nanospheres (SiOx NSs) of various particle size 

 Dielectric SiOx NSs with uniform spherical morphology and narrow size 

distribution were synthesized using a modified Stӧber method.1,2 SiOx NSs with a mean 

diameter of 285 nm were synthesized through a modified Stöber sol-gel method reported 

previously.3,4 Briefly, 1.7 ml of tetraethyl orthosilicate (TEOS, 98%, Acros Organics) was 

added dropwise to a mixture containing 18.12 ml of ethanol (190 proof, Pharmco-Aaper), 
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3.21 ml of deionized water, and 1.96 ml of ammonium hydroxide (Fisher Scientific). The 

solution was continuously stirred at 600 revolutions per minute (rpm) for 2 h at room 

temperature, leading to controlled hydrolysis of the TEOS and the formation of SiOx NSs.5 

For the synthesis of 400 nm SiOx NSs, 3.4  ml of TEOA was added dropwise to a solution 

containing 18.12 ml of ethanol, 1.96 ml of ammonium hydroxide, and 3.21 ml of DI water, 

while magnetic stirring was maintained at 600 revolutions per minute (rpm) for 2 h. The 

obtained colloidal SiOx NSs were washed with ethanol several times, collected by 

centrifugation at 6000 rpm, and dried at 60 C for 4 h.6  

 

2.1.2. Synthesis of (3-amino propyl) triethoxysilane-modified SiOx NSs  

The synthesized SiOx nanoparticles were functionalized with (3-aminopropyl) 

triethoxysilane (APTES, 98%, Acros Organics) to introduce positively charged surfaces by 

employing the procedure described in a previous report.4 In brief, 1 ml of APTES was 

added to a 100 ml ethanol dispersion of 0.2 g SiOx NSs maintained at 60 °C under constant 

stirring at 800 rpm for 6 h, leading to the conjugation of APTES to the surface of the silica 

nanoparticles. The APTES-functionalized SiOx (APTES-SiOx) NSs were washed multiple 

times with ethanol to remove excessive APTES, re-dispersed in 100 ml deionized water, 

and stored in the dark at room temperature for further use. 

 

2.1.3. Synthesis of silver-doped silver chloride nanocubes [AgCl(Ag) NCs] 

 AgCl NCs with a mean edge length of 60 nm were synthesized using the procedure 

reported in our previous work with appropriate modifications.7,8 In a typical synthesis, 0.35 
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mmol of NaCl (Fisher Scientific) and 2.5 g of poly (vinylpyrrolidone) (PVP, molecular 

weight ∼55 000, Sigma Aldrich) were dissolved in 12 ml ethylene glycol (Fisher Scientific) 

at a temperature of 60 °C with magnetic stirring of 1100 rpm under an N2 atmosphere. 

After the complete dissolution of the PVP, the stir rate was maintained at 800 rpm and the 

temperature was kept at 60 °C. To this solution, 1 ml of freshly prepared AgNO3 solution 

(0.34 M in ethylene glycol, Acros Organics) was injected rapidly. The reaction mixture 

was stirred at 800 rpm for an additional 20 min in the dark. The as-synthesized, pristine 

AgCl NCs were washed several times with ethanol to remove ethylene glycol and excess 

PVP and were then re-dispersed in ethanol. The ethanol dispersion of AgCl NCs was 

illuminated with a lamp (350-750 nm, xenon light source, 100 W MAX-330, Asahi Spectra, 

Japan) at an intensity of 4 mW∙cm−2 for 2 h to partially convert AgCl to metallic Ag through 

the photoreduction of AgCl. The resulting composite AgCl(Ag) NCs were washed and re-

dispersed in water and the stock dispersion was stored in the dark for further use. 

 

2.1.4. Synthesis of silver nanoparticles (Ag NPs) of different particle size 

 Ag NPs of two sizes, i.e., 6 nm and 13 nm in diameter, were synthesized by 

employing appropriate modification of the procedure reported in the literature.9 The 

reduction of silver nitrate (AgNO3) aqueous solutions was carried out by adding different 

amounts of sodium borohydride (NaBH4, Sigma Aldrich) at varied reaction conditions. In 

the synthesis of the Ag NPs with a diameter of 13 nm, 1 ml of 30 mM NaBH4 aqueous 

solution (kept at 4 C in an ice-water bath) was added to a solution mixture, i.e., 25 ml of 

0.25 mM AgNO3 (99.5%, Acros Organics) and 1 ml of 30 mM trisodium citrate solution 

(99%, Alfa Aesar), in a 50 ml-flask under vigorous stirring at 1000 rpm. The stirring and 
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room temperature (20 C) were maintained for 30 min to complete the synthesis. The 

resulting dispersion of Ag NPs was stored in a refrigerator for further use. A similar 

synthetic procedure was adopted for the synthesis of 6 nm Ag NPs with more NaBH4 at a 

lower temperature. Briefly, 1.5 ml of 30 mM NaBH4 aqueous solution was added to the 

same mixture solution containing AgNO3 and trisodium citrate, while the reaction 

temperature was maintained at 4 C. The concentration of NaBH4 was kept 4 times higher 

than that of AgNO3 in the synthesis solutions to maximize the conversion of Ag+ ions to 

metallic Ag NPs. 

 

2.1.5. Synthesis of small-sized platinum nanoparticles (Pt NPs) 

 Colloidal Pt nanocrystals were synthesized through the reduction of 

hexachloroplatinate anions in an aqueous solution at ambient conditions.4 In a typical 

synthesis, 26 mL of an aqueous solution of trisodium citrate was added to 50 mL of an 

aqueous solution of hexachloroplatinic acid hexahydrate (0.4 mM, Acros Organics) while 

the solution was stirred at 800 rpm. To this solution was added 5 mL of an aqueous solution 

of 4 mM NaBH4 slowly, triggering the reduction of hexachloroplatinate anions to 

immediately turn the solution from yellow to brown. The reaction lasted 2 h under 

continuous stirring, forming a black dispersion containing Pt NPs. 

 

2.2. Material characterization techniques 

2.2.1. Determination of nanoparticle morphology 

Morphology of the SiOx, AgCl(Ag) and silica-supported AgCl(Ag) nanoparticles  
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were analyzed by the image acquired from the FEI quanta 450 FEG scanning electron 

microscope (SEM) operating under a high vacuum and an acceleration voltage of 20 kV. 

Samples for SEM imaging were prepared by drop-casting the nanoparticle dispersion that 

is washed and re-dispersed in ethanol, on a 1 cm × 1 cm Si wafer, and drying in the air for 

3 h. Transmission electron microscopy (TEM) images of as-synthesized Ag and Pt NPs 

and the silica-supported heterostructures of the respective metal NPs were recorded on a 

microscope (JEOL JEM-1400) operated at 200 kV. TEM samples were prepared by drop-

casting the as-synthesized nanoparticle dispersion of Ag, Pt NPs, or the respective silica-

supported metal heterostructures (washed and res-dispersed in DI) on 50 mesh, 3.0mm 

O.D., copper grid followed by air drying for 8 h. 

 

2.2.2. Analysis of elemental composition and surface charge 

The quantitative elemental composition of AgCl and AgCl(Ag) (before and after 

photocatalytic reaction) were obtained using energy-dispersive X-ray spectroscopy (EDS) 

equipped with X-MaxN 50 detector (Oxford Instruments) mounted in the SEM chamber. 

Samples for EDS analysis were prepared by drop-casting the ethanolic dispersion of the 

washed nanoparticles on a 1 cm × 1 cm Si wafer and drying in the air for 3 h. 

  The percentage of Ag+ ions reduced to Ag0 was determined using inductively 

coupled plasma (ICP) atomic emission spectrometer (AES). Aqueous standard solutions of 

Ag+ ions of concentrations 2.5, 5, 10, 20, 50, 100, 200, and 300 uM were prepared by 

diluting the aqueous AgNO3 stock solution with an appropriate volume of DI containing 

HNO3. The total volume of standard solutions was kept at 10 ml and the final concentration 
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of acid was maintained at 0.5 M. The initial samples were taken before the start of the 

reaction and final samples were obtained after NaBH4 reduction after centrifuging the 

synthesized Ag NPs from the solution using Amicon Ultra-15 ml centrifuge tubes 

employed with regenerated cellulose vertical membranes at 6000 rpm. The obtained clear 

solution was filtered and concentrated HNO3 was added to maintain the acid concentration 

at 0.5 M. 

The surface charge of the synthesized colloidal nanoparticles was estimated by 

measuring the zeta potential of the nanoparticle dispersion by employing the Malvern 

Zetasizer-particle size analyzer. Samples for zeta potential analysis were prepared by 

mixing 50-100 L of respective as-synthesized or washed/re-dispersed aqueous colloidal 

nanoparticles with DI. The total volume of the dispersion was kept at 2 mL. 

 

2.2.3. Determination of optical absorption of the synthesized colloidal nanoparticles 

 The extinction spectra of the aqueous dispersion of SiOx NSs were obtained using 

a UV-Vis spectrophotometer (Thermo Scientific Evolution 220) using the regular 

photodetector set-up. The diffuse reflectance spectra for the aqueous dispersion of the as-

synthesized colloidal nanoparticles were obtained using the integration sphere set-up in the 

same spectrophotometer. The samples for DRS measurements were prepared by diluting 

the aqueous/ethanolic stock dispersion of the colloidal nanoparticles with the respective 

matrix solvent. The measurements were taken after using the respective sample matrix as 

a baseline. Quartz cuvette was employed for the measurements with sample volume kept 

at 2.5 mL. For the adsorption kinetics experiments in Chapter 5, the calibration curve for 
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the optical absorption of nitrobenzene and phenylhydroxylamine were obtained and 

utilized for the time-dependent analysis of the concentration of the reactants in the solution.   

 

2.2.4. Gas chromatography: liquid product analysis 

 Liquid phase reactants including nitrobenzene, and other substituted nitroarenes 

and their respective hydrogenation products-aryl hydroxylamines and aryl anilines (chapter 

5) were all measured and quantified by injecting 1 uL of the standard/reaction sample in 

the gas chromatography system (GC, Agilent 7820A) equipped with an HP−5 column 

connected to a flame ionization detector (FID, front detector). The FID method parameters 

are as follows: Inlet temperature- 250 C; column flow velocity-85 cm/s; oven parameters- 

initial at 50 C held for 2 min and ramped to 250 C with no hold time at a rate of 50 

C/min; detector temperature- 280 C.  
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2.3. Characterization of as-synthesized colloidal nanoparticles 

2.3.1. SiOx NSs: size, monodispersity, and optical absorption 

 SEM images indicate well-defined spherical geometry of the SiOx obtained from 

the modified Stӧber process and high monodispersity of the NSs of two different sizes 

(Figure 2.1a and b). The statistical analysis of the SiOx NSs in the SEM images results in 

average particle size of 285 nm and 400 nm with a standard deviation of 11% and 9%, 

respectively (Figure 2.1c and d).  

 

 

 

 

Figure 2. 1: SEM images and the respective size histograms of (a, b) 285 nm and (c, d) 400 

nm of SiOx NSs. 
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The as-synthesized SiOx NSs display negative surface charges of -53.1 ± 3.4 mV and -43.5 

± 7.1 mV. The negatively charged surfaces of the as-synthesized SiOx NSs are converted 

to positively charged surfaces after APTES molecules are linked to the SiOx surface to 

expose the end amine groups to the surroundings to facilitate the loading of negatively 

charged PVP-capped AgCl(Ag) or citrate-capped Ag, Pt NPs. The APTES-functionalized 

SiOx NSs exhibit zeta potential values of 20 ± 6.3 mV and 20.9 ±6.2 for 285 and 400 nm 

SiOx NSs, respectively. Regardless of particle size, the aqueous dispersion of SiOx NSs 

displays a broad peak-less extinction spectrum, with the larger NSs exhibiting stronger 

extinction than the smaller NSs when a regular photodetector set up was employed for the 

optical measurements (Figure 2.2a). However, upon employing the integration sphere 

setup the corresponding DRS, which excluded the contribution of scattering and was only 

sensitive to the absorption of the dispersed SiO2 NSs, showed negligible absorption signals 

(Figure 2.2b). The differences in the extinction spectra and the DRS spectra highlight that 

the SiOx NSs larger than 200 nm essentially do not absorb photons and only scattered light. 
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Figure 2. 2: (a) UV–Vis extinction spectra (including both absorption and scattering) of 

dispersions of SiOx NSs with an average diameter of 285 nm (red curve), SiOx NSs with 

an average diameter of 400 nm (blue curve); (b) DRS (including only absorption) of 

dispersions of SiOx NSs with an average diameter of 285 nm (red curve), SiOx NSs with 

an average diameter of 400 nm (blue curve). The measurements were performed with a 

spectrophotometer equipped with an integrating sphere. In comparison with the extinction 

spectra shown in Figure 2.2a, it is clear that SiOx NSs do not show apparent absorption in 

the spectral range studied regardless of their particle size, indicating the SiOx NSs mainly 

scatter incident light.  
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2.3.2. Morphology, composition, and optical absorption of AgCl and AgCl(Ag) nanocubes 

 Silver chloride nanocubes (AgCl NCs) were synthesized through a precipitation 

reaction between Ag+ and Cl− ions in viscous ethylene glycol in the presence of PVP at 

60 °C, due to the low solubility of AgCl (Ksp = 1.77 × 10−10 mol2 ·L−2 in the water at 25 

°C)10,11. PVP served as a surfactant to stabilize the as-grown AgCl NCs in the reaction 

solution. Rapid injection of AgNO3 solution triggered the fast nucleation of AgCl, 

leading to the formation of a high concentration of AgCl nuclei and thus AgCl NCs with 

small sizes: an average edge length of 60 nm and narrow size distribution of ±4.8% 

(Figure 2.3a and b).  

 

The PVP-stabilized AgCl NCs exhibited a negatively charged surface with a zeta 

potential of −31.2 ± 8.8 mV when dispersed in water. Energy-dispersive X-ray (EDX) 

spectroscopy of the AgCl NCs revealed a 1:1 atomic ratio between the Ag and Cl (Figure 

2.4). 

Figure 2. 3: (a) SEM image of AgCl NCs and, (b) the corresponding histogram of particle 

size distribution.  
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The AgCl NCs display absorption peak in the UV region (~260 nm) with no significant 

absorption bands in the visible region (Figure 2.5a, black line, 0 min). However, 

irradiating an ethanol dispersion of the AgCl NCs with a xenon light source (wavelength 

of 350-750 nm) at an intensity of 4 mW∙cm–2 for 180 min led to the partial conversion of 

AgCl to Ag0 (Figure 2.5a, royal blue line, 180 min), forming composite AgCl(Ag) NCs 

(Figure 2.5b). The dispersion of AgCl(Ag) NCs exhibits a broad optical absorption peak 

in the range of 400–550 nm and a strong absorption peak at 260 nm (Figure 2.5a). The 

strong UV absorption peak corresponds to the direct bandgap of AgCl, while the 

broadband absorption in the visible region is attributed to the presence of Ag0 in AgCl. 

The doped Ag0 atoms provide additional energy states that fall between the conduction 

band and valence band of AgCl, enabling electronic transitions with lower energies (i.e., 

smaller than the bandgap of AgCl). This effect leads to an increase in optical absorption 

of the AgCl(Ag) NCs in the visible region and thus improves their photocatalytic 

activity.12,13 

Figure 2. 4: EDX spectrum of the as-synthesized AgCl NCs. Analysis of the EDX spectrum 

shows the atomic ratio of Ag to Cl in the AgCl NC is close to 1:1, the chemical 

stoichiometry of AgCl. 
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SEM images of the AgCl(Ag) NCs clearly show that the cubic morphology was 

maintained during irradiation (Figure 2.6a). The AgCl(Ag) NCs dispersed in water still 

exhibited an average particle edge length of 60 nm and a negative surface charge 

with a zeta potential of −13.3 ± 6.7 mV (Figure 2.6b). EDX spectroscopic 

characterization indicated the conversion of 16% AgCl to Ag0 (Figure 2.7). 

 

Figure 2. 5: (a) Optical absorption spectra indicating the conversion of AgCl NCs (0 min) 

to AgCl(Ag) NCs (180 min) upon photoillumination of the ethanolic dispersion of AgCl 

NCs at various irradiation times; (b) The photographs of the ethanolic dispersions of AgCl 

NCs and the AgCl(Ag) NCs indicating the change in color of the dispersion. 
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Figure 2. 6: EDX spectrum of AgCl(Ag) indicating the atomic ratio of Ag to Cl of 

54.6:45.4, which is higher than the ideal stoichiometric ratio of 1:1 in AgCl. Such an 

increase in the concentration of Ag indicates that illuminating the AgCl NCs leads it 

conversion to metallic Ag. 

Figure 2. 7: (a) SEM image of AgCl(Ag) NCs. Inset indicates the cubic morphology of the 

NCs which remain same as the parent AgCl NCs; (b) Size distribution histogram of the 

AgCl(Ag) NCs. 
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2.3.3. Particle size, percentage of Ag+ reduction, and optical absorption of Ag NPs 

 The as-synthesized Ag NPs of both sizes 6 and 13 nm are stabilized with citrate 

ions and exhibit negatively charged surfaces. For example, the Ag NPs with particle sizes 

of 6.0 ± 1.0 nm [Ag-6 NPs, Figure 2.8a and 2.8b] and 13.0 ± 1.8 nm [Ag-13 NPs, Figure 

2.8c and 2.8d] exhibit zeta potentials of −16.7 ± 3.9 mV and −23.5 ± 4.4 mV, respectively. 

The concentration of Ag NPs (i.e., the number of particles/mL) in the synthesis solution is 

determined from the total amount of Ag+ added to the synthesis solution, Ag+ remaining 

after the reduction process, and the respective size of the synthesized Ag NPs (Table 2.1). 

 

 

Figure 2. 8: TEM images and the corresponding size distribution histograms of as-

synthesized free-standing (a, b) Ag-6 NPs and, (c, d) Ag-13 NPs. 
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Table 2. 1: Concentrations of silver species in the synthesis solutions of producing the 

colloidal silver nanoparticles. The concentrations of unreacted Ag+ in the final solutions 

were analyzed by the inductively coupled plasma-optical emission spectroscopy after the 

Ag nanoparticles were completely removed through centrifugation. 

 

 

The optical absorption spectrum of the free-standing Ag-6 NPs and Ag-13 NPs shows the 

LSPR peaks centered at 392 nm and 397 nm respectively, which is consistent with the size-

dependent LSPR band of spherical Ag NPs, i.e., the LSPR peak shifts to the longer 

wavelength (redshift) with an increase of the NP size9,14 (Figure 2.9). 

Particle 

size 

(nm) 

Initial Ag
+

 

conc (uM) 

Final Ag+ 

conc (M) 
Ag

+

 

reduction 

(%) 

Calculated particle 

concentration 

(particles/mL) 

13 235.6 6.7 97.2  1.33  10
12

 

6 222.6 18.3 91.8  1.86  10
13

 

Figure 2. 9: Optical absorption spectrum of the aqueous dispersions of the as synthesized 

free-standing Ag-6 NPs (red curve) and Ag-13 NPs (blue curve). 



39 

 

2.3.4. Size and optical absorption of Pt NPs 

 An aqueous dispersion of well-dispersed Pt NPs with an average size of 3.2 1.1 

nm as shown in the TEM image and the corresponding size histogram (Figure 2.10a and 

b).  

 

The absence of strong absorption peaks/features in the visible region is indicated in Figure 

2.10. The UV-Vis absorption spectra obtained from the conventional photodetector setup 

indicates the peakless broadband optical absorption in the range of 300–800 nm which  

Figure 2. 10: TEM image (a) and the corresponding size histogram (b) of free-standing Pt 

NPs. 
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represents the brown color of the dispersion15 (inset, Figure 2.11). The citrate-capped Pt 

NPs have negatively charged surfaces (−19.0 mV), which allows them to attach to the 

surfaces of positively charged SiOx NSs through the strong electrostatic attraction. This 

hybridization process results in a uniform distribution of the Pt nanocrystals on the 

SiOx NSs, which enables the formation of Pt/SiOx composite particles.  

 

 

 

 

 

 

Figure 2. 11: Optical absorption spectrum of the aqueous dispersion of free-standing Pt 

NPs. Inset: Photograph of the glass vial indicating the black color of the as-synthesized 

aqueous Pt dispersion. 



41 

 

2.4. References 

(1)  Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range. J. 

Colloid Interface Sci. 1968, 26 (1), 62–69. 

(2)  Zhang, J. H.; Zhan, P.; Wang, Z. L.; Zhang, W. Y.; Ming, N. B. Preparation of 

Monodisperse Silica Particles with Controllable Size and Shape. J. Mater. Res. 

2003, 18 (3), 649–653.  

(3)  Rasamani, K. D.; Foley, J. J.; Beidelman, B.; Sun, Y. Enhanced Optical Absorption 

in Semiconductor Nanoparticles Enabled by Nearfield Dielectric Scattering. Nano 

Res. 2017, 10 (4), 1292–1301.  

(4)  Zhang, N.; Han, C.; Xu, Y.-J.; Foley Iv, J. J.; Zhang, D.; Codrington, J.; Gray, S. K.; 

Sun, Y. Near-Field Dielectric Scattering Promotes Optical Absorption by Platinum 

Nanoparticles. Nat. Photonics 2016, 10 (7), 473–482.  

(5)  Rasamani, K. D.; Foley, J. J.; Sun, Y. One Stone, Two Birds: Silica Nanospheres 

Significantly Increase Photocatalytic Activity and Colloidal Stability of 

Photocatalysts. Nano Futur. 2018, 2 (1), 015003. 

(6)  Rasamani, K. D.; Sun, Y. Promoting Reactivity of Photoexcited Hot Electrons in 

Small-Sized Plasmonic Metal Nanoparticles That Are Supported on Dielectric 

Nanospheres. J. Chem. Phys. 2020, 152 (8), 084706.  

(7)  An, C.; Peng, S.; Sun, Y. Facile Synthesis of Sunlight-Driven AgCl:Ag Plasmonic 

Nanophotocatalyst. Adv. Mater. 2010, 22 (23), 2570–2574.  

(8)  Li, Z.; Sun, Y. Silver Chlorobromide Nanoparticles with Highly Pure Phases: 

Synthesis and Characterization. J. Mater. Chem. A 2013, 1 (23), 6786.  



42 

 

(9)  Chen, K.-H.; Pu, Y.-C.; Chang, K.-D.; Liang, Y.-F.; Liu, C.-M.; Yeh, J.-W.; Shih, 

H.-C.; Hsu, Y.-J. Ag-Nanoparticle-Decorated SiO2 Nanospheres Exhibiting 

Remarkable Plasmon-Mediated Photocatalytic Properties. J. Phys. Chem. C 2012, 

116 (35), 19039–19045.  

(10)  Abeyweera, S. C.; Rasamani, K. D.; Sun, Y. Ternary Silver Halide Nanocrystals. 

Acc. Chem. Res. 2017, 50 (7), 1754–1761.  

(11)  Abeyweera, S. C.; Sun, Y. Ternary Silver Chlorobromide Nanocrystals: Intrinsic 

Influence of Size and Morphology on Photocatalytic Activity. Mater. Chem. Front. 

2017, 1(8), 1534-1540.  

(12)  Glaus, S.; Calzaferri, G.; Hoffmann, R. Electronic Properties of the Silver–Silver 

Chloride Cluster Interface. Chem. – Eur. J. 2002, 8 (8), 1785–1794.  

(13)  Schürch, D.; Currao, A.; Sarkar, S.; Hodes, G.; Calzaferri, G. The Silver Chloride 

Photoanode in Photoelectrochemical Water Splitting. J. Phys. Chem. B 2002, 106 

(49), 12764–12775.  

(14)  Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. The Optical Properties of 

Metal Nanoparticles:  The Influence of Size, Shape, and Dielectric Environment. J. 

Phys. Chem. B 2003, 107 (3), 668–677.  

(15)  Dai, X.; Rasamani, K. D.; Hall, G.; Makrypodi, R.; Sun, Y. Geometric Symmetry of 

Dielectric Antenna Influencing Light Absorption in Quantum-Sized Metal 

Nanocrystals: A Comparative Study. Front. Chem. 2018, 6, 494. 

 

 

 



43 

 

CHAPTER 3 

SILICA-SUPPORTED SILVER-DOPED SILVER CHLORIDE NANOCUBES: 

INVESTIGATION OF PHOTOCATALYTIC ACTIVITY AND STABILITY 

(Note: Content adapted from “Kowsalya D. Rasamani, Jonathan J. Foley IV, and Yugang 

Sun, One Stone, Two Birds: Silica Nanospheres Significantly Increase Photocatalytic 

Activity and Colloidal Stability of Photocatalysts, Nano Futures 2018, 2, 015003” with 

permission)  

 

3.1. Introduction 

Photocatalysis is an important strategy for utilizing solar energy for chemical 

transformations, including synthesis of valuable fine chemicals,1–7 pollutant decomposition 

for environmental remediation,8–12 and water splitting for hydrogen production.13–15 

Intensive efforts have been devoted to enhancing the optical absorption of photocatalysts 

in a broad spectral range through either narrowing the bandgap of light-absorbing 

semiconductors or sensitizing wide-gap semiconductors with light-absorbing 

components.16–20 For example, binary (AgX) and ternary silver halides (AgXY), a class of 

semiconductors with both direct and indirect bandgaps, usually exhibit weak optical 

absorption in the visible region.21,22 Partial reduction of silver halides can convert silver 

ions to metallic silver (Ag0), resulting in the formation of Ag-doped AgX [AgX(Ag)]. Ag0 

enables strong absorption of visible light in AgX(Ag) due to the addition of extra energy 

states between the conduction band and valence band of AgX or possible strong optical 

absorption of metallic Ag nanodomains originating from their surface plasmon resonances, 
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making AgX(Ag) composite materials promising visible-light photocatalysts.23–27 AgCl 

nanoparticles containing Ag0, which are hundreds of nanometers and even micrometers in 

size, have been extensively studied and applied in photocatalytic water splitting,24,28 CO2 

reduction,29,30 and removal of toxic heavy metal ions,31,32 organic pollutants, and dyes.33,34 

In addition, the existence of metallic Ag in AgCl can increase the chemical stability of 

AgCl since the high density of electrons in Ag could alleviate the photoreduction of AgCl 

during photocatalysis.25,35–37 Despite these advantages of AgCl(Ag) composite materials 

for photocatalysis, AgCl(Ag) nanoparticles with small sizes (i.e., <100 nm) have barely 

been studied because of their low colloidal and chemical stability. AgCl(Ag) nanoparticles 

<100 nm in size tend to aggregate and be reduced to Ag nanoparticles upon photo-

illumination, leading to a significant decrease in photocatalytic activity. AgCl(Ag) 

nanoparticles are often loaded on stable colloidal supports with large sizes-for example, 

graphene oxide,38,39 SiO2,
40 TiO2,

41 C3N4,
42 and WO3

43 to mitigate their instability. 

In general, reducing particle size increases the available surface area of the 

photocatalysts, benefiting photocatalytic activity.44,45 However, small nanoparticles usually 

exhibit weak optical absorption cross-sections due to the small volume of the materials.46,47 

Here, we report a composite containing AgCl(Ag) nanocubes (NCs) with sizes of ∼60 nm 

attached to the surfaces of optically transparent, dielectric SiOx NSs with hundreds of 

nanometers in size, which serves as an efficient photocatalyst with dramatically improved 

efficiency and stability compared to free-standing AgCl(Ag) colloidal dispersions. 
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3.2. Experimental procedure 

3.2.1. Synthesis of SiOx/AgCl(Ag) heterostructures 

For the formation of SiOx/AgCl(Ag) heterostructures, a 2 ml dispersion of 

AgCl(Ag) NCs was added dropwise to a 5 ml aqueous dispersion of 2 mg∙ml−1 APTES-

SiOx NSs at a magnetic stirring of 600 rpm for 2 h. This mixing process enabled the 

attachment of the AgCl(Ag) NCs with negative surface charges to the positively charged 

APTES-SiOx NSs through electrostatic attraction. The obtained heterostructures of 

SiOx/AgCl(Ag) were collected by centrifugation at 10000 rpm and re-dispersed in 5 ml 

deionized water (solution A). Similarly, an equivalent volume of the AgCl(Ag) stock 

dispersion was diluted to 5 ml deionized water (solution B) and stored in the dark as a 

reference for photocatalytic evaluation. 

 

3.2.2. Photocatalytic activity towards methylene blue (MB) degradation 

Photocatalytic degradation of methylene blue (MB) was used as the model reaction 

to evaluate the photocatalytic activity of the synthesized AgCl(Ag) samples. In a typical 

evaluation, 2 ml of 10 mg∙ml−1 aqueous MB solution was added to 2 ml of solution A or 

solution B, followed by stirring in the dark for 30 min. This process led to the 

adsorption/desorption equilibrium of MB molecules on the surfaces of the AgCl(Ag) NCs. 

The mixture was then illuminated with visible light (400-750 nm, employed with a long-

pass optical filter to cut off light with a wavelength of <400 nm) at an intensity of 16 

mW∙cm−2 for ∼30 min while magnetic stirring of 600 rpm was maintained. This setup 

allowed us to study the rate of MB degradation and the stability of free-standing AgCl(Ag) 

NCs and SiOx/AgCl(Ag) heterostructures in photocatalysis. Experiments with a N2 



46 

 

atmosphere were performed similarly. In these cases, the reaction dispersion was purged 

with N2 gas for 1 h in the dark followed by employing a N2 blanket above the solution 

throughout the entire experiment. Photocatalytic MB degradation in the inert atmosphere 

was carried out under photo-illumination of 20 min. The same reaction dispersion was then 

purged with O2 for 30 min. With the O2 flow maintained above the solution, photocatalytic 

degradation of MB was then continued under photo-illumination. The kinetic rate constants 

of MB degradation under different reaction atmospheres were calculated by considering 

the respective concentrations of MB at the start of photo-illumination. Experiments were 

also conducted in sunlight to evaluate the practical promise of the SiOx/AgCl(Ag) 

photocatalyst. In a typical experiment, a 20 ml aqueous dispersion containing 5 mg∙ml−1 

MB and a 5 ml stock dispersion of the photocatalyst was placed in sunlight for 30 min. 

 

3.3. Results and Discussion 

3.3.1. Photocatalytic activity and stability of free-standing AgCl(Ag) NCs  

 Irradiating a solution containing both MB and AgCl(Ag) NCs with visible light 

decreases the absorbance of MB, indicating the degradation of MB molecules over time, t 

(Figures 3.1, Figure A1). According to the Beer–Lambert law, the concentration (C) of MB 

monomers at any time can be calculated through normalization of the absorbance at 667 

nm against the concentration (C0) measured right before the photocatalytic reaction. The 

ratio C/C0 represents the percentage of MB monomers that are not decomposed at a specific 

time (t). The decrease in photocatalytic activity at the end of the third cycle indicates the 

low stability of the AgCl(Ag) NCs when they are used as free-standing particles in a 

colloidal solution. The significant decrease in MB degradation can be attributed to the  
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aggregation of free-standing AgCl(Ag) NCs in the colloidal solution during photocatalysis. 

For each reaction cycle, the AgCl(Ag) nanoparticles are collected from the reaction 

solution by centrifugation and re-dispersed in deionized water by sonication for the next 

cycle of reaction. Even after prolonged ultrasonication, the photocatalytic activity cannot 

be recovered in the sequential cycles, making it evident that severe aggregation occurs 

during the photocatalytic reaction. The SEM images of the AgCl(Ag) nanoparticles after 

three photocatalytic reaction cycles confirm the nanoparticle aggregation (Figure 3.2a). In 

addition, the AgCl(Ag) nanoparticles transform into irregular shapes, no longer exhibiting 

a cubic geometry. The morphological variation of the AgCl(Ag) nanoparticles implies the 

possible chemical conversion of AgCl to Ag0 in the course of the photocatalytic reactions, 

which leads to a redistribution of mass in individual nanoparticles and thus to a 

reconstruction of their morphology. Statistical analysis of the irregular AgCl(Ag) 

nanoparticles after three photocatalytic cycles indicates their broad size distribution with a  

Figure 3. 1: Decrease of MB with time in the course of photocatalytic reactions using 

AgCl(Ag) NCs as photocatalyst. The AgCl(Ag) photocatalyst was recovered for three 

times of the photocatalytic reaction, highlighting the significant reduction of photocatalytic 

activity in the third cycle of reaction. 
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value of 180 ± 30 nm, further confirming the severe aggregation of AgCl(Ag) NCs in the 

course of photocatalysis (Figure 3.2b). The increase in particle size increases the diffusion 

length of the excited electrons to reach the particle surface. As a result, fewer excited 

electrons can drive the surface chemical reaction and more excited electrons stay in the 

nanoparticles and reduce Ag+ into metallic Ag0 in the AgCl lattices. The leftover holes 

oxidize Cl− ions into Cl0 atoms, which then produce Cl2. Such a chemical transformation 

of the AgCl(Ag) nanoparticles leads to significant morphological and compositional 

changes in the nanoparticles and thus to reduced photocatalytic activity.  

Figure 3. 2: (a) SEM image and (b) size histogram of the aggregated AgCl(Ag) 

nanoparticles after 3 photocatalytic cycles. The SEM image highlights a severe aggregation 

and apparent morphological transformation of the AgCl(Ag) nanoparticles. The statistical 

analysis highlights an increase in both the particle size and the size distribution after they 

were used in photocatalysis. 
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The corresponding EDX spectrum of the used AgCl(Ag) nanoparticles exhibits a much 

higher concentration of Ag compared to that of the freshly prepared AgCl(Ag) NCs, 

indicating that∼95% of AgCl is reduced to Ag0 after three cycles of photocatalytic 

reactions (Figure 3.3 vs. Figure 2.7). Chemical conversion of AgCl to metallic Ag changes 

the surface chemistry and surface charge density of the AgCl(Ag) NCs, which are 

responsible for their aggregation and reduced photocatalytic activity. 

 

3.3.2. Optical absorption behavior of SiOx/AgCl(Ag) heterostructures  

To ensure colloidal stability and improve photocatalytic activity, the AgCl(Ag) 

NCs are loaded onto the surface of colloidal SiOx NSs of 400 nm average diameter that is 

stable in aqueous dispersions (Figure 3.4a). The high colloidal stability of the SiOx NSs 

can efficiently prevent the aggregation of the AgCl(Ag) NCs fixed onto the SiOx surface. 

In addition, SiOx NSs can support resonant light scattering modes that produce enhanced 

electrical fields near their surfaces, on which nanocrystals can exhibit  

Figure 3. 3: EDX spectrum of the free-standing AgCl(Ag) nanoparticles after 3 

photocatalytic cycles. Analysis of the EDX spectrum shows most AgCl is reduced to 

metallic Ag with a conversion percentage of 94.3%. 
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increased absorption cross-sections.48–50 As a result, the SiOx/AgCl(Ag) heterostructures 

display enhanced optical absorption throughout both the UV and visible regions in the 

measurements compared to the same amount of free-standing AgCl(Ag) NCs. By 

normalizing against the absorption spectrum of free-standing AgCl(Ag) NCs (green curve, 

Figure 3.4b), the absorption spectrum of SiOx/AgCl(Ag) (blue curve, Figure 3.4b) is 

converted to the optical enhancement spectrum (red curve, Figure 3.4b), which highlights 

how much the optical absorption of the AgCl(Ag) NCs is enhanced as a function of 

wavelength upon their attachment onto the SiOx NS surface. Interestingly, the enhancement 

Figure 3. 4: (a) SEM image of SiOx/AgCl(Ag) hybrid structure; (b) DRS of the SiOx NSs, 

AgCl(Ag) NCs and SiOx/AgCl(Ag) nanostructures dispersed in water with the intensity 

corresponding to the left axis (black). The enhancement factor of optical absorption in the 

SiOx-supported AgCl(Ag) NCs normalized against the free-standing AgCl(Ag) NCs was 

calculated as a function of wavelength, resulting in the enhancement spectrum with the 

scale corresponding to the right axis (red). 
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spectrum exhibits four peaks at ∼290 nm, 340 nm, 425 nm, and 715 nm with enhancement 

factors of 2.8, 4.9, 5.7, and 12.8 times, respectively (red curve, Figure 3.4b). The positions 

of these peaks are consistent with the scattering resonance bands of the SiOx NSs. The 

optical absorption is enhanced more significantly in the visible region, making 

SiOx/AgCl(Ag) heterostructures efficient photocatalysts for visible-light-driven chemical 

conversion. Moreover, the chemical inertness of the SiOx NSs eliminates any possible 

charge trapping or charge transfer at the SiOx/AgCl(Ag) interface, causing the photo-

excited charges in the AgCl(Ag) NCs to directly drive chemical conversion on the surfaces 

of the NCs. 

 

3.3.3. Photocatalytic activity and stability of SiOx/AgCl(Ag) heterostructures 

 The SiOx/AgCl(Ag) heterostructures exhibit superior stability and activity for the 

photocatalytic degradation of MB when they are used for many cycles of photocatalytic 

reaction. The time-dependent variations of the MB absorption spectra recorded from all the 

photocatalytic reactions indicate only a slight decrease in the photocatalytic activity of the 

SiOx/AgCl(Ag) heterostructures even after ten cycles of reactions (Figure A2). The 

decrease of C/C0 as a function of t does not show significant differences for the ten 

sequential reactions using the same batch of SiOx/AgCl(Ag) as photocatalyst (Figure 3.5a), 

highlighting the superior stability of SiOx/AgCl(Ag). Moreover, ln(C/C0) exhibits a linear 

dependence on t, indicating that the decomposition of MB molecules follows pseudo-first-

order reaction kinetics25 according to equation 3.1: 

d𝐶

d𝑡
= ‒ 𝑘𝐶                                                                                                                             …(3.1) 



52 

 

 

where k represents the reaction rate constant (Figure A2k). The percentage of MB 

degradation remains larger than 90% even for the tenth cycle of reaction (Figure 3.5b). The 

slight decrease in decomposition efficiency might be due to the loss of SiOx/AgCl(Ag) 

photocatalyst in the process of material collection for new reactions. SEM images of the 

SiOx/AgCl(Ag) photocatalyst after ten cycles of reaction show morphology and dispersity 

similar to those of a freshly prepared sample (Figure 3.6a versus Figure 3.4a), again 

Figure 3. 5: (a) Decrease of MB with time in the course of photocatalytic reactions using 

the SiOx/AgCl(Ag) hybrid structure as photocatalyst. The minimum variations among 

different cycles of the reaction highlight the high stability of AgCl(Ag) NCs when loaded 

on SiOx NSs; (b) The percentage of MB degradation in the sequential ten cycles of 

photocatalytic reaction for 35 min. The hybrid SiOx/AgCl(Ag) particles were recovered 

after each cycle of reaction and reused for another sequential reaction. 
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confirming that AgCl(Ag) NCs become more stable on SiOx NSs. EDX analysis reveals 

that only 11% of AgCl is reduced to Ag0 (Figure 3.6b), indicating the chemical stability of 

the AgCl(Ag) NCs on the SiOx NSs. In contrast to the aggregation of free-standing 

AgCl(Ag) NCs, that of AgCl(Ag) NCs loaded onto SiOx NSs can be prevented. The 

absence of nanoparticle aggregation maintains the short diffusion length of the excited 

electrons reaching the nanoparticles’ surface to efficiently drive surface chemical reaction. 

Since more excited electrons can reach the nanoparticles’ surface, fewer electrons stay in 

the AgCl lattice to reduce Ag+ into metallic Ag0, resulting in morphological and 

compositional stability. 

Figure 3. 6: (a) SEM image of the SiOx/AgCl(Ag) hybrid particles after ten cycles of 

photocatalytic degradation of MB; (b) EDX spectrum of the hybrid SiOx/AgCl(Ag) 

particles after 10 cycles of photocatalytic MB degradation reaction. 
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The enhanced photocatalytic activity and stability of the SiOx/AgCl(Ag) heterostructures 

compared to those of the free-standing AgCl(Ag) NCs make SiOx/AgCl(Ag) 

heterostructures promising as a class of practical photocatalysts. For example, 

SiOx/AgCl(Ag) composite particles can be added to an aqueous solution of MB in sunlight, 

leading to a quick and steady decomposition of MB. As shown in Figure 3.7, the optical 

absorbance of MB gradually and continuously decreases as a function of time until the MB 

molecules are completely consumed. Photographs of the reaction solution before and after 

the solution is illuminated for 30 min show the apparent color change from blue 

(corresponding to MB) to light gray (due to the scattering of SiOx NSs) (inset, Figure 3.7).  

 

3.3.4. Role of photo-generated hot charge carriers and O2 surface adsorbates 

The experimental and theoretical results highlight that absorption of broadband 

visible light in SiOx/AgCl(Ag) composite structures is significantly improved due to an 

Figure 3. 7: Time-dependent variation of the absorption spectra of MB exposed to sunlight 

in the presence of SiOx/AgCl(Ag) photocatalyst. The insets of (d) are photographs of 

aqueous solutions of MB and SiOx/AgCl(Ag) photocatalyst before and after exposure to 

sunlight for 30 min. 
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enhanced electric field on the spherical SiOx nanoparticle surface and additional electron-

abundant mid-gap energy states in AgCl. The strong light absorption efficiently excites the 

electrons in the newly added mid-gap levels to the AgCl conduction band followed by their 

transfer to surface adsorbates, i.e., O2, in the ambient environment (Figure 3.8).  

 

 

Combining the excited electrons with the adsorbed O2 results in the formation of 

highly oxidative perhydroxyl radicals (HO• ).51,52 The HO• radicals quickly oxidize the MB 

molecules (which reach the surfaces of the AgCl(Ag) NCs) to CO2 and water (top process, 

Figure 3.8). Holes in the mid-gap levels can also oxidize the MB molecules (bottom 

process, Figure 3.8).53,54 Therefore, the photo-excited electrons will accumulate in the 

AgCl conduction band when the reaction solution is free of O2 or has a low concentration 

of dissolved O2, leading to a possible reduction of AgCl and thus to the degradation of the 

photocatalytic performance of the AgCl(Ag) NCs. In this case, the photo-excited electrons  

Figure 3. 8: A plausible reaction mechanism for visible-light-induced charge separation in 

the SiOx-supported AgCl(Ag) NCs and the following charge transfer processes. The redox 

reactions triggered by the irradiation-generated charges are also highlighted, corresponding 

to the photocatalytic degradation of MB through oxidation reactions. 
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cannot work in the right way to oxidize MB, resulting in a decrease in the reaction rate of 

MB decomposition (as shown in Figure 3.9).  

 The decomposition rate of MB drastically decreases when the photocatalytic 

experiments are carried out in an inert atmosphere (i.e., N2 atmosphere) before which the 

reaction solution is purged with N2 bubbles for 1 h in the dark (Figure 3.10a). The reaction 

rate constant of MB decomposition is only 0.014 min−1, which is much smaller than those 

obtained in the ambient atmosphere (i.e., air), in the initial 20 min of measurement (Figure 

3.5a). The same reaction solution is then purged with O2 bubbles for 30 min in the dark 

followed by a continuous flow of O2 gas above the reaction solution to maintain the 

saturation of dissolved O2 in the reaction solution. Upon exposure to visible light, the 

reaction of MB decomposition becomes significantly faster (Figure 3.10b) and the 

corresponding rate constant reaches 0.110 min−1 (Figure 3.9, blue line). This rate  

 

Figure 3. 9: ln(C/C0) vs t for MB degradation using SiOx/AgCl(Ag) photocatalyst. The 

linear fittings indicate that the reactions follow quasi-first-order reaction kinetics with 

reaction rate constants of 0.014 min−1 and 0.110 min−1 for the N2 and O2 atmospheres, 

respectively. 
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constant is even higher than those obtained from the reactions under air (Figure B2k). The 

strong dependence of the reaction rate on the reaction atmosphere indicates that the 

dissolved O2 is actively involved in the photocatalytic process of MB degradation. 

 

3.3.5. Finite difference time domain (FDTD) simulations: Optical absorption and near-field 

intensity mapping 

 Optical absorption spectra and cross-sections of the AgCl(Ag) NCs and 

SiOx/AgCl(Ag) heterostructures are modeled and calculated with rigorous time-domain 

Figure 3. 10: Time-dependent variation of the absorption spectrum of MB during 

photocatalytic degradation performed under (a) N2 atmosphere and (b) O2 atmosphere. 
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electrodynamic simulations. A commercial-grade simulator based on the FDTD method is 

used to perform the calculations.55 A uniform rectangular grid with dx = dy = dz = 5 nm is 

used in all simulations. The background refractive index for these calculations is set to 1.33 

to simulate the optical response of the structures in water. In the calculations, the AgCl(Ag) 

NCs are modeled as cubes with an edge length of 60 nm and a complex, frequency-

dependent dielectric function approximated by a Lorentz oscillator model56 with the 

parameters chosen to closely match the experimental absorption spectrum of the 

synthesized AgCl(Ag) dispersed in water. The particular form of this Lorentz oscillator 

model is given by 

𝜖AgCl(Ag)(𝜔) = 1 +
𝜔𝑝,1

2

𝜔0,1
2 − 𝜔2−𝑖 𝛾1𝜔

+  
𝜔𝑝,2

2

𝜔0,2
2 −𝜔2−𝑖𝛾2𝜔

,                                                 …(3.2) 

where the values of the Lorentz parameters are summarized in Table 3.1. The 

corresponding frequency-dependent functions (both real and imaginary parts) of these two 

oscillators (oscillators 1 and 2) show that there is no condition supporting surface plasmon 

resonance (Figures A3).  

 

Table 3. 1: Lorentz parameters of the two oscillators fitted from the Lorentz oscillator  

model. 

 

Lorentz Parameters Oscillator 1 (rad/sec) Oscillator 2 (rad/sec) 

𝜔𝑝 2.16  1015 1.27  1015 

𝜔0 7.22  1015 4.23  1015 

𝛾 1.15  1015 2.11  1015 
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The absence of possible surface plasmon resonance suggests that the absorption of 

visible light in AgCl(Ag) can be ascribed to the additional mid-gap states in AgCl due to 

the electron-abundant Ag0 dopant. In the SiOx/AgCl(Ag) heterostructures, the SiOx support 

is modeled as spheres with a refractive index (n) of 1.45, which matches the refractive 

index of fused SiO2. A total-field/scattered-field formalism with a broadband source 

spanning 200–800 nm is used to compute the absorption and scattering cross-sections of 

the free-standing AgCl(Ag) NCs and SiOx/AgCl(Ag) heterostructures, enabling the 

calculation of a theoretical enhancement spectrum. The effect of SiOx supports and the 

resulting scattering resonances on and around the boundary of the NS responsible for the 

overall absorption enhancement of the photocatalysts has been further evaluated by 

determining the absorption and scattering behavior of incident light by a model of the 

photocatalyst simulated based on the FDTD method.  

The permittivity of AgCl(Ag) in both the composite and free-standing FDTD 

models is given by the Lorentz oscillator model discussed earlier (equation 3.2 and Table 

3.1), so these calculations are meant to selectively probe the impact of the scattering 

resonances of SiO2 on the absorption of AgCl(Ag). In each simulation, the incident light 

field propagates along the y-axis and is polarized along the z-axis, though test simulations 

are run to confirm the relative insensitivity to the polarization of the incident field. The 

absorption cross-section of SiO2/AgCl(Ag) is found to be greater than that of the free-

standing AgCl(Ag) NCs dispersed in water (Figure 3.11). Furthermore, the FDTD-

simulated enhancement spectrum, which is obtained by normalizing the absorption cross-

section of SiO2/AgCl(Ag) against that of free-standing AgCl(Ag), reveals the existence of  
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three specific peaks at wavelengths of 206 nm (Peak I), 315 nm (Peak II), and 675 nm 

(Peak III). These identified peaks at specific wavelengths of the enhancement spectrum are 

consistent with near- field scattering resonances occurring due to the presence of spherical, 

dielectric SiO2 supports (figure 3.11, red open circle). The electric field intensity maps at 

these resonance peak positions (Figures 3.12a–c) display nodal structures with field 

enhancements on and around the boundary of the SiO2 NS, indicating that the increased 

absorption cross-section of the attached AgCl(Ag) nanoparticles is indeed due to the 

scattering-mediated near- field enhancement caused by the SiO2 supports. 

 

 

 

 

Figure 3. 11: FDTD-simulated absorption cross-section of free-standing AgCl(Ag) NCs 

(green curve) and SiO2-supported AgCl(Ag) NCs (blue curve). The ratio between the 

absorbances of these two absorption spectra represents the enhancement spectrum (red 

curve), showing peaks around 206 nm, 315 nm, and 675 nm. 
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Figure 3. 12: Near-field intensity maps of the hybrid SiO2/AgCl(Ag) plotted for incident 

light with wavelengths at the peak positions of the enhancement spectrum shown in figure 

5: (a) 206 nm(Peak I), (b) 315 nm(Peak II) and (c) 675 nm(Peak III). These maps display 

a clear nodal structure in the SiO2, which supports our attribution of the absorption 

enhancement to the near-field dielectric scattering mechanism. The color bar represents a 

unitless scale, log10(|E/E0|
2), where E and E0 represent the local electric field and the 

incident electric field, respectively. 
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3.4. Conclusion 

 Doping wide-bandgap semiconductors such as AgCl NCs with Ag0 results in 

broadband optical absorption in the visible region since the Ag0 species introduces 

electron-abundant mid-gap energy states in AgCl. The optical absorption cross-section of 

the AgCl(Ag) NCs is further increased by loading these NCs on dielectric spherical SiOx 

particles, which produce enhanced electric fields on and around the boundary of the SiOx 

surfaces due to the resonant scattering of light. The enhanced electric fields are responsible 

for the enhanced optical absorption in the AgCl(Ag) NCs, making the AgCl(Ag) NCs, even 

those with small sizes, to photo-excited electrons with high efficiency. The excited 

electrons and the corresponding holes can oxidize MB molecules through the 

photocatalytic process. Although the small size of AgCl(Ag) NCs is beneficial for catalytic 

reactions, small NCs have low colloidal stability and resistance to self-reduction. For 

instance, the free-standing AgCl(Ag) NCs exhibit severe aggregation and reduction of 95% 

AgCl to metallic Ag after three cycles of photocatalytic degradation of MB in aqueous 

solutions. In contrast, the instability of small AgCl(Ag) NCs is significantly reduced when 

they are loaded onto the SiOx spherical particles, leading to superior efficiency and stability 

in the photocatalytic degradation of MB. For example, the SiOx/AgCl(Ag) composite 

particles exhibit minimum variation of photocatalytic efficiency and chemical/colloidal 

stability after ten cycles of reactions. The results highlight, for the first time, that chemically 

inert and optically transparent SiOx spheres play critical roles in simultaneously enhancing 

the optical absorption and chemical/colloidal stability of small AgCl(Ag) NCs, and thus 

improve the photocatalytic performance of the AgCl(Ag) NCs. 
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CHAPTER 4 

SILICA-SUPPORTED SILVER NANOPARTICLES: EFFECT OF PARTICLE 

SIZE AND SURFACE COVERAGE ON PHOTOCATALYTIC ACTIVITY 

(Note: Contents adapted from “Kowsalya D. Rasamani and Yugang Sun, Promoting 

Reactivity of Photoexcited Hot Electrons in Small-sized Plasmonic Metal Nanoparticles 

that are Supported on Dielectric Nanospheres, The Journal of Chemical Physics 2020, 152, 

084706” with permission)  

 

4.1. Introduction 

 Noble metal nanoparticles such as gold (Au) and silver (Ag) are characterized with 

their strong optical absorption in the visible region (400–750 nm) due to localized surface 

plasmon resonance (LSPR) arising from the collective oscillation of conduction electrons 

in the nanoparticles (NPs) upon photo-illumination.1–3 The non-radiative decay of LSPR 

leads to the formation of energized charge carriers with short lifetimes (i.e., on the order of 

tens of femtoseconds4) in plasmonic metal NPs, which can drive chemical reactions such 

as water splitting,5–8 CO2 reduction,9–12 H2/O2 activation,13–16 and degradation of organic 

dye/pollutant molecules.17–20 This process of utilizing photo-generated charge carriers to 

drive chemical reactions, referred to as plasmon-mediated photocatalysis, is a promising 

approach to efficiently harvest solar energy to stored chemical energy.21–25 The light 

absorption and the efficiency of generating hot electrons have been reported to be strongly 

influenced by the size of plasmonic metal NPs according to the theoretical modeling and 

calculations.26 Decreasing the size of NPs below 10 nm significantly promotes the 
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generation of high-energy hot electrons (vs low energy Drude electrons) under photo-

illumination. With the same light absorption, more hot electrons are expected to generate 

in the smaller NPs since the hot- electron generation efficiency (i.e., the ratio of the energy 

gained in the hot electrons to the total energy of absorbed light) is inversely proportional 

to the NP size. However, it is still not clear whether the high efficiency of hot electron 

generation in the small plasmonic NPs can be translated to high efficiency in driving 

chemical reactions. 

The prolonged non-radiative decay of LSPR results in heat generation at the time 

scale of picoseconds,4 which is referred to as the photothermal effect. Photothermal 

conversion increases the temperature of the plasmonic metal NPs and the reaction solutions 

(or atmosphere), usually being able to accelerate the chemical reactions as well. It is 

challenging to differentiate the contributions of hot electrons and the photothermal effect 

to chemical reaction kinetics under photo-illumination in the presence of the plasmonic 

NPs.27,28 In this work, we designed experiments to tackle these challenges to verify the 

high reactivity of hot electrons generated in the photoexcited Ag NPs with sizes 10 nm. 

MB degradation in aqueous solutions is employed as the probe reaction to compare the 

photocatalytic efficiency of the Ag NPs with two different sizes, i.e., 6 nm and 13 nm in 

diameter. The temperature of reaction solutions is maintained constant under photo-

illumination by placing the reactor in a large-volume water bath maintained at room 

temperature. This setup excludes the possible influence of the photothermal effect on the 

observed reaction kinetics, allowing us to more accurately compare the reactivity of hot 

electrons generated in the differently sized Ag NPs. 
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When the Ag NPs are small, their colloidal stability and light absorption power 

become low, disfavoring photocatalytic reactions in the liquid phase. To overcome this 

problem, the Ag NPs are loaded to the surface of SiOx NSs with a size of 400 nm that 

exhibits high colloidal stability in aqueous solutions. Moreover, the high geometrical 

symmetry of the SiOx NS supports enables strong surface light scattering resonances to 

concentrate the incident light near the surfaces of the SiOx NSs and generate enhanced local 

electric fields.29–35 The small Ag NPs loaded on the SiOx NSs can benefit from the locally 

enhanced electric fields in/around the SiOx surface to enhance their light absorption power, 

increasing the population of hot electrons under photo-illumination and thus favoring hot-

electron chemistry. 

 

4.2. Experimental Methods 

4.2.1. Formation of SiOx/Ag heterostructures 

 In the process of attaching the as-synthesized Ag NPs to the surface of the SiOx 

NSs with a desirable loading, for example, 4.4 wt. % Ag, a dilute dispersion of the Ag NPs 

with an appropriate concentration was first prepared followed by mixing with the 

dispersion of APTES-SiOx. 30 ml of diluted dispersion of the Ag NPs with the size of 6 

nm (Ag-6 NPs) was added dropwise to a 10-ml aqueous dispersion containing 5 mg 

APTES-SiOx under magnetic stirring of 600 rpm, resulting in the attachment of the Ag NPs 

to the SiOx surface. The resulting hybrid particles are labeled SiOx/Ag-6 for convenience 

throughout the chapter. Similarly, 20 ml of diluted dispersion of the Ag NPs with the size 

of 13 nm (Ag-13 NPs) was added dropwise to a 10 ml aqueous dispersion containing 5 mg 

APTES-SiOx under magnetic stirring of 600 rpm, forming the hybrid particles labeled 
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SiOx/Ag-13. The magnetic stirring was maintained for 15 min to ensure the complete 

attachment of the Ag NPs on the surface of APTES-SiOx NSs through electrostatic 

attraction. The resulting hybrid particles were collected by centrifugation at 6000 rpm and 

re-dispersed in 10 ml DI water with the assistance of ultra-sonication.  

 

4.2.2. Evaluation of the photocatalytic activity of free-standing Ag and SiOx/Ag nano-

catalysts 

 In a typical evaluation, an appropriate volume of an aqueous dispersion of SiOx/Ag-

6 hybrid particles, SiOx/Ag-13 hybrid particles, the freestanding Ag NPs with the size of 6 

nm, and the freestanding Ag NPs with the size of 13 nm, was mixed with 1 ml aqueous 

solution of 24 mg∙L‒1 methylene blue (MB). The solution was topped to a total volume of 

4 ml by adding DI water. The optical absorbance of the Ag NPs in the reaction mixture 

was kept similar upon illumination of blue light with a wavelength of 400 nm (filter 

bandwidth, 10 nm). The photocatalytic reaction lasted 60 min under air with a constant 

magnetic stirring at the rate of 800 rpm. Control experiments were conducted with a similar 

setup under N2 and O2 flow over the reaction solution after purging with the respective gas 

for 30 min. 

 

4.3. Results and Discussion 

4.3.1 Optical absorption behavior of SiOx/Ag heterostructures 

SiOx/Ag hybrid particles with 4.4 wt. % Ag loading was obtained by carefully 

controlling the volume and particle concentration of the dispersion of the Ag NPs of sizes  
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6 and 13 nm. For example, the samples are shown in both Figure 4.1a and 4.1b exhibit 4.4 

wt. % of Ag. The DRS spectra, which are sensitive toward absorption by the exclusion of 

the influence of scattering, obtained for the dispersions of SiOx/Ag-6 and SiOx/Ag-13 are 

presented as the solid wine and red curves in Figure 4.2, respectively.  

Figure 4. 1: TEM images of (a) SiOx/Ag-6 and (b) SiOx/Ag-13 NPs with 4.4 wt.% loaded 

Ag. 

Figure 4. 2: DRS spectra of aqueous dispersions of different Ag NPs: (dashed wine) free-

standing Ag NPs of 6 nm in diameter or Ag-6 NPs, (dashed red) free-standing Ag NPs of 

13 nm in diameter or Ag-13 NPs, (solid wine) Ag-6 NPs supported on SiOx NSs or 

SiOx/Ag-6 hybrid particles, and (solid red) Ag-13 NPs supported on SiOx NSs or SiOx/Ag-

13 hybrid particles. 
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The concentrations of SiOx NS-supported Ag NPs are equal to those of the dispersions of 

the freestanding Ag NPs. The difference of the DRS spectra between the freestanding Ag 

NPs and the corresponding Ag NPs supported on the SiOx NSs indicates that the LSPR 

absorption peak increases in magnitude, redshifts in peak position, and broadens in peak 

width by assembling the Ag NPs on the SiOx NSs. The SiOx NSs with the highest 

geometrical symmetry support light-scattering resonances on the surfaces of the NSs to 

generate enhanced electric fields close to the SiOx surfaces.30-35 The Ag NPs attached to 

the SiOx surfaces benefit from the localized strong electric fields, enabling increased 

optical absorption cross-sections in the SiOx-supported Ag NPs. The red-shift of the LSPR 

peak and the peak broadening are attributed to both the change in dielectric environment 

and interparticle plasmonic coupling, particularly when the surface coverage of the Ag NPs 

on the SiOx NSs is high.36 For example, the loading of Ag-6 NPs of 4.4 wt. % as the sample 

shown in Figure 4.1a corresponds to 71% surface coverage, leading to a redshift of the 

LSPR absorption peak by 27 nm compared to that of the freestanding Ag-6 NPs. The same 

4.4 wt. % loading of Ag-13 NPs as the sample shown in Figure 4.1b corresponds to 22% 

surface coverage, resulting in a redshift of the LSPR peak by only 9 nm. 

 

4.3.2. Photocatalytic activity of SiOx/Ag: Effect of Ag size  

 Attaching the Ag NPs to the SiOx NSs significantly increases their colloidal 

stability compared to the freestanding Ag NPs. The simultaneously enhanced colloidal 

stability and light absorption power of the Ag NPs supported on the SiOx NSs make the 

SiOx/Ag hybrid particles a promising class of photocatalysts for liquid-phase reactions, for  
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example, degradation of MB. To quantitatively compare the photocatalytic activity of the 

Ag NPs with different sizes, the concentrations of SiOx/Ag-6 and SiOx/Ag-13 hybrid 

particles in the dispersions are carefully tuned to exhibit the same absorbance at 400 nm, 

which is close to the absorption peak positions of both samples and same as the wavelength 

Figure 4. 3: (a) DRS spectra of the dispersions of SiOx/Ag-6 and SiOx/Ag-13 hybrid 

particles with appropriate concentrations showing the similar optical absorbance at 400 

nm, i.e., the wavelength of the incident monochromatic light used in the photocatalytic 

reactions. The DRS spectrum of the dispersion of SiOx NSs is presented as reference to 

highlight that there is no light absorption in the SiOx NSs; (b) Variation of MB 

concentration as the function of the photocatalytic reaction time, t, in the presence of 

different particles: (purple) SiOx NSs, (red) SiOx/Ag-13 hybrid particles, and (wine) 

SiOx/Ag-6 hybrid particles. The incident monochromatic light possessed a wavelength of 

400 nm and power density of 20 mW∙cm–2. The control reaction in the presence of SiOx 

NSs only exhibited negligible degradation of MB. 
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of the monochromatic incident light (Figure 4.3a). Under illumination of 400 nm light with 

an intensity of 20 mW∙cm‒2, MB molecules degrade faster in the presence of SiOx/Ag-6 

hybrid particles as the photocatalyst than in the presence of SiOx/Ag-13 particles (stars vs 

circular dots, Figure 4.3b). The average turnover frequency (TOF) of a catalytic reaction is 

calculated using the amount of MB reacted over 60 min normalized against the total 

amount of the available surface Ag atoms and the reaction time (i.e., 60 min) by assuming 

that all the Ag NPs exhibit spherical geometry and expose all surface atoms to the reaction 

solution. Therefore, the value of TOF is independent of the surface area available in the 

differently sized Ag NPs. The calculated amounts of surface Ag atoms are 3.88 10‒8 mol 

and 7.99 10‒8 mol for the Ag-6 NPs and the Ag-13 NPs, respectively (calculations shown 

in Appendix B). Although the SiOx/Ag-13 particles possess more surface Ag atoms than 

the SiOx/Ag-6 particles under the reaction conditions shown in Figure 4.3, the MB 

degradation reaction in the presence of the SiOx/Ag-13 particles exhibits a TOF of 0.046 

s‒1, much smaller than that of the reaction using the SiOx/Ag-6 particles (0.266 s‒1) as the 

photocatalyst under the similar light absorption conditions (Table 4.1, Figure B1). The 

comparison highlights that the Ag-6 NPs with smaller sizes exhibit a higher photon-to-

chemical conversion efficiency in photocatalytic degradation of MB compared to the Ag-

13 NPs. The higher photocatalytic activity of the Ag NPs with smaller sizes could be 

ascribed to the synergy of higher efficiency of hot electron generation and hot electron 

injection into the surface adsorbates that are enabled by decreasing the size of the 

plasmonic Ag NPs.26,37–39. LSPR-enabled light absorption in the Ag NPs plays a crucial 

role to drive photocatalytic MB degradation. Control reaction with the SiOx/Ag-6 particles 

in the dark shows no activity toward MB degradation. 
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The reaction conducted employing the SiOx/Ag-6 particles under illumination of light with 

a wavelength of 500 nm is active toward MB degradation with a TOF of 0.064 s‒1, which 

is smaller than that (0.266 s‒1) obtained with the light of 400 nm (Figure 4.4a). The 

comparisons shown in Figure 4.4a confirms that the photocatalytic MB degradation 

reaction is indeed driven by the LSPR-mediated light absorption in the Ag NPs. 

Figure 4. 4: (a) Variation of MB concentration as the function of the photocatalytic reaction 

time, t, in the presence of the SiOx/Ag-6 (4.4 wt.%) particles under different illumination: 

dark (black, square), light with wavelength of 500 nm (pink, hexagon), and light with 

wavelength of 400 nm (wine, star); (b) Variation of MB concentration as the function of 

the photocatalytic reaction time, t, in the presence of the free-standing Ag-6 and Ag-13 

NPs, respectively. The optical absorbance of the free-standing Ag NP dispersions was 

similar at 400 nm by adjusting their concentrations. 
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Table 4. 1: Calculated TOFs towards photocatalytic MB degradation using different Ag 

NP photocatalysts. The optical absorbance of these Ag NPs was maintained similar at 400 

nm. 

 

 

 

 

 

 

When employing the freestanding Ag-6 NPs with the same concentration as the SiOx/Ag-

6 hybrid particles (considering the total number of the Ag NPs), the TOF of MB 

degradation significantly reduces to 0.058 s‒1 (Table 4.1 and Figure 4.4b), confirming the 

importance of enhanced light absorption in the Ag-6 NPs that is enabled by light scattering 

resonances near the surfaces of the SiOx NSs and the plasmonic coupling of adjacent Ag-

6 NPs assembled on the SiOx NSs. Moreover, when compared to the free-standing Ag-6 

NPs that tend to aggregate, the SiOx/Ag-6 hybrid particles exhibit high stability under the 

reaction conditions employed in the study (Figure B2).  

 

4.3.3. Effect of Ag loading on photocatalytic activity 

Decreasing the loading of Ag-6 NPs on the surfaces of the SiOx NS lowers the 

surface coverage to weaken the interparticle plasmonic coupling. For instance, the loading 

of 2.8 wt. % and 1.7 wt. % Ag-6 NPs results in the surface coverage of 44% and 26%,  

Photocatalyst Calculated TOF (s–1) 

Ag-13 0.025 

Ag-6 0.058 

SiOx/Ag-13 0.046 

SiOx/Ag-6 0.266 
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respectively (Figure 4.5a and b). Tuning the concentration of the SiOx/Ag-6 NPs with 

various Ag loadings helps prepare the dispersions with the same light absorbance at 400 

nm (Figure 4.6a). To the dispersions with the same volume, are added the same amounts 

of MB for the photocatalytic degradation reaction under the monochromatic light of 400 

nm. Although the SiOx/Ag-6 particles with different Ag-6 loadings absorb the same amount 

of incident light, the MB degradation kinetics becomes slower with the decrease of the 

loading of Ag-6 NPs (Figure 4.6b). The corresponding TOF also decreases from 0.266 s−1  

Figure 4. 5: TEM images of SiOx/Ag-6 hybrid particles with (a) 2.8 wt.% and (b) 1.7 wt.% 

Ag loading. 
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to 0.202 s−1 as the loading of Ag-6 NPs decreases from 4.4 wt. % to 1.7 wt. % (Table 4.2). 

However, it is found that the TOF decreases by 20% upon reducing the Ag-6 loading from 

4.4 wt. % to 2.8 wt. % and by only 5% when the loading is further decreased to 1.7 wt. %, 

indicating a negligible contribution of interparticle plasmonic coupling to enhance the 

photocatalytic activity with low dispersions with the same light absorbance at 400 nm. 

Figure 4. 6: (a) DRS spectra of dispersions of the SiOx/Ag-6 hybrid particles with different 

Ag loadings: (green) 1.7 wt. %, (pink) 2.8 wt. %, and (wine) 4.4 wt. %. The optical 

absorbances of these dispersions were maintained to be similar at 400 nm by appropriately 

adjusting their concentrations; (b) Variation of MB concentration as the function of the 

photocatalytic reaction time, t, in the presence of the SiOx/Ag-6 catalyst with different Ag 

loadings. 
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Table 4. 2: Calculated TOFs towards photocatalytic MB degradation using SiOX/Ag−6 

hybrid particles with different Ag loadings as the photocatalysts.  

 

 

 

 

 

Comparing the TOFs presented in Table 4.1 and Table 4.2 indicates that the interparticle 

plasmonic coupling of adjacent Ag-6 NPs and the surface light scattering resonances of the 

SiOx NSs make contributions of 0.064 s‒1 and 0.144 s‒1, respectively, to the MB 

degradation catalyzed by the Ag-6 NPs (with the base TOF of 0.058 s‒1 measured from the 

freestanding Ag NPs), corresponding to 110% and 248% enhancement in the SiOx/Ag-6 

hybrid particles with 4.4 wt. % Ag loading. The MB degradation reaction catalyzed by the 

SiOx/Ag-13 hybrid particles also exhibits a larger TOF (0.046 s‒1) than the reaction 

catalyzed by the same amount of the freestanding Ag-13 NPs (0.025 s‒1, Table 4.1, and 

Figure 4.4b). However, the overall enhancement, i.e., 84%, is much smaller than that 

observed in the smaller Ag-6 NPs, highlighting Ag NPs with reduced sizes can benefit 

more from assembling them on the SiOx NSs to promote their photocatalytic activity. The 

results shown in Figures 4.3 and 4.6 highlights that both decreasing the size of the Ag NPs 

and strengthening interparticle plasmon coupling can favor the photocatalytic activity 

towards degradation of MB under the illumination of the same light. 

 

Loading of Ag-6 NPs (wt.%) Calculated TOF (s–1) 

1.7 0.202 

2.8 0.213 

4.4 0.266 
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4.3.4. Role of surface O2 adsorbates: MB degradation kinetics 

Since no MB degradation (or oxidation) can occur in the dark, the oxidation of MB under 

photo-illumination in the presence of the Ag NPs originates from the enhancement of the 

oxidizing power of molecular oxygen (O2) dissolved in the aqueous solutions. The similar 

photo-illuminated reactions performed in different atmospheres, including nitrogen (N2), 

air, and O2 clearly show that the degradation (oxidation) of MB becomes faster with the 

increase of oxygen partial pressure in the atmosphere, corresponding to an increase of 

oxygen concentration in the reaction solution (Figure 4.7a). The calculated TOF of MB 

degradation using SiOx/Ag-6 (4.4 wt.% Ag) as the photocatalyst under O2 atmosphere is 

20 times higher than that conducted under N2 atmosphere (Table 4.3), confirming the 

crucial role of O2 in the degradation of MB. Under photo-illumination, hot electrons 

generated in the Ag NPs are injected into the empty antibonding orbitals of the O2 

molecules adsorbed on the Ag surfaces. The charge transfer process weakens the 

adsorption bonds to detach the adsorbed O2 molecules, which take the injected hot 

electrons to form superoxide radicals, O2
• (Figure 4.7b). Compared to O2, the O2

• radicals 

exhibit significantly enhanced oxidizing power to oxidize MB, promoting degradation 

kinetics of MB.15,16 Meanwhile, the leftover holes in the Ag NPs can also oxidize MB to 

further increase the degradation kinetics (Figure 4.7b).19,32 The TOF of MB degradation 

linearly increases with the light intensity (Figure 4.8), confirming the involvement of 

photo-generated hot carriers in the degradation of MB.40 
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Table 4. 3: Calculated TOFs towards photocatalytic MB degradation using 4.4 wt.% 

SiOx/Ag-6 hybrid particles as the photocatalyst under various atmospheres. 

 

SiOx/Ag-6 NPs (4.4 wt.%) Calculated TOF (s–1) 

In N2 atmosphere 0.038 

In air 0.266 

In O2 atmosphere 0.740 

Figure 4. 7: (a) Variation of MB concentration as the function of the photocatalytic reaction 

time, t, under different atmospheres: (black, square) N2, (wine, star) air, and (blue, circle) 

O2. The reactions were performed in the presence of SiOx/Ag-6 hybrid particles with 4.4 

wt. % Ag loading under the same light illumination; (b) Schematic illustration highlighting 

the chemistries driven by the hot electrons and holes that are responsible for the 

degradation of MB. 
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4.4. Conclusion 

 Photo-illumination of the plasmonic Ag NPs is capable of generating hot electrons 

that can be injected into O2 adsorbed on the Ag surfaces to produce highly reactive O2
•– 

and hot holes in the oxidizing power than O2 to oxidize MB, promoting the degradation 

kinetics of MB. The quantitative comparison of MB degradation kinetics using the Ag NPs 

with different sizes as the photocatalysts highlight that the smaller Ag NPs of 6 nm in 

diameter exhibit higher reactivity than the larger Ag NPs of 13 nm in diameter upon the 

same light absorption (Figure 4.4b for the freestanding Ag NPs and Figure 4.3b for SiOx-

supported Ag NPs). Since the smaller Ag NPs have larger surface-to-volume ratios, the 

photocatalytic activity is normalized against the total surface Ag atoms and represented 

with TOFs, which still highlight the higher photocatalytic activity of the smaller Ag-6 NPs 

regardless of the freestanding or SiOx-supported NPs (Table 4.1). The comparisons confirm 

that decreasing the size of Ag NPs favors the photon-to-chemical conversion efficiency 

through the plasmon-mediated hot-electron chemistry. Theoretical calculations have 

Figure 4. 8: Linear dependence of the TOF for MB degradation on the light power density 

at a wavelength of 400 nm. 
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shown that the quantum efficiency of generating hot electrons in the smaller Ag NPs is 

higher than the larger Ag NPs. The higher photo-to-chemical conversion efficiency 

observed with the smaller Ag NPs verifies the positive translation of high-efficiency hot 

electron generation inside the smaller Ag NPs to hot-electron-driven chemical reactions on 

the NP surfaces. 

With a given amount of Ag and SiOx NPs, the Ag NPs with smaller sizes show a 

higher surface coverage on the SiOx NSs that induce interparticle plasmon coupling more 

easily. Both the surface light scattering resonances of the SiOx NSs and the interparticle 

plasmon coupling of adjacent Ag NPs are beneficial to enhance light absorption power in 

the Ag NPs as well as the photocatalytic activity. Therefore, loading the plasmonic Ag NPs 

with reduced sizes on the SiOx NSs represents a promising strategy to significantly promote 

the photocatalytic activity of the Ag NPs through the plasmon- mediated hot-electron 

chemistry. Moreover, the high colloidal stability of the SiOx NSs prevents the small Ag 

NPs attached to the SiOx surface from being agglomerated, further benefiting their 

photocatalytic performance. The conclusion and design principle are ready to extend to the 

plasmonic NPs made of other materials, for example, Au, Cu, and their alloys. 
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CHAPTER 5 

SILICA-SUPPORTED PLATINUM NANOPARTICLES: INFLUENCE OF 

PHOTO-INDUCED MODIFICATION OF SURFACE ELECTRONIC 

STRUCTURE ON PRODUCT SELECTIVITY 

5.1. Introduction 

 Product selectivity in catalysis is crucial for large-scale production of commercially 

valuable fine chemicals and pharmaceuticals of high demand.1–5 Development of active 

catalysts with high product selectivity at green reaction conditions that eliminate 

production/accumulation of chemical wastes, is a key research direction in the field of 

catalysis.6–9 It has been reported that heterogeneous catalysts with metal surfaces modified 

with suitable organic ligands enable product selectivity by inducing steric and electronic 

effects.10,11 However, the selection of suitable organic ligands and synthesis of the 

corresponding surface-modified metal catalysts can be challenging and time-consuming. 

In addition, the organic ligands adsorbed on the metal reduces the available active surface 

area and decrease the adsorption of reactive species which results in low catalytic 

activity.12,13 Tuning the electronic structure by employing multimetallic nanoparticles that 

hybridize the electronic properties of the metal counterparts and appropriate supports that 

facilitate strong metal-support interaction that induce a modification of surface electronic 

structure in the anchored metal nanoparticles are interesting strategies to achieve product 

selectivity.14–20 However, achieving well-controlled composition of multimetallic 

nanoparticles and appropriate strength of metal-support binding is difficult to achieve 

desirable electronic structures. In this work, we report a strategy for tuning the surface 

electronic structure of metal nanoparticles by simple photo-illumination. Silica-supported 
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ultrasmall Pt nanoparticles (Pt/SiOx NPs) were employed to drive selective partial 

hydrogenation of nitroarene to achieve high selectivity towards N-aryl hydroxylamines that 

are thermodynamically unfavorable but industrially valuable.  

N-aryl hydroxylamines are a class of value-added compounds employed for the 

synthesis of several fine chemicals, pharmaceuticals, and active biological compounds and 

cupferron, a commonly used polymerization inhibitor (Figure C1).21–27 High 

thermodynamically favorable conversion of N-aryl hydroxylamines to respective anilines 

is a major bottleneck in the selective partial reduction of nitroarenes (Figure 5.1).  

 

The conventional methods employed for the synthesis of N-aryl hydroxylamines involves 

the use of environmentally harmful reducing agents which generate significant amounts of 

by-products/chemical waste, or a suitable combination of solvent, additives/promoters that 

require additional chromatographic separation leading to a significant reduction in isolated 

yield.28–33 Photocatalytic hydrogenation of nitroarenes under mild reaction conditions 

Figure 5. 1: Energy diagram indicating the relative energies of Ph‒NO2 and the 

hydrogenation products, Ph‒NHOH and Ph‒NH2. 
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employing hydrogen as a reducing agent is a greener approach (with water as the by-

product) and an interesting strategy towards the selective synthesis of N-aryl 

hydroxylamines. Herein we report the effect of change in electronegativity of the surface 

Pt atoms upon photoillumination that enable product selectivity towards N-aryl 

hydroxylamines at room temperature. 

 

5.2. Experimental methods 

5.2.1. Synthesis of SiOx-supported Pt (Pt/SiOx) heterostructures 

 The SiOx-supported heterostructure photocatalysts with 2 wt.% Pt was synthesized 

by adding 80.3 mL aqueous Pt dispersion slowly to a 150 mL aqueous dispersion of 

APTES-SiOx with a concentration of 1 mgmL−1 with the stirring rate maintained at 600 

rpm. Electrostatic interaction between the nanoparticles leads to the attachment of 

negatively charged citrate-capped Pt NPs on the positively charged APTES-SiOx more 

uniformly. After 30 min of continuous stirring, the obtained Pt/SiOx heterostructures were 

collected by centrifugation at 3000 rpm, washed multiple times with DI water. The 

collected samples were dried in an oven maintained at a temperature of 60 C for 4 h. 

Triethanolamine treated Pt heterostructures (TEA-treated Pt/SiOx) were synthesized by 

adding 10 mg Pt/SiOx NPs in a solution consisting of 50 mM TEA in isopropyl alcohol as 

the solvent. After ultrasonication for 2 min, the dispersion was stirred for 30 min at a 

stirring rate of 800 rpm. The obtained TEA-treated Pt/SiOx NPs were collected by 

centrifugation at 3000 rpm and washed multiple times with isopropyl alcohol. The 

collected samples were dried in an oven at a temperature of 60 C for 4 h. 
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5.2.2. Photocatalytic nitroarene hydrogenation reaction 

 To carry out nitroarene hydrogenation using Pt/SiOx catalyst in dark, 200 L of 2 

wt.% Pt/SiOx dispersion with catalyst concentration 10 mg mL−1 and isopropyl alcohol 

(IPA) solvent was diluted to a total volume of 4.5 mL by adding the appropriate volume of 

IPA in a 10-mL glass reactor that was sealed with a rubber septum. The Pt/SiOx catalyst 

was dispersed well by ultrasonication and purged with H2 for 15 min at a flow rate of 100 

cm3 min−1. A small H2 balloon was attached to the reactor to account for H2 over the time 

of the reaction such that the total H2 pressure remains ~1 atm throughout the reaction. 0.5 

mL of nitroarene (200 mM in IPA) was injected rapidly to this dispersion to initiate the 

reaction that was carried out at room temperature with a stirring rate maintained at 500 

rpm. To monitor the reactant/product concentration over time using GC-FID analysis, a 

sample volume of 100 L was collected at specific reaction times, centrifuged at 6000 rpm 

for 5 min, and filtered using a 200 µm filter.  To carry out nitroarene hydrogenation 

employing TEA-treated Pt/SiOx catalyst in dark, 1 mL dispersion of 2 wt.% TEA-treated 

Pt/SiOx with a catalyst concentration of 10 mg mL−1 in IPA solvent was diluted to 4.5 mL 

using IPA in a 10-mL glass reactor. The reaction setup was kept the same for both catalysts.  

Nitroarene hydrogenation reaction under visible light (400-750 nm) illumination at 

an intensity of 1.54 Wcm−2 was conducted employing a reaction setup similar to that of 

dark conditions. The 10-mL glass reactor was immersed in a water bath to dissipate heat 

and eliminate the contribution of the photothermal effect in the catalytic reaction. The role 

of H2 was investigated by conducting a control experiment employing a model reactant, 

nitrobenzene (Ph-NO2) under N2 atmosphere by purging the reaction mixture with N2 for 

30 min and attaching an N2 balloon to maintain ~1 atm total N2 pressure under light 
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illumination. To study the dependence of catalytic activity and aryl hydroxylamine 

selectivity on the reaction temperature, Ph-NO2 hydrogenation was carried out using TEA-

treated Pt/SiOx catalyst at several reaction temperatures (10-65 C) under dark conditions. 

The reaction order of reactants was determined by varying Ph-NO2 concentration and H2 

partial pressure (varying N2:H2 ratio) under dark/light using Pt/SiOx and TEA-treated 

Pt/SiOx catalysts. The photoactivity and N-aryl hydroxylamine selectivity of Pt/SiOx and 

TEA-treated Pt/SiOx was verified by carrying out the hydrogenation of several substituted 

nitroarenes under dark and light illumination. 

 

5.3. Results and Discussion 

5.3.1. Optical absorption of Pt/SiOx and photoinduced electronic effects in Pt 

The TEM images of Pt/SiOx heterostructures indicate the uniform distribution of 

small Pt NPs on the surface of the SiOx NSs (Figure 5.2a). The DRS spectra of Pt/SiOx and 

the APTES- SiOx NSs are shown in Figure 5.2b, which are sensitive to the optical  

Figure 5. 2: (a) TEM image of Pt/SiOx heterostructures. Inset: enlarged image of the 

catalyst; (b) DRS spectrum showing the broad absorption peak in the visible region for 

Pt/SiOx heterostructures and negligible absorption for APTES-SiOx. 



99 

 

absorption and excludes the contribution of light scattering. The negligible absorption 

signal of the APTES-SiOx NSs indicates that the observed optical absorption of the Pt/SiOx 

sample originates solely from the Pt NPs. The DRS spectrum of Pt/SiOx exhibits well-

defined optical absorption peaks around 325 nm and 530 nm in the UV-vis spectral region 

which is significantly different from the peakless absorption spectrum of the freestanding 

colloidal Pt NPs (Chapter 2, Figure 2.11). The optical absorption of Pt/SiOx is consistent 

with the light scattering resonances on the surface of the SiOx NSs with the highest 

geometric symmetry. The non-zero baseline in the Pt/SiOx DRS spectrum is more likely 

independent of the wavelength and agrees with the feature of optical absorption due to 

random scattering in Pt/SiOx.
34 The comparison indicates that both resonant scattering and 

random scattering of the dielectric SiOx NSs are responsible for enhanced light absorption 

in the small-sized Pt NPs.35–37 The generation of “hot electrons” due to the strong light 

absorption in small Pt NPs which efficiently excites the free electrons at an energy  

 

Figure 5. 3: (a) Schematic illustration indicating the increased electron density and 

electron energy on Pt surface atoms upon visible light illumination; (b) XANES spectra 

of Pt NCs at ground state and excited state. 
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states distributed above the Fermi level.37,38 The spread spatial distribution of the 

photoexcited hot electrons in Pt NPs due to the energy elevation leads to the spillover of 

electrons well beyond the jellium surface as illustrated in Figure 5.3a. Upon 

photoillumination, free-electron redistribution in the physical space and energy space can 

attribute to the change in electronegativity of the Pt atoms compared to the Pt NPs at ground 

state (i.e., in the dark).  Figure 5.3b shows the normalized absorption at Pt LIII edge 

(11.5637 keV) in dark (black curve) and upon illumination of 804-nm fs laser pulse (red 

curve) obtained by X-ray absorption near-edge spectroscopy (XANES). The observed 

shift in Pt LIII absorption edge to lower energy upon photoillumination indicates the low 

apparent oxidation state of the photoexcited Pt NPs compared to those in the dark.  

 

5.3.2. Catalytic performance of Pt/SiOx towards nitroarene hydrogenation 

 The Pt/SiOx heterostructures with 2 wt.% loaded Pt is employed to study the 

hydrogenation of nitroarene under dark and photoillumination conditions. Nitrobenzene 

(Ph-NO2, 20 mM in IPA solvent) is used as a model reactant with the H2 total pressure 

maintained at 1 atm. To maintain the reaction temperature ~25 C, the sealed glass reactor 

is immersed in a water bath that enables effective heat dissipation.  Under dark reaction 

conditions, the thermodynamically favorable product aniline (Ph-NH2) is formed with 

>95% selectivity and the corresponding selectivity of phenylhydroxylamine (Ph-NHOH) 

increases initially to 44% and drops to zero at >95% Ph-NO2 conversion (Figure 5.4a and 

Figure C2a). Under visible light irradiation at an intensity of 1.54 W∙cm–2, the rate of Ph-

NO2 hydrogenation accelerates rapidly with Ph-NHOH selectivity of 62% at Ph-NO2 

conversion >95% after which the complete conversion of Ph-NHOH to Ph-NH2 dominates  
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(Figure 5.4b and Figure C2b). The change in product distribution resulting in the increased 

selectivity towards the formation of value-added Ph−NHOH product under light 

illumination can be ascribed to the change in surface charge of Pt NPs due to the 

accumulation of photoexcited energized hot electrons on Pt surface. The control 

experiments indicate that the reaction cannot occur in the absence of the Pt/SiOx catalyst 

under 1 atm H2, in the presence of SiOx NSs alone without loaded Pt under H2 atmosphere, 

and the presence of Pt/SiOx catalyst under 1 atm N2 upon photoillumination (Figure C3). 

This indicates that the Pt NPs catalyze Ph-NO2 hydrogenation using H2. Furthermore, the 

Figure 5. 4: Catalytic performance of Pt/SiOx heterostructures. Ph-NO2 hydrogenation 

using Pt/SiOx heterostructures under (a) dark and, (b) light illumination conditions 

respectively. Ph-NHOH selectivity is shown on the right axis (green, hollow triangle). 
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abstraction of H from the IPA solvent by photogenerated holes does not play a significant 

role in Ph-NO2 hydrogenation.  

Kinetic studies were carried out using Pt/SiOx catalysts under dark and light 

irradiation with varying Ph-NO2 concentration and H2 partial pressure indicates the first-

order dependence of both reactants (Figure C4a  and C4b) indicating that the reaction 

mechanism is not altered upon photoillumination. Ph-NO2 hydrogenation follows either 

Jackson or Haber mechanism depending on the formation of a common surface 

intermediate (Ph-NOH*) or the formation of nitrosobenzene (Ph-NO) respectively 

(elementary reactions shown in Table 5.1).39–42 The absence of detectable Ph-NO in the 

products indicates that hydrogenation of Ph-NO2 on the Pt/SiOx catalyst follows the 

Jackson mechanism.43 Based on the experimental and derived reaction rate law using the 

elementary reactions involved in Ph-NO2 hydrogenation (Table 5.2, Appendix C), it was 

found that breaking of N-O bond of the surface adsorbed Ph-N(OH)2* intermediate to form 

Ph-NOH* by the photogenerated hot electrons is the RDS (Step 5). The calculated first-

order reaction rate constant (k) for Ph-NO2 conversion increased from 2.10  10–2 min–1 

under dark to 2.57  10–1 min–1 upon light illumination (klight/kdark = 12.2, Figure 5.5a). The 

high values of klight can be attributed to the injection of photoexcited hot electrons into the 

empty antibonding orbitals of the N-O bonds in Ph-N(OH)2* which weakens the bond 

strength, facilitating the dissociation of the N-O bond to eliminate the OH group, indicated 

by the low activation energy of the overall reaction44,45 (Figure 5.5b, Figure C5).   
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Table 5. 1: Elementary reactions involved in Ph-NO2 hydrogenation.41,42 

*indicates surface adsorbed species 

Elementary Reactions 

(a) Haber Mechanism 

Ph−NO2*  +  H*  →  Ph−NOOH*  +  *                                                      ....(1a) 

Ph−NOOH* +  H*  →   Ph−NO* +  H2O*                                                  ....(2a) 

Ph−NO* +  H*  →  Ph−NOH*  +  *                                                            ....(3a) 

Ph−NOH* +  H*  →  Ph−NHOH*  +  *                                                      ....(4a) 

Ph−NHOH*  +  H*  →  Ph−NH* +  H2O*                                                   ...(5a) 

Ph−NH* + H*  →  Ph−NH2*  +  *                                                               ....(6a) 

Jackson Mechanism 

(a) Ph−NO2*  +  H*  →  Ph−NOOH*  +  *                                                 ...(1b) 

Ph−NOOH*  +  H*  →  Ph−N(OH)2*  +  *                                                 ....(2b) 

Ph−N(OH)2*  +  H* →  Ph−NOH*  +  H2O*                                                ..(3b) 

Ph−NOH* +  H* →  Ph−NHOH*  +  *                                                       ....(4b) 

Ph−NHOH*   +  H* →  Ph−NH*  +  H2O*                                                 ....(5b) 

Ph−NH* + H*  →  Ph−NH2*  +  *                                                               ....(6b) 



104 

 

Table 5. 2: Elementary reactions involved in Ph-NO2 hydrogenation on Pt NP.39 

* indicates surface adsorbed species 

Elementary Reactions Ea (eV)  E (eV)  

1.   H2  + 2*   2 H* - - 

2. Ph−NO2 +  *   Ph−NO2*    - - 

3. Ph−NO2* + H*    Ph−NOOH* +  * 0.35 0.06 

4. Ph−NOOH* + H*    Ph−N(OH)2* + *  0.27 0.23 

5. Ph−N(OH)2*  +  *  →  Ph−NOH* + OH* (RDS) 0.46 ‒0.68 

6. Ph−NOH* + H*  →  Ph−NHOH*  +  * 0.15 ‒0.45 

7. Ph−NHOH*    Ph−NHOHsol  +  *     - - 

8. Ph−NHOH*  →  Ph−NH* + OH*  (RDS) 0.66 ‒0.71 

9.   Ph−NH* + H* →  Ph−NH2*  0.60 ‒0.40 

10. Ph−NH2* →  Ph−NH2  +  * 0 0 

11. OH* + H*  →  H2O  +  2* - - 

Figure 5. 5: (a) First order reaction with respect to Ph-NO2 under both dark and light 

employing Pt/SiOx NPs; (b) Energy diagram of Ph-NO2 hydrogenation reaction. 
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The time-resolved Pt LIII XANES observed for the reaction system exhibits slow relaxation 

(Figure 5.6), demonstrating that the photo-excited hot electrons injected into N-O bonds 

are not removed from Pt by the formation of freestanding transient anions.  Instead, the hot 

electrons transfer the energy to N-O bonds to promote their dissociation and become 

warm/cool electrons that return to the Pt NP.  The breaking of N-O bonds results in the 

formation of the OH and Ph-NOH surface intermediates that remain adsorbed on the Pt 

surface. 

 

5.3.3. Adsorption kinetics and isotherms of Ph-NO2 and Ph-NHOH 

 The accumulation of photoexcited energized hot electrons on Pt surface results in 

the decreased adsorption kinetics of both Ph-NO2 and Ph-NHOH (Figure 5.7a and 5.7b, 

Figure C6a and C6b). The adsorption kinetics shows best fit for the first order adsorption 

model,46–48 

ln(𝑞e − 𝑞) = −𝑘ads ∙ 𝑡 + ln𝑞e                                                                                     … (5.1)                                                                         

Figure 5. 6: Time-resolved XANES of Pt LIII indicates slow relaxation over time (0-0.5 

ns). 
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where qe is adsorbate at equilibrium and qt is adsorbate at time t, in the solution with the 

slope representing the adsorption rate constants (kads) of Ph-NHOH and Ph-NO2 under dark 

and light illumination. Upon light irradiation, kads decreases by 45% and 64% for both Ph-

NO2 and Ph-NHOH, respectively.  

 

Furthermore, the adsorption equilibrium constant (K) for Ph-NO2 and Ph-NHOH 

was determined from the adsorption isotherms according to the Langmuir model,48–50 

𝐶e

𝑞e
=

𝐶e

𝑞m
+

1

𝐾𝑞m
                                                                                                   … (5.2)  

Figure 5. 7: Adsorption kinetics and isotherms of Ph-NO2 and Ph-NHOH. (a,b) Pseudo-

first order adsorption kinetics of Ph-NO2 and Ph-NHOH under both dark and light 

illuminations, respectively. (c,d) Linear form of Langmuir adsorption isotherm for  Ph-

NO2 and Ph-NHOH, respectively. 
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 where Ce is the equilibrium concentration of adsorbate in solution (Figure 5.7c and 5.7d). 

The values of K determined from the adsorption model for Ph-NO2 and Ph-NHOH on 

Pt/SiOx are 801667 and 825134 in the dark which drops to 503582 and 236454, 

respectively, under light illumination (kads and K values are summarized in Table 5.3). 

Table 5. 3: Adsorption and desorption rate constants and the calculated equilibrium 

constants of Ph-NO2 and Ph-NHOH under dark and light illumination employing Pt/SiOx 

NPs 

Parameters 

Ph-NO2 Ph-NHOH 

dark light dark light 

Adsorption rate 

constant (kads  10−2
 s−

1) 

1.8 1.0 2.9 1.1 

Desorption rate 

constant (kdes  10−8 s−1)  

          2.2 2.0 3.5 4.7 

Equilibrium constant, K 

(K = kads / kdes) 

801667 503582 825134 236454 

 

The observed decrease of K upon photoillumination verifies the decreased adsorption of 

Ph−NHOH under the light. Additionally, the desorption rate constant (kdes, calculated from 

kdes = kads/K) under light irradiation for Ph-NHOH increases by 34% while that of Ph-NO2 

shows negligible change, which indicates the favorable desorption and accumulation of 

Ph−NHOH. This desorption behavior of Ph‒NHOH can be ascribed to the decrease in the 

electronegativity of surface Pt atoms upon photoillumination that reduces the ability of Pt 
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atoms to attract the lone pair of electrons in the N atoms to form Pt‒N adsorption bonds 

with Ph-NHOH. 

5.3.4. Catalytic performance of TEA-treated Pt/SiOx towards nitroarene hydrogenation 

 It has been previously reported that the use of suitable surface modifiers can 

improve selectivity towards the formation of partial hydrogenation products in nitroarene 

hydrogenation reaction by minimizing their complete hydrogenation to the respective aryl 

anilines. Amines are one of the commonly employed surface modifiers that favor the 

formation of Ph-NHOH by increasing the surface electron density of the surface Pt 

atoms.27,32 We employed triethanolamine (TEA) to treat the Pt anchored on the SiOx NSs 

resulting in the formation of TEA-treated Pt/SiOx, to achieve improved Ph-NHOH 

selectivity. The catalytic hydrogenation of Ph-NO2 using TEA-treated Pt/SiOx shows that 

the reaction rate constant for Ph-NO2 conversion even upon employing a high amount of 

TEA-treated Pt/SiOx (~5 times higher than Pt/SiOx, to account for the loss of active surface 

sites due to TEA treatment) is 8.4  10–3 min–1 which is 2.5 times lower than that of the 

Pt/SiOx catalyst under dark (Figure 5.8a). Although the reaction rate constant decreases 

upon employing TEA-treated Pt/SiOx, Ph-NHOH selectivity improved to 67% at >90% 

Ph-NO2 conversion in dark, similar to that observed with Pt/SiOx under light irradiation. 

This can be attributed to the change in the surface electronic structure of Pt upon TEA 

adsorption which reduces the rate of complete hydrogenation of Ph-NHOH to Ph-NH2. 

Under visible light irradiation using TEA-treated Pt/SiOx, the reaction rate constant 

increased to 1.5  10–1 min–1 (klight/kdark = 18.7) which demonstrates the efficient transfer of 

photo-energized hot electrons to activate and break the N-O bonds in Ph-N(OH)2 

intermediate in the RDS (Figure 5.8b).   
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Kinetic studies indicate the first-order dependence of the reaction rate with respect 

to both H2, Ph−NO2 and shows that the RDS (step 5 of elementary reactions) remains the 

same as that observed with the Pt/SiOx catalyst (Figure C7). Ph-NHOH selectivity up to 

91% at Ph-NO2 conversion >90% indicates the synergistic effect of the adsorbed TEA and 

the accumulated hot electrons on Pt-surface resulting in the significant reduction in Ph-

NHOH adsorption on Pt, thus, improving its selectivity by minimizing its complete 

conversion to Ph-NH2. The decrease in Ph-NHOH selectivity observed at the longer 

reaction times shown in Figures 5.4 and 5.8 indicates that high Ph-NO2 concentration is 

beneficial to achieve high Ph‒NHOH selectivity (Figure C8). The TEA-treated Pt/SiOx 

photocatalysts exhibit excellent catalytic performance towards Ph-NO2 conversion for 5 

reaction cycles (Figure 5.9). In addition to the catalytic stability, high selectivity towards 

Ph-NHOH formation was also maintained for multiple reaction cycles. Both Pt/SiOx and 

TEA-treated Pt/SiOx catalysts were employed to investigate their performance towards 

hydrogenation of various substituted nitroarenes (Table 5.4, Figure C9-C16).   

Figure 5. 8: Catalytic performance of TEA-treated Pt/SiOx heterostructures. (a,b) Ph-NO2 

hydrogenation using TEA-treated Pt/SiOx heterostructures under dark and light 

illumination conditions respectively. Ph-NHOH selectivity is shown on the right axis 

(green, hollow triangle). 



110 

 

 

Table 5. 4: N-aryl hydroxylamine selectivity of various substituted nitroarenes 

  N-aryl hydroxylamine selectivity (%) 

  Pt/SiOx TEA-treated Pt/SiOx 

Substituted nitroarenes Dark Light Dark Light 

4‒nitrotoluene 7.5 63.8 72.4 88.3 

4‒nitrochlorobenzene 5.4 58.3 77.0 89.9 

4‒iodonitrobenzene 6.2 61.6 73.6 87.2 

4‒nitrobenzaldehyde 3.8 53.4 65.2 81.4 

2‒nitrotoluene 5.9 54.7 63.7 82.6 

2‒nitrochlorobenzene 6.7 56.2 68.5 83.8 

3‒nitrotoluene 4.2 63.8 71.9 85.1 

3‒nitrochlorobenzene 3.6 65.9 74.3 89.4 

*75-90% Ph-NO2 conversion  

Figure 5. 9: Ph-NO2 hydrogenation over 5 catalytic cycles under visible light irradiation 

employing TEA-treated Pt/SiOx NPs. 



111 

 

High aryl aniline selectivity (84% to 93%) was achieved with Pt/SiOx in dark conditions, 

irrespective of the type and position of the substituted functional group. However, 

improved selectivity of N-aryl hydroxylamines (53% to 66%) was observed under 

photoillumination which increases more than 80% for TEA-treated Pt/SiOx catalysts.   

 

5.3.5. Dependence of light intensity, reaction temperature on product formation rate and 

Ph-NHOH selectivity 

 The light intensity dependent product formation rates and Ph-NHOH selectivity 

were determined by varying the light intensity (0.28 to 1.84 Wcm−2) employing TEA-

treated Pt/SiOx catalyst.  The formation rate of Ph-NHOH significantly increases with 

increasing light intensity with the high selectivity (>85%) maintained at intensities 0.5 

Wcm−2 (Figure 5.10a). In contrast, minimal change is observed in the Ph-NH2 formation 

rates with respect to the illumination intensity. The product formation rates exhibit a 

superlinear dependence with respect to light intensity (Figure 5.10b) which further  

Figure 5. 10: (a) Ph-NO2 hydrogenation using TEA-treated Pt/SiOx NPs shows increasing 

product formation rates of Ph-NHOH and Ph-NH2 with respect to increasing light intensity; 

(b) Product formation rates of Ph-NHOH and Ph-NH2 employing TEA-treated Pt/SiOx 

catalyst indicate superlinear (n>1) dependence with increasing light intensity. 
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confirms that acceleration of reaction kinetics facilitated by the photoexcited hot electrons 

in the small Pt NPs.51,52 Ph-NO2 hydrogenation reactions were conducted at varying 

reaction temperature (10 C to 65 C) employing Pt/SiOx to verify the possibility of 

achieving high Ph-NHOH selectivity upon increasing reaction temperature in dark. 

Experimental results show that the production rate of both Ph-NHOH and Ph-NH2  

 

increases initially with increasing temperature from 10 C to 35 C and, decreases at 

temperatures >35 C (Figure 5.11). This can be ascribed to the decrease in the amount of 

dissolved H2 at increasing temperatures. The continuous decrease in the selectivity of Ph-

NHOH with increasing reaction temperatures indicates that complete hydrogenation of Ph-

NHOH to Ph-NH2 dominates at high temperatures. The results indicate that both high 

catalytic activity and selectivity towards the formation of Ph-NHOH cannot be achieved 

solely by increasing the reaction temperature under dark which demonstrates the key role 

of light towards the selective partial hydrogenation of Ph-NO2. 

Figure 5. 11: Ph-NO2 hydrogenation employing TEA-treated Pt/SiOx NPs exhibit 

decreasing Ph-NHOH selectivity with increasing reaction temperature under dark, 

indicating favorable complete hydrogenation of Ph-NO2 to Ph-NH2.  
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5.4. Conclusion 

 Photo-excited hot electrons generated upon visible light irradiation of quantum–

sized Pt NPs loaded onto dielectric SiOX NSs (Pt/SiOx heterostructures) were utilized to 

drive the selective hydrogenation of Ph-NO2 to form commercially valuable Ph-NHOH. It 

was found that Ph-NO2 hydrogenation follows the Jackson mechanism and the formation 

of aniline dominates in the dark reaction conditions. However, the accumulation of 

energized hot electrons on the surface of Pt NP decreases electronegativity of the surface 

Pt atoms and therefore, decreases the adsorption of Ph-NHOH, minimizing its complete 

hydrogenation to Ph–NH2. This results in the improved selectivity of Ph-NHOH (62%) 

upon photoillumination. Although the adsorption kinetics of Ph-NO2 on Pt decreased upon 

light irradiation, the high activity under light (klight/kdark = 12.2) indicates the acceleration 

of RDS via. hot-electron mediated activation and breaking of N-O bond in the surface 

adsorbed intermediate, Ph-N(OH)2* resulting in the removal of OH group and the 

formation of Ph-NOH*. The selectivity towards Ph-NHOH was further improved upon 

employing TEA-treatment of the Pt NPs anchored on SiOx. TEA-treated Pt/SiOx exhibits 

low reaction rates towards Ph–NO2 conversion in dark due to the reduction of available 

active sites, however, the selectivity towards Ph–NHOH improved to 67% (compared to 

62% with Pt/SiOx under light). This can be ascribed to the change in the surface electronic 

structure of Pt due to the binding of TEA molecules. Upon light irradiation, the TEA-

treated Pt/SiOx catalyst exhibits both improved reaction rate (klight/kdark = 18.7) and 

selectivity towards the formation of Ph–NHOH (91%) due to the alteration of the surface 

electronic structure due to the synergistic effect between hot-electron accumulation on 

surface Pt atoms and TEA adsorption. This trend was consistent with various other 
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substituted nitroarenes investigated in this study, indicating the favorable role of the 

photoexcited hot electrons and adsorbed TEA towards conversions of nitroarenes to N-aryl 

hydroxylamines with high selectivity. 
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CHAPTER 6 

SUMMARY AND OUTLOOK ON FUTURE RESEARCH 

The overall catalytic activity of a photocatalyst relies on the effective utilization of 

incident photons, photostability, high efficiency of energized hot charge carrier generation, 

transfer to specific chemical bonds of surface-adsorbates to drive desirable chemical 

conversions. This dissertation discusses the strategies to improve the overall photocatalytic 

activity of nano-sized catalysts with weak visible light absorption and low photostability 

to enable efficient solar-to-chemical transformations. Chapter 2 describes the synthetic 

protocols employed for the formation of composite nanostructures that are comprised of 

active nano-catalysts attached to silica nanospheres (SiOx NSs). The SiOx NSs with 

controlled morphology and monodispersity act as supports to improve the stability and 

optical absorption of the colloidal, free-standing nano-catalysts. Upon photoillumination, 

the SiOx NS supports act as optical nanoantenna to enhance local electric field on/near the 

surface of the NS by promoting dielectric scattering resonances. The nano-catalysts 

anchored on the surface of the SiOx NS that experience the strong local electric field exhibit 

improved visible light absorption that promotes the generation of energized hot charge 

carriers in the nano-catalysts. Various classes of catalysts with weak visible light 

absorption, such as metal-doped semiconductor nanocubes, plasmonic and non-plasmonic 

metal nanoparticles were employed to drive specific probe reactions such as dye 

degradation and selective partial hydrogenation of nitroarene to evaluate the overall 

photocatalytic activity of the nanostructured composites.  

Chapter 3 presents a promising approach to improve the visible light absorption of 

silver-doped silver chloride nanocubes (AgCl(Ag) NCs). Photo-induced reduction of 
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surface Ag+ ions in AgCl NCs (a wide bandgap semiconductor with negligible absorption 

in the visible region, 400-750 nm) to metallic Ag results in the formation of AgCl(Ag) 

NCs. The AgCl(Ag) NCs display low, broadband optical absorption in the visible region 

due to the metal-induced gap states within the AgCl bandgap that are introduced by the 

Ag0 dopants. Upon photoillumination, the low colloidal stability of AgCl(Ag) NCs results 

in their extensive aggregation and loss of the active surface area. Furthermore, the 

increased particle size due to aggregation increases the diffusion length of the energized 

electrons to reach the surface of the particle to facilitate adsorbate activation.  Such a delay 

in the utilization of hot charge carriers promotes the conversion of AgCl to metallic Ag 

(>90%) within the irregular-shaped large particles, resulting in a significant reduction of 

photocatalytic activity (decreases >80%) towards methylene blue (MB) degradation just 

after three catalytic cycles. In contrast, the SiOx/AgCl(Ag) nanocomposites display high 

colloidal stability, enhanced visible light absorption, and improved overall photoactivity 

towards MB degradation. The SiOx-supported AgCl(Ag) exhibits ~16% conversion of 

AgCl to Ag with a <10% decrease in the photocatalytic activity towards MB degradation 

for ten catalytic cycles. O2 plays a major role as electron acceptor which results in the 

formation of reactive oxygen species such as superoxide radicals (O2
•−) and perhydroxyl 

radicals (HO2
•, formed when O2

•− reacts with H+ in the reaction mixture) in O2-rich reaction 

conditions that exhibit high oxidizing power and can effectively oxidize MB. The holes 

can directly oxidize MB and further improve the overall photocatalytic activity towards 

MB degradation. However, in O2-deficient conditions (in the presence of N2), the 

accumulated photo-excited electrons facilitate the conversion of AgCl to Ag within the 
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nanocubes and only the holes oxidize MB, which results in decreased overall photoactivity 

when compared to the O2-rich conditions. 

Chapter 4 investigates the dependence of particle size on the photon-to-chemical 

conversion efficiency by employing plasmonic silver nanoparticles (Ag NPs with particle 

sizes of 6 and 13 nm). Upon photoillumination, activation of Ag-surface adsorbed O2 by 

hot electrons to facilitate the formation of O2
•− radical was investigated by evaluating the 

photocatalytic activity towards MB oxidation (probe reaction). Comparing the catalytic 

activity of colloidal, free-standing Ag NPs of both sizes reveals that smaller Ag NPs (size 

<10 nm) promotes oxidation of MB by positively translating the energy of the absorbed 

photons to high energy hot electrons that are effectively utilized to drive MB oxidation. 

However, small-sized Ag NPs exhibit low optical absorption and severe aggregation which 

reduces the utilization of incident photons and decreases the reusability of the free-standing 

NPs. These problems were addressed by employing SiOx/Ag composites as photocatalysts, 

among which the nanostructures with smaller Ag NPs benefit more from the dielectric 

light-scattering resonances of the NS and the interparticle plasmon coupling (due to high 

SiOx-surface coverage of smaller Ag NPs) that generates regions of strong local electric 

fields on SiOx. This results in high efficiency of hot carrier generation in smaller Ag NPs 

and their effective transfer to activate surface adsorbed O2 to form O2
•− that promotes MB 

oxidation. The holes can directly oxidize MB which further promotes the overall activity. 

The contribution of photoactivity due to interparticle plasmon coupling was carefully 

investigated by lowering the Ag NP loading on SiOx, which indicates that absorption 

enhancement due to scattering resonances play a major role compared to the effect of 

plasmon coupling in promoting the photocatalytic activity of Ag NPs.  
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Chapter 5 demonstrates the role of photo-excited high energy hot electrons 

generated in non-plasmonic small-sized Pt NPs (with weak visible light absorption) 

towards the selective partial hydrogenation of nitroarenes to N-aryl hydroxylamines. The 

visible light absorption of Pt NPs was enhanced by anchoring them on spherical SiOx 

nanoantenna and the photo-generated hot electrons were utilized for the activation and 

selective reduction of nitrobenzene (Ph-NO2, model reactant). During photoillumination, 

selective formation of the commercially valuable product, phenylhydroxylamine (Ph-

NHOH) was achieved (selectivity ~60% in light compared to <10% in dark). The 

adsorption kinetics and isotherm studies reveal the decrease in Ph-NHOH adsorption on Pt 

upon photoillumination due to the increased density of high energy hot electrons on Pt 

surface significantly decreases the complete hydrogenation of Ph-NHOH to aniline and 

favors Ph-NHOH accumulation in the reaction mixture. Additionally, the high 

photocatalytic activity of SiOx/Pt under light irradiation conditions was ascribed to the 

improved generation and transfer efficiencies of high energy hot electrons to activate/ 

break the N-OH chemical bond in surface-adsorbed Ph-N(OH)2 intermediate to accelerate 

the rate-determining step. The effect of organic surface modifiers on Ph-NHOH selectivity 

was investigated by employing triethanolamine (TEA) treated Pt NPs towards Ph-NO2 

hydrogenation. Although TEA-treated Pt shows similar Ph-NHOH selectivity in dark, 

compared to that of untreated-Pt in light, the presence of modifiers results in orders of 

decrease in the activity. However, photoillumination leads to a favorable electronic 

structure of surface Pt due to the presence of organic surface modifiers, and the 

accumulation of hot carriers on surface Pt is beneficial for achieving high Ph-NHOH 

selectivity (~90%) while maintaining the high activity. This synergistic effect was verified 
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by investigating the partial hydrogenation of various substituted nitroarenes employing 

TEA-treated Pt catalysts, which facilitate the formation of N-aryl hydroxylamines with 

high selectivity. 

 Overall, this dissertation presents the advantages of employing composite 

nanostructures comprised of SiOx NS supports anchored with the various class of visible-

light-absorbing nanoparticles as effective photocatalysts that enable high photon-to-

chemical conversion efficiency. The spherical SiOx nanoantenna supports increases 

photostability, improves the utilization of incident photons by promoting local field 

enhancement that improves visible light absorption, and promotes the generation of 

energized charge carriers in the attached nano-catalysts that are crucial for driving solar-

to-chemical transformations. The phenomenon of scattering-mediated optical absorption 

can be extended to improve the visible light absorption of several other transition metals 

that are catalytic active and cost-effective such as Cu, Ni, Fe, and other plasmonic and/or 

transition metal-based alloys of various compositions to drive high energy demanding 

chemical conversions. Tuning the retention time/adsorption strength of reaction 

intermediate(s) on the surface active sites by varying energy and intensity of incident 

photons can be a promising strategy to control product selectivity in complex chemical 

reactions with multiple reaction pathways such as CO2 reduction. The suitable transition 

metal/ metal alloy can be employed to drive the selective reduction of CO2 and facilitate 

the formation of C1 and/or C2+ products with high selectivity. The approach can also be 

extended to drive photo-redox organic synthesis, for example, reductive dimerization, 

cyclization, C-C coupling, and dehalogenation reactions, without using additional radical 

initiators at mild, greener reaction conditions. 
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APPENDIX A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

 

Figure A 1: (a, c, e) Time-dependent absorption spectra of MB in the course of 

photocatalytic degradation using free-standing AgCl(Ag) NCs shown in Figure 1(a) as the 

photocatalyst.  (b, d, f) The photocatalytic degradation reaction rates of the two-stage 

quasi-first order reactions calculated from the corresponding time-dependent peak 

absorbance of MB at 667 nm.  AgCl(Ag) NCs were recovered after the reaction and reused 

for a new reaction.  The results of the first, second, and third reactions are presented in (a, 

b), (c, d), and (e, f), respectively. 
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Figure A 2: (a-j) Time-dependent absorption spectra of MB in the course of photocatalytic 

degradation using the hybrid SiOX/AgCl(Ag) particles shown in Figure 2(a) as the 

photocatalyst.  (k) Reaction rate constants obtained for 10 sequential photocatalytic reaction 

cycles using the same SiOX/AgCl(Ag) photocatalyst, which was recovered after each 

reaction.  All the reactions display the first-order reaction kinetics with only slight decrease 

as the photocatalyst was used for a long time.  The observed reduction in photocatalytic 

activity was partially due to the loss of photocatalyst during recovery. 
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Figure A 3: Real (a) and imaginary (b) part of the wavelength-dependent dielectric function 

of the oscillator 1 according to the parameters listed in Table 1.  Real (c) and imaginary (d) 

part of the wavelength-dependent dielectric function of the oscillator 1 according to the 

parameters listed in Table 1.  The resonance condition for surface plasmon resonance of 

nanoparticles in water is also highlighted as the dashed blue line, i.e., Re() = −2water.  The 

absence of the crossing point(s) between the dielectric functions of the resonators and the 

dashed blue line indicates that no surface plasmon resonance is generated from the Ag 

dopant in the AgCl(Ag) NCs. 
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APPENDIX B 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 

I. Calculation Procedure for Determining the Amount of Surface Ag Atoms in Single Ag 

Nanoparticle 

 

• Volume of one particle: Vparticle = 4/3r3 (r = the average radius of the Ag nanoparticles 

determined from the analysis of size histogram) 

• Volume of one unit cell: Vcell = a3 (a = 0.4085 nm, lattice constant of Ag) 

• Volume of a particle surface shell with thickness of one unit cell: Vsurface-shell  

= 4/3[r3 − (r−a)3] 

• Number of unit cells in each surface shell: Nsurface-cell = Vsurface-shell/Vcell  

= 4/3[3(r/a)2 − 3(r/a) + 1] 

• Number of surface Ag atoms in each Ag nanoparticle, 

 Nsurface-atom = Nsurface-cell  4 (4 = Ag atoms in each unit cell)  

For the Ag-6 and Ag-13 nanoparticles, substituting the values of r = 3 nm and r = 6.5 nm 

yields the number of surface Ag atoms to be 2359 atoms and 11943 atoms, respectively. 

• Total number of Ag atoms in each Ag nanoparticles, 

 Ntotal-atom = Vparticle/Vcell  4 = 4/3(r/a)3  4 

For the Ag-6 and Ag-13 nanoparticles, substituting the values of r = 3 nm and r = 6.5 nm 

yields the total number of atoms in each Ag-6 and Ag-13 nanoparticles to be 6636 atoms 

and 67501 atoms, respectively.  Therefore, the percentage of surface atoms is 35.5% for 

the Ag-6 nanoparticles and 17.7% for Ag-13 nanoparticle. This percentage is used to find 

the moles of surface Ag atoms for both free-standing Ag NPs and SiOx-supported Ag 

heterostructure photocatalysts in the reaction system. 
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II. Supplemental figures for Chapter 4 

 

 

 

 

 

Figure B 1: Time-dependent variation of the absorption spectrum of MB during 

photocatalytic degradation performed under photoillumination employing (a) SiOx/Ag-13 

NPs, and (b) SiOx/Ag-6 NPs. 
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Figure B 2: Time-dependent variation of the absorption spectrum of MB during 

photocatalytic degradation performed under photoillumination employing free-standing 

(a) Ag-13 NPs, and (b) Ag-6 NPs. 
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Figure B 3: TEM image of the SiOx/Ag-6 hybrid particles after used in the photocatalytic 

MB degradation reaction. The structural integrity highlights their chemical and physical 

stability. 
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APPENDIX C 

SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

I. Derivation of kinetic rate law using pre-equilibrium approximation  

Assumptions: 

• Among the proposed elementary reactions in Table S2, reaction (5) is considered as the 

rate determining step (RDS) for the formation of Ph–NHOH and, the overall rate of the 

reaction (rO)  rate of the RDS (rRDS). 

• All other reactions except RDS are considered fast reactions and are in equilibrium 

Rate of the reaction is the rate of the elementary reaction (5),  

rRDS  rO  k5 [Ph–N(OH)2*] [*] 

From elementary reaction (4), k’4 [Ph–N(OH)2*] [*] = k4 [Ph–NOOH*] [H*] 

[Ph–N(OH)2*] [*] = K4 [Ph–NOOH*] [H*] 

(kn and k’n represents the rate constant of forward and reverse reaction respectively, n is 

the elementary reaction of interest and K = kn/ k’n) 

Replacing [Ph-N(OH)2*] in rO leads to, rO  K4 k5 [Ph–NOOH*] [H*] 

From elementary reaction (3), k’3 [Ph–NOOH*] [*]= k3 [Ph–NO2*] [H*] 

[Ph–NOOH*] = (K3 [Ph–NO2*] [H*]) / [*] 

Replacing [Ph-NOOH*] in rO leads to, rO  (K3K4k5 [Ph–NO2*] [H*]2) / [*] 

From elementary reaction (2), k’2 [Ph–NO2*] [*] = k2 [Ph–NO2] 
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[Ph–NO2*] = (K2 [Ph–NO2]) / [*] 

From elementary reaction (1), k’1 [H*]2 = k1 [H2] [*]2 

[H*]2 = K1 [H2] [*]2 

Replacing [Ph-NO2*] and [H*]2 in rO gives,  

rO  K1K2K3K4k5 [Ph–NO2] [H2]
   K [Ph-NO2] [H2] [*]2 

The derived rate law indicates first order dependence with respect to both Ph–NO2 and H2 

and agrees with the experimentally determined reaction order indicating the validity of the 

assumption that elementary reaction (5) is the RDS of the reaction. 
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II. Supplemental figures for Chapter 5 

 

 

 

 

Figure C 1: Selected applications of N-aryl hydroxylamines as precursor in the 

synthesis of fine chemicals - (1) CuSO4.5H2O, Na-ascorbate, pyridine, ETA, 

SDS/H2O, rt, 45-85%;1 (2) sulfuric acid (5 vo1.%), N2, 353 K, 100%;2 (3) ethanol, 

298 K, 100%;3 (4) ether, 273-283 K, 85-90%;4 (5) ethanol, rt, 92%;5 (6) 

(ArO)3PAuNTf2 (5mol%), DEC (0.1M), N2, rt, 62-89%;6 (7) ether, pyridine, 

C6H5COCl, rt; 7 (8) 5 wt% Pt/MWCNT, 4 MPa H2, 333 K, 100%;8 (9)diethyl ether, 

rt, 80-92%;9 (10) ethanol, rt, 93%.10 
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Figure C 2: Time-dependent GC spectra of Ph-NO2 hydrogenation using Pt/SiOx NPs (a) 

in dark, and (b) under photoillumination. 
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Figure C 3: Control experiment showing negligible Ph-NO2 conversion under light 

irradiation employing Pt/SiOx NPs under N2 atmosphere. The result demonstrates the 

crucial role of H2 as efficient H donor in Ph-NO2 hydrogenation. 
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Figure C 4: The reaction rate constant and order with respect to Ph-NO2 (a) and H2 (b) 

under dark (black, square) and light irradiation (red, circle) using Pt/SiOx NPs. 
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Figure C 5: Arrhenius plot (ln k vs 1/T) indicating the lower activation energy of both 

step 1 (Ph-NO2 to Ph-NHOH) and step 2 (Ph-NHOH to Ph-NH2) under visible light 

irradiation.  
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Figure C 6: Adsorption of (a) Ph-NO2 and (b) Ph-NHOH observed under dark (black, 

square) and light irradiation (red, circle) conditions over time using Pt/SiOx NPs.  
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Figure C 7: The reaction rate constant and order with respect to Ph-NO2 (a) and H2 (b) 

under dark (black, square) and light irradiation (red, circle) using TEA-treated Pt/SiOx NPs. 
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Figure C 8: Decreasing Ph-NHOH selectivity with respect to increasing Ph-NO2 

conversion shows that high selectivity of Ph-NHOH can be maintained at low Ph-NO2 

conversion (<80%). 
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Figure C 9: Hydrogenation of 4-nitrotoluene employing Pt/SiOx, TEA-treated Pt/SiOx NPs 

under dark and visible light irradiation. Top panel: Peak 1 corresponds to 4-nitrotoluene. 

Peaks 2 and 3 corresponds to the respective hydrogenated products- arylaniline and 

arylhydroxylamine. 
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Figure C 10: Hydrogenation of 4-nitrochlorobenzene employing Pt/SiOx, TEA-treated 

Pt/SiOx NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 4-

nitrochlorobenzene. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 
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Figure C 11: Hydrogenation of 4-iodonitrobenzene employing Pt/SiOx, TEA-treated 

Pt/SiOx NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 4-

iodonitrobenzene. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 
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Figure C 12: Hydrogenation of 4-nitrobenzaldehyde employing Pt/SiOx, TEA-treated 

Pt/SiOx NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 4-

nitrobenzaldehyde. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 1A and 3A corresponds to additional hydrogenated 

products 2-aminobenzyl alocohol and its hydroxylamine derivative. 
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Figure C 13: Hydrogenation of 2-nitrotoluene employing Pt/SiOx, TEA-treated Pt/SiOx 

NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 2-

nitrotoluene. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 



150 

 

 

 

 

 

 

 

Figure C 14: Hydrogenation of 2-nitrochlorobenzene employing Pt/SiOx, TEA-treated 

Pt/SiOx NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 2-

nitrochlorobenzene. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 
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Figure C 15: Hydrogenation of 3-nitrotoluene employing Pt/SiOx, TEA-treated Pt/SiOx 

NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 3-

nitrotoluene. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 
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Figure C 16: Hydrogenation of 3-nitrochlorobenzene employing Pt/SiOx, TEA-treated 

Pt/SiOx NPs under dark and visible light irradiation. Top panel: Peak 1 corresponds to 3-

nitrochlorobenzene. Peaks 2 and 3 corresponds to the respective hydrogenated products- 

arylaniline and arylhydroxylamine. 
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