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ABSTRACT 

Light absorption in metal catalyst nanoparticles can excite charge carriers to generate hot 

electron (and complimentary hot holes) with energy higher than the Fermi level.  When hot 

electrons possess energy high enough, they exhibit a high tendency to inject into 

antibonding orbitals of adsorbates on the photoexcited metal nanoparticles, weakening the 

corresponding chemical bonds to promote chemical reactions with accelerated reaction 

kinetics and improved selectivity.  Such hot-carrier chemistry has been reported on 

plasmonic metal nanoparticles, such as silver and gold, which exhibit strong surface 

plasmon resonances (SPRs) and strong light absorption.  However, these metal 

nanoparticles are not suitable catalysts because their affinity toward interesting molecules 

is limited.  In contrast, most transition metals, such as platinum-group metals and early 

transition metals, are industrially essential catalysts, but light absorption power in metal 

nanoparticles is low due to the absence of SPRs in the visible spectral range.  Therefore, it 

is intriguing to explore the potential of hot-carrier catalytic chemistry on photoexcited non-

plasmonic metal nanoparticles.   

Upon the absorption of the same optical power, metal nanoparticles with a small 

size usually exhibit a high probability of hot electron production and high efficiency of 

injecting hot electrons into adsorbates.  It is challenging to have strong light absorption 

power and operation stability of the catalyst metal nanoparticles with small sizes.  In this 

thesis, dielectric light antenna, i.e., spherical silica nanoparticles with strong surface 

scattering resonances near their surfaces, is introduced to support the metal catalyst 

nanoparticles, enabling improved light absorption power in the metal nanoparticles and 

operation stability.  This thesis focuses on ultrafine rhodium (Rh) nanoparticles (with sizes 
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ranging from 1.7 nm to 4.2 nm) that are widely used as thermal catalysts in many important 

industry reactions, especially for oxygen-containing species conversion, an oxyphilic 

feature of Rh nanoparticles.  

Firstly, this dissertation conducted a comparative study to investigate the influence 

of silica geometry on the light absorption of Rh nanoparticles.  Both silica substrates of 

nanospheres and rodlike nanoparticles enhanced the light absorption of loaded Rh 

nanoparticles, which is due to elongated light scattering paths (random scattering) and 

enhanced electromagnetic field intensity (resonant scattering).  However, silica 

nanospheres support both resonant scattering and random light scattering modes, 

exhibiting a higher light absorption of Rh nanoparticles than the usage of rodlike silica 

nanoparticles.  The light resonant scattering modes on highly symmetrical silica 

nanospheres enable producing "hot spots" with a much higher electromagnetic field 

intensity than incident light intensity.  This study then investigated the effect of silica 

geometries on photocatalytic performance.  The CO2 hydrogenation was studied as a model 

reaction.  The Rh/silica nanosphere system exhibited a faster photocatalytic kinetic than 

the case of rodlike silica nanoparticles due to the enhanced light power density around the 

silica nanospheres.  The results give a promise of expanding Rh nanoparticles from thermo-

catalysis to photocatalysis.   

Secondly, this dissertation moves onto accelerating aerobic oxidation of primary 

alcohols to aldehydes, which was benefited from activated oxygen molecules by hot 

electron injection.  This study found that photoexcited Rh nanoparticles enabled 

accelerating the alcohol oxidation kinetics by four times at a light power intensity of 0.4 

W cm-2, accompanied by a reduced activation energy of 21 kJ mol-1.  The derived 
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Langmuir-Hinshelwood rate equation was used to fit the oxygen partial pressure results. 

Photo-illumination promotes the cleavage of associatively adsorbed oxygen molecules into 

adsorbed oxygen atoms, reducing the energy barrier.  Besides, the silica-supported Rh 

nanoparticles exhibited a higher photocatalytic performance because of the good colloidal 

stability and enhanced light absorption of small-sized Rh particles. This part of the 

dissertation shows the possibility of hot-electron mediated reaction pathways towards a 

desirable kinetic of alcohol oxidation.  

Thirdly, it will be meaningful to use the abstracted protons from cheap alcohol 

sources to reduce other organic molecules rather than dangerous hydrogen gas. This 

dissertation then investigated the possibility of using an isopropanol solvent as a hydrogen 

source to reduce nitrobenzene and the feasibility of enhancing the selectivity of the reaction 

with the light illumination. The results showed that the isopropanol was spontaneously 

oxidized, producing acetone.  Light illumination onto Rh particles selectively enhanced the 

coupling of reduced nitrobenzene intermediates to produce azoxybenzene. The selectivity 

of nitrobenzene and production rates gradually increased with a higher number of light 

photons.  Photo-illumination promotes both aniline and azoxybenzene production rates. 

Hot electrons on Rh particles possibly enabled activating nitrobenzene molecules and 

increasing concentrations of reduced nitrobenzene intermediates.  It resulted in a higher 

possibility of condensation product and azoxybenzene selectivity, which could not be 

obtained by elevating temperature without light illumination.  This part of the work 

demonstrated the feasibility of hot electrons from Rh nanoparticles to tune the reaction 

selectivity in a liquid phase. 

Lastly, it is challenging to modulate the selectivity of CH4 from CO2 hydrogenation 
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because of the competitive CO production. This dissertation moves towards enhancing 

both kinetic rates and selectivity of CH4 for gaseous CO2 hydrogenation by photoexcited 

Rh nanoparticles.  Light illumination onto Rh/silica nanosphere particles resulted in the 

selectivity of CH4 over 99% in contrast to ~70% under dark conditions at 330 oC and with 

an absorbed light power intensity of 1.5 W cm-2. The activation energy of CH4 production 

and CO2 consumption gradually decreased with higher light power intensity because of the 

transient injection of hot electrons into adsorbates to activate intermediates. Increasing 

operating temperature and light power intensity synergistically enhanced the reaction 

kinetics.  

Besides, a middle-sized Rh nanoparticle showed a better photocatalytic 

performance than that of the largest-sized Rh nanoparticles because of the balance in hot-

electron production efficiency and intrinsic catalytic performance.  Partial pressure 

dependence and in situ infrared characterizations showed that the critical stable 

intermediates for CH4 production should be hydrogenated CO2 species (HCOO* COOH*) 

and hydrogenated CO* species (carbonyl hydride or HxCO*). The light illumination 

exclusively enhanced the dissociation of CO2 and CO* without apparent influence on CO* 

desorption.  Under high reaction temperature, light illumination preferred a faster CO* 

conversion than CO2 dissociation, leading to high CH4 selectivity.  This result was also 

supported by higher methanation rates of CO gas under light illumination.  The infrared 

result showed a reduced stretching frequency of CO*, which supported the possibility of 

the electron from Rh back-donating into antibonding orbitals of strongly adsorbed CO* 

species.  However, hot electrons from silver nanoparticles with a weak COOH* or CO* 

adsorption could not efficiently activate carbon-species and could not promote CO2 
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hydrogenation kinetics.  

This dissertation offers an avenue of enhancing light absorption of small-sized Rh 

nanoparticles and expanding its usage from thermal catalysis to photocatalysis for driving 

oxidation and reduction reactions.  The reactants share a common feature containing 

oxygen elements, a strong affinity with rhodium metal for efficient hot electron injection.  

We studied the light power intensity and temperature-dependence, showing the accelerated 

reaction kinetics by hot electron-driven pathways. Photo-excited rhodium nanoparticles 

were believed to promote the cleavage of chemical bonds O-O, N-O, and C-O to drive 

chemical transformations.  The findings offer insights into developing the scope of non-

plasmonic metal nanoparticles in photocatalytic reactions for industrial applications.  
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PREFACE 

Plasmonic metals, such as silver, and gold, have been extensively studied, whereas their 

adsorption ability towards interesting molecules is limited.  Non-plasmonic metals are 

industrially important catalysts, intriguing more research interest in expanding their usage 

for hot electron-driven reactions.  This thesis focuses on using rhodium nanoparticles, 

which are widely used thermo-catalysts in industries, to photo-catalytically drive chemical 

reactions of alcohol oxidation, nitrobenzene reduction, and carbon dioxide reduction.  The 

light absorbance of quantized Rh nanoparticles is enhanced by loading them onto the 

surfaces of spherical silica nanostructures as an efficient dielectric antenna to enhance local 

electromagnetic field intensity. Enhanced light absorption in Rh NPs enables the excitation 

of hot electrons efficiently with high energy above the Fermi energy level to populate anti-

bonding orbitals of adsorbed reactants and intermediates with a strong affinity with Rh 

nanoparticles. It can provide a channel of selectively activating adsorbates, such as O-O 

bond in oxygen molecules for alcohol oxidation, N-O bond in nitrobenzene and C-O in 

carbonyl species, towards desirable products along with accelerating reaction kinetics. 

Fundamental understanding of hot electrons on the reaction mechanism is discussed in the 

dissertation.  

The dissertation has six chapters, including the introduction chapter in Chapter 1 

and the summary in Chapter 6.  Chapter 2 presents the geometrical effect of silica light 

antenna on the Rh light absorbance and photocatalytic performance, highlighting the usage 

of silica nanospheres to support resonant light scatterings and enhance the optical 

absorption of Rh particles. This dissertation then moves onto photo-catalytically drive the 

model reactions by using Rh/SiOx nanospheres hybrid catalysts. Chapter 3 investigates the 
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oxidation reaction of alcohols by using oxygen molecules as the oxidant, a sustainable way 

to replace toxic oxidants of permanganates and dichromates. The cleavage of O-O bond in 

oxygen molecules to atomic oxygen species by hot electron injection is vital to oxidize 

alcohol molecules with a low energy barrier and high kinetics.  This dissertation also 

demonstrates that hot electrons on Rh nanoparticles can activate specific intermediates, 

therefore tuning the selectivity and kinetics for liquid and gaseous reactions.  Chapter 4 

presents the selective coupling reduction of nitrobenzene to azoxybenzene, predominating 

over aniline production. Hot electrons on Rh nanoparticles promote the cleavage of N-O 

bond and increase the concentration of reduced nitrobenzene intermediates, increasing the 

coupling probability.  Finally, the dissertation moves forwards to CO2 reduction to CH4. 

Hot electrons on Rh nanoparticles enable C-O activation in adsorbed CO2* and CO* 

molecules and their hydrogenated derivatives.  The dissertation also explores the effects of 

illuminated light power density, operating temperature, metal types, and particle sizes on 

photocatalytic methanation kinetics. This study highlights hot electrons on non-plasmonic 

metals for visible-light-driven reactions. 
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CHAPTER 1 

 

1. INTRODUCTION 

(Note: Part content of this chapter is adapted from the pre-peer reviewed version of the 

following article“Xinyan Dai, Yugang Sun, Reduction of carbon dioxide on photoexcited 

nanoparticles of VIII group metals, Nanoscale, 2019, 11, 16723-16732.”, which has been 

published in final form at DOI:10.1039/C9NR05971G. This article may be used for non-

commercial purposes following the Royal Society of Chemistry Terms and Conditions for 

the use of Self-Archived Versions with permission.) 

1.1. General Introduction to Heterogeneous Catalysis 

Berzelius firstly recognized the catalysis phenomenon in 1836. 1 Then Ostwald2 originally 

formulated that a catalyst enables changing the rate and energy barrier but not the 

thermodynamics compared to non-catalytic reaction (Figure 1.1(A)).3  Heterogeneous 

catalysis is different from homogeneous catalysis, involving at least two phases and the 

usage of solid catalysts.  The advantages of heterogeneous catalysis lie in the ease of 

recycling the catalysts and enduring extreme conditions.  Heterogeneous catalysts include 

metal oxides, metal and metal alloys, carbides, nitrides, carbons, metal-organic 

frameworks, and metal salts.  The famous solid catalysts-producing companies include 

BASF, Standard Oil, UOP, Synetix, Shell, Akzo, Johnson Matthey, Evonik Degussa 

Nippon Shokubai, and Nikki Chemical.4  Typical industrial catalysts usually have multiple 

compositions and phases or simple metal, in which the latter is easily assessed for the 

catalytic structure.  Metal catalysts have been used to catalyze many industrially important 
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reactions, such as ammonia synthesis through the Haber process, three-way automobile 

emission control, and hydrocarbon synthesis through the Fischer-Tropsch process, 

hydrocarbon cracking, and nitrous oxide (N2O) removal.4  The high number of active sites 

are favorable to accelerate the reaction kinetics.  Since metal nanoparticles have a much 

higher fraction of atoms exposed to the reaction environment (i.e., a result of a high surface-

to-volume ratio) than the bulk materials, developing nanoparticle-based heterogeneous 

catalysts has significance in both industry and research academy.  Somorjai and co-workers 

did pioneer works on developing and characterizing platinum nanocatalysts with sizes of 

1.7 nm to 7.1 nm for ethylene hydrogenation.5  The synthesis methods to prepare 

nanoparticles with well-defined shapes and sizes are well-developed because of 

nanomaterials' development. It makes it possible to investigate relationships between 

various structures, crystal facets, and sizes of nanocatalysts with the adsorption and 

abundance of adsorbates in addition to the catalytic activity.  

The dynamics of individual reaction steps dictate the catalytic rates, involving the 

microscopic, mesoscopic, and macroscopic dimensions. The time scales range from 

femtoseconds to hundreds of seconds, and length scales range from the quantum level, 

atomic level to macroscopic level.6, 7  From the microscopic level, the reaction mechanism 

of a heterogeneous catalytic reaction is usually very complicated. The necessary reaction 

steps include the adsorption of reactants, surface diffusion, surface reaction, and product 

desorption (Figure 1.1(B)).  Several types of reaction kinetic models were developed to 

understand reaction mechanisms. A straightforward model is Langmuir-Hinshelwood-

Hougen-Watson kinetics, which assumes the surface species that participate in the rate-

determining step on the surface are equilibrated with the reactants and products.4 
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Figure 1. 1 (A) Sketch for non-catalytic and catalytic processes for a simple reaction in the 

potential energy surface. (B) Schematic reaction steps of a chemical reaction.   

 

The LHHW kinetics are widely used for modeling catalytic reactions, and kinetics 

parameters can be derived from fitting the rate equations to experimental data.   

In heterogeneous catalysis, the occurrence of bond dissociation through the 

vibration along the axis of a diatomic molecule8 or desorption through the vibration along 

the molecule and surface9, 10 needs to overcome energy barriers in the potential energy 

surface through the adsorbate excitation.  The process of gaining energy to cross over the 

activation barrier by the energy transfer between adsorbates and metal catalysts involves 

the thermal- or electron-mediated reactions (i.e., initiated by light photon absorption in 

photocatalysts).9-11  The former involves the coupling of adsorbate with phonons to excite 

the adsorbates climbing up the vibrational ladder in the ground state of potential energy 

surface.9, 10  Adsorbates can also be coupled with energetic electrons to populate into the 

excited states forming transient negative ions, followed by relaxation to the ground states 
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for the accumulation of kinetic energy in the adsorbates and electron inelastically scattering 

back into the metal.9, 11  Since thermal heat is possible to excite all of the adsorbates, which 

is in contrast with the hot electron-mediated path that excites specific adsorbate. The 

electron-mediated ways provide reaction channels that are impossible in thermally driven 

reactions, leading to unique reaction mechanisms and reaction kinetics. 

1.2. Metallic Photocatalysts  

Photocatalysts enable to absorb renewable solar energy for driving chemical reactions, 

representing a sustainable pathway to address environmental concern and energy crises in 

the long run. The absorbed photons excite hot carriers with high energies resulting in the 

charge transfer to absorbed molecules and drive chemical transformations, enabling an 

electron-mediated pathway.  Fujishima and Honda reported the photocatalytic water 

splitting in 1972.12 Since then, many studies have focused on semiconductor-based 

configurations (e.g., titanium dioxide, zinc oxide, and cadmium selenide), which absorb 

photon energy equal to or higher than their bandgap energy for the production of electron-

hole pairs.  However, there are several intrinsic drawbacks.13  Most semiconductors have 

a large band-gap, requiring ultraviolet photons and limiting the full solar light usage.  It 

usually needs the participation of metal co-catalysts as the active catalytic centers and 

prolonging the lifetime, resulting in a stability concern at the interface. The chance of 

electron-hole recombination and the necessity of charge carriers moving to the surface 

reduces the charge density of semiconductors.14 Unlike semiconductor-based 

photocatalysts, metals have unique features of high light absorption cross-section for a 

wide range of light wavelengths and the strong ability to absorb molecules and derived 

intermediates.  Glownia and co-workers reported pioneering work on using high-intensity 
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(kilowatts) femtosecond lasers to photoexcite metals for hot electron-driven CO desorption 

in 1990.15  In recent ten years, the studies on hot electron-driven reactions by metal 

nanoparticles with using low light power intensity (< 10 W) become a rapidly emerging 

area .16    

1.2.1. Physical Process  

Drude’s “electron gas” theory simply describes that electrons with different quantity for 

different metal types can move freely in the solid metal.17  A more realistic band theory 

based on quantum mechanics was then developed, which separated the energy levels of the 

electron entity into a vast energy band with a gap between neighboring energy levels.18  

The complicated band structures of metals can be understood by the electron-unoccupied 

sp-bands and electron-filled d-bands (Figure 1.2(A)).  When light photons with energy less 

than the work function, it enables to produce electron-pair, resulting in hot-electron with 

energy above the Fermi levels and not in thermal equilibrium with metal atoms.  The reason 

for hot electron production could be related to the much smaller heat capacity of the 

electron by several magnitudes orders lower than that of the lattice.19  The increased 

electronic temperature of non-thermalized electrons in a 2 nm gold nanoparticle was 

estimated as 1370 K,20, while the lattice remains cool.  

The timescale and energy relaxation pathways are essential to understand hot 

electron-drive reactions.  The non-thermal distribution of electron-hole pairs results from 

intra-band (sp-bands or conduction band) or inter-band (d- to sp-band or valence band to 

conduction band) electron transition in the time range of 10-100 fs (Figure 1.2(B)).21-23  It 

drives the generation of so-called “hot electrons” with energy far above the Fermi level.24  
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The light absorption can be enhanced by localized surface plasmon resonance (LSPR) by 

a collective resonant oscillation of free electrons in conduction bands.  Several energy 

relaxation channels exist.  If reactant molecules and derivative species are close to the 

nanoparticle surface, the high potential of the hot electrons may drive them to inject into 

the surface adsorbates.  The hot electron injection usually flows electrons to the 

antibonding orbitals of the adsorbates. It induces the nuclear motion through Franck-

Condon transition state regions25 with a coupling time of hundreds of femtoseconds9, 26, 27 

to activate the adsorbates and trigger the corresponding reaction on the nanoparticle 

surface.28-31  Meanwhile, the movement of the excited electrons can quickly lose energy 

through electron-electron collision (e-e),20, 32, 33 electron-lattice collisions, and electron 

scattering on the nanoparticle surface with a characteristic time scale of in the range of 100 

fs to 1 ps.21-23  The competition of the multiple relaxation pathways of the excited electrons 

indicates that small metal nanoparticles exhibiting strong adsorption strength 

(corresponding to a prolonged residence time of adsorbates on the nanoparticle surface) 

towards adsorbate species favor hot electron injection because of the short electron travel 

distances.20  At a longer relaxation time of picoseconds, the electron-lattice collisions lead 

to a thermal equilibrium between electrons and the lattice (or so-called electron-phonon 

collision with a characteristic time e-ph), resulting in a temperature rise of the nanoparticles.  

The following thermal dissipation to the environment takes hundreds of picoseconds (ph-

env).
21, 23  The temperature increase influences the catalytic performance of the metal 

nanoparticles, similar to the conventional thermal catalysis.9  Therefore, chemical reactions 

catalyzed on photoexcited metal nanoparticles (i.e., photocatalysis) includes contributions 

of both the coupling between adsorbates and hot electrons (i.e., non- 
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Figure 1. 2 (A) Sketch of electron structures of transition metals and the inter-band (blue 

arrow) and intra-band (red arrow) transition. (B) Schematic illustration of the major 

relaxation pathways of photo-excited electrons in a metal nanoparticle covered with 

adsorbate species.34 

 

thermal process with a characteristic time ofe-ads) and the coupling between adsorbates and 

phonon (i.e., photothermal process with a characteristic time of ph-ads).
9, 35  Moreover, 

strong adsorption of molecules and derivative species narrows the energy gap between the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of the adsorbates30, favoring the non-thermal process, i.e., the direct injection of 

hot electrons into the LUMO of the adsorbate species.  Strong adsorption of adsorbates 

results in a high surface coverage on metal nanoparticles, eliminating surface scattering of 

hot electrons and promoting hot electron injection into surface adsorbates. Although the 

non-thermal hot-electron process can be enabled by using small size metal nanoparticle 

catalysts and tuning the adsorption strength, the photothermal process is inevitable since 
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the electron-lattice collisions eventually produce heat in the metal nanoparticles.22, 23 

1.2.2. Pathways of Hot-Electron Injection 

Metal catalysts adsorb reactant molecules and their derivatives with varying steric 

configurations depending on the metal type and crystalline facets of the metal nanoparticles.  

The d-band theory is widely used to explain the molecular adsorption on metal surfaces.36-

38  The interaction of s orbitals from the molecular with the s-band or d-band of metals 

forms a deep-lying filled bonding state and an empty antibonding state (Figure 1.3).  The 

electronic hybridization between the adsorbed molecules and metal substrates forms the 

highest occupied molecular orbital (HOMO) and the lowest occupied molecular orbital 

(LUMO).  The degree of filling of the antibonding states on adsorption and the degree of 

orbital overlap with the adsorbates dictate the interaction between adsorbate and metal and 

the dissociation energy barrier.36  Such adsorption configurations and adsorption strength 

influence the hot electron injection efficiency and pathways.  The interaction between 

metal and adsorbates also governs the lifetime of vibrationally excited states of the 

molecules and charger transfer rate, affecting the catalytic activity and selectivity. Several 

potential pathways of hot electron transfer between the metal substrates and the adsorbed 

molecules were summarized in the hot electron-mediated reaction by Jain and co-workers23 

and Christopher Group39 (Figure 1.4): (i) For strong chemisorption, the orbital 

hybridization between adsorbed molecules and metals produces a small HOMO-LUMO  

energy gap because of the strong interaction of metal-adsorbates, enabling a direct 

photoexcitation of the metal-adsorbate complex at a resonate light wavelength; (ii) A small 

fraction of excited hot-electron with energy above EF level produced by energy relaxation 

transfer to the LUMO orbital for activation; (iii) Catholically charged metal by the reducing 
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Figure 1. 3 Illustration of the adsorbate’s orbitals hybridizing with electronic structures of 

transition metals. 

 

agents create a quasi-Fermi level above the dark one, resulting in electron injection into the 

LUMO orbital of adsorbates.  For the third case, Atwater et al. discovered a negative and 

positive surface potential for gold films when illuminating a light wavelength above or 

below the plasmon resonance, showing and a 100 milliwatts difference.40  The participation 

of hot hole scavengers is essential in the third pathway, which was investigated by Jain and 

co-workers41 in detail and expanded to the carbon-carbon reaction in CO2 reduction in 

solution42.  For the second type, direct excitation of the metal-adsorbate complex has less 

electron scatter and energy loss. However, it is not often reported because of the 

requirement of strong metal-adsorbate interaction.  Christopher et al. reported using 

platinum nanoparticles with a size below 5 nanometres to resonantly excite Pt-CO bond 

with specific photon energy to control the selectivity of CO oxidation by O2 over H2O in 
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Figure 1. 4 Potential mechanisms of (A) direct excitation of a metal-adsorbate complex for 

strongly adsorbed molecules, (B) indirect excitation of a metal-adsorbate complex for 

weakly adsorbed molecules, and (C) Catholically charged metal by the reductants for 

elevating Fermi level for excitation of the metal-adsorbate complex. 

 

production of an H2 rich atmosphere.39  The finding of direct excitation channel was 

supported by the appearance of resonant deviation of quantum yield of CO oxidation from 

Pt absorption spectrum over illuminated light wavelengths.  As for the indirect excitation, 

Linic and co-workers reported the hot electron-mediated ethylene epoxidation by silver 

nanoparticles.43 The hot electron excited from the ground state was proposed to transfer 

the O2 2* orbital producing transient negative ion O2
− locating in a vibrationally excited 

potential energy surface, followed by relaxation to ground state and gaining vibrational 

energy.  Accelerated oxygen splitting finally promoted ethylene epoxidation.  Halas et al.,44 

discovered hot electrons created from the plasmon decay on gold nanoparticles could 

promote H2 dissociation at room temperatures.  These two processes might be equivalent 

even if the concepts of direct and indirect excitation of adsorbates were differentiated.45  
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The direct excitation of metal-adsorbate complexes induced by hot electron injection 

happens before the thermalization of energetic electrons.  

1.2.3. Factors of Hot-Electron Injection Efficiency 

Several factors affect the hot electron injection efficiency.  Light power intensity and light 

wavelength affect the available hot-electron numbers and energies, summarized by Zhu 

and co-workers in the studies of plasmonic metal based-photocatalysts.14  Using 

appropriate light antennae can improve the light absorption power of small metal 

nanoparticles, enhancing their photocatalytic activity.  For example, plasmonic 

nanostructures and geometrically symmetric dielectric spheres represent two typical light 

antennae classes, which rely on localized surface plasmon resonances (LSPRs) and surface 

light scattering resonances, respectively, to generate localized strong electric fields near 

their surfaces. Besides, the efficient hot electron injection requires the metal nanoparticles 

to be small.  Experimental studies using ultrafast spectroscopy characterizations have 

demonstrated reduced metal sizes sharply enhanced the electron-electron scattering on 

metal sizes, resulting from the phenomenon of reduction of the Coulomb interaction 

screening by the conduction core electrons.46  A theoretical calculation shows that the 

energy efficiency of hot-electron production (Effhot-electrons) decreases with increasing 

nanoparticle sizes, following a relationship of Effhot-electrons 1/aNP.20  The large-sized metal 

nanoparticles have a small fraction of high energy electrons, limiting the ability to activate 

adsorbate and catalytic activity.  

However, the small size leads to low light absorption power in the metal 

nanoparticles.  Therefore, integrating the metal nanoparticle catalysts with light antennae 
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to provide enhanced local electric fields by concentrating the incident light represents 

another promising research direction.  The hot electron injection efficiency also depends 

on the time necessary for the hot electrons traveling from the metal nanoparticles to the 

surface adsorbate molecules.  This travel time has to be shorter than the lifetime of hot 

electrons in the metal nanoparticles, usually on the order of tens of femtoseconds.  

Therefore, reducing the size of the metal nanoparticles shortens the travel distance and the 

travel time of the hot electrons, thus favoring the hot electron injection.  Besides, increasing 

adsorption strengths can prolong the residence time of surface adsorbates on the metal 

surfaces, increasing the probability of accepting hot electrons.  Other factors affecting 

injection efficiency include the alignment of energy levels between molecular orbitals and 

hot electrons and the abundance of adsorbates on the metal surfaces.   

1.2.4. Plasmonic Metal-Based Photocatalysis 

Group IB metal (Au, Ag, Cu) nanoparticles have free electrons to collectively oscillates as 

the response to incident electromagnetic fields, resulting in confinement of the plasmon 

field and enhanced local electric field.  The strong interactions of plasmonic metals 

between nanomaterials and the electromagnetic field provide possibilities for producing 

hot-electron with high energy at a low photon flux number, thus activating molecules 

adsorbed on the interface. Plasmonic metal-based catalysts, such as gold, silver, copper, 

and aluminum nanoparticles, have been extensively studied to activate small molecules, 

such as oxygen and hydrogen.  More studies were followed by expanding plasmonic metals 

to drive a wide range of chemical transformations, including Zhu’s Group47 and Moores’s 

Group.48  The reported studies include (i) oxidation reactions of alcohols, amines, and 

carbon monoxide; (ii) reduction reactions of alkenes, alkynes, aldehydes, ketones, nitro-
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compounds, and deoxygenation of epoxides; (iii) carbon-carbon and carbon-nitrogen 

coupling reactions; (iv) polymerization.48  The plasmonic metals have minimal catalytic 

activity because of their intrinsic electronic structures, resulting in their weaker affinity 

with many reactant molecules than other transition metals. They have to be coupled with 

other active catalytic metal components, such as palladium and platinum, which have a 

strong interaction with reactant molecules. Antenna-reactor complexes were proposed and 

developed by the Halas group.48  However, exploring the photo-induced reaction by 

metallic catalysts with intrinsic catalytic activity (i.e., it means they act as both the light 

harvester and catalytic center) is always ignored but essential in the field of photocatalysis.   

1.3. Optical Absorption of VIII Metals and Hybridizing with Antenna 

Different from the group IB metal (Au, Ag, Cu) nanoparticles, the nanoparticles of VIII 

metals (such as Pt, Rh, Pd, and Ru) as non-plasmonic metals do not exhibit strong optical 

absorption in the visible spectral region since their surface plasmon resonances fall in the 

deep ultraviolet (UV) or near-UV region.31, 49-54  Their optical absorption power is very 

weak. The corresponding absorption spectra exhibit peakless features across both the 

visible and near-infrared (NIR) region.31, 33, 50-58  The total light absorption spectra of metal 

is the combination of inter-band (bound electron) and intra-band (free electron, surface 

plasmon) transitions.  Zhu et al. 49 obtained the bound electronic transition-induced light 

absorption based on the frequency dependent-dielectric permittivity expressions proposed 

by Kreibig and co-workers.59  The expression involves terms of free electronic and inter-

band electronic transitions.59  Inter-band transition of bound electrons mainly contributes 

to the optical absorption in small-sized metal particles in the visible range.49  Experimental 

results of ultrafast electronic dynamics in polycrystalline metal samples showed that the 
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inelastic electron lifetime decreases with a higher energy level above the Fermi level. 60  

The inelastic relaxation time of hot electrons in Rh is around 2-6 fs when its energy is 2 

eV higher than Fermi energy level, which is shorter than that of plasmonic metals (Au and 

Cu: 15-35 fs; Ag: 2-15 fs). 60   

Integrating the metal nanoparticle catalysts with light antennae that can provide 

enhanced local electric fields by concentrating the incident light is a promising strategy to 

improve the light absorption power of the metal nanoparticles and enhance their photo-

induced reaction kinetics.45, 61  Plasmonic nanostructures28, 62, 63, and geometrically 

symmetric dielectric spheres61, 64-67 represent two typical light antennae classes, which rely 

on localized SPRs and light scattering to enhance the electric fields near their surfaces, 

respectively.  Besides, loading the small-sized nanoparticles onto larger-size supports (e.g., 

Al2O3, TiO2, and mesoporous SiO2 powders)31, 49, 51, 53, 68 also enable addressing the issues 

of small-sized metal catalysts, such as the aggregation of the small metal nanoparticles 

under operation conditions and difficulties of recycling of the catalysts. 

Unlike a plasmonic antenna, dielectric light antennas acting as the optical 

resonators without energy loss enable it to strongly confine the structure's electromagnetic 

waves, sustaining the so-called Whispering-Gallery resonate modes (WGMs) or Fabry-

Perot oscillations.69  The refocusing effect of the curved surface was defined by Lord 

Rayleigh 100 years ago.70  When meeting with some requirements, such as the higher 

refractive index of the resonator than that of the surrounding environment, the optical rays 

are internally reflected and focused at the interface between the dielectric material and air. 

Therefore, the light is experimenting with a closed-trajectory ray within the cavity and an 

evanescent field in the surrounding media.69  The oscillation of electromagnetic fields in  
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Figure 1. 5 (A) Illustration of a light ray confined in a spherical WGM resonator by total 

internal reflection. (B) FDTD simulation results of near-field intensity map in terms of 

electric field intensity ln(E2) around a 255 nm silica nanosphere that are loaded with 

platinum nanoparticles with a size of 4 nm. Figure (B) is adapted from Reference.61 

 

the optical cavity enables enhancing the electric fields by the enhanced light-matter 

interaction locally. Therefore, the electromagnetic hot spots around the resonator surface 

are produced.  To understand the process, we can take an example of a spherical resonator 

with a refractive index N and radius of a placed in a vacuum for the light ray traversing 

inside the resonator.  The total internal reflection will occur, and all of the light rays will 

be trapped when the incidence angle i is larger than the critical angle of ic=arcsin(1/N). If 

the light rays almost parallelly hit the surface nearly, which means the incidence angle is 

very close to /2, the rays will propagate a distance closer to the circumference, i.e., 2a, 

for one round. A constructive interference or resonance will occur when 2a=n/N, where 
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n is an integer and  is the incident light wavelength.  Therefore, the resonance peak 

position =2aN/n depending on the integer number n can be determined.   

Lorentz-Mie theory71 is used to resolve the strict analytical solution for light rays 

scattering in the resonator with varied particle geometry, refractive index, and angular 

dependence of the incident beam.  The optical resonators have been widely used for 

ultrasensitive detection, such as harmonic generation, fluorescence emission,72 Raman 

scattering73 and emission,74 functional photonic devices,75 bio-sensors69, and nanoparticle 

size detection76.  WGMs modes by the electromagnetic surface oscillation can be supported 

by spherical, cylindrical, toroidal, and other geometrical resonators.  The WGM modes rely 

on the sizes, shapes, and dielectric properties of resonators.77  Silica is one of the most used 

materials to fabricate optical resonators.78  Highest enhancement factor of electromagnetic 

fields at the hot spots of silica WGM resonators over the incident electromagnetic fields 

theoretically reaches up to 108-109.69, 79  The power absorbed by the metal nanoparticle () 

is in proportional to the squared local electromagnetic field intensity (E), i.e.,   E2.80  

Sun and co-workers81 recently reported an approach to enhance the optical absorption in 

platinum nanoparticles by loading them onto the surface of silica nanospheres, which act 

as an optical resonator to improve the local electromagnetic field intensity.  Motivated by 

this promising near-field enhancement mechanism, this thesis deals with expanding the 

near-field enhancement to other metal nanoparticles, especially rhodium, to enhance light 

absorption and improve photocatalytic activity.  

1.4. Rhodium Catalysts 

Rhodium, as one of the rarest elements, was discovered in 1803 by William Hyde 
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Wollaston.82  It has an electronic structure of partially filled d-shell (Kr 4d8 5s1) and unique 

catalytic properties, playing an essential role in thermally-driven 83catalysis in industry and 

academy.  Rhodium is famous for automotive three-way convertor catalysts for the removal 

of toxic emission gases, such as carbon monoxide and nitrogen oxide, since 1979.84  

Besides,  rhodium catalysts are used for the conversion of higher alcohols from syngas85, 

hydroformylation of alcohols to aldehyde production,86 hydrogenation of carbon dioxide,87 

carbonylations of alcohols,83 and oxidation.88  Rhodium nanoparticle scan be synthesized 

by chemical methods with well-defined shapes and sizes by a rational design using 

stabilizers and solvent.89, 90  The catalytic behavior of Rh is different from other VIII group 

metals (such as Pt, Ru, Ir, and Pd) for reactions involving oxygen-containing reactants or 

intermediates (such as O2, NOx, and COx).  

 Their difference in oxophilicity91-93 (i.e., oxygen affinity) is crucial for affecting 

molecular adsorption configuration, dissociation barrier, and reaction activity.  The 

adsorption energy for the critical intermediates is a good descriptor for analyzing the 

different catalytic activity.94, 95  Specifically, for Row 5 in the periodic table, the d-band 

center and d-band top shift to the lower energy level in the order of Ru, Rh, Pd, and Ag.  It 

results in a strong metal-O bond and NO dissociative adsorption for Ru and Rh, in contrast 

to the NO molecular adsorption for Pd and NO dimerization on Ag.92  For CO2 

hydrogenation,  the O* adsorption energy is higher for Ru, Rh and Ni than that of Pt and 

Pd, which directly correlates with the dominant production of CH4 over CO for Ru, Rh, 

and Ni.93  This thesis focus on using Rh photocatalysts to drive the conversion of oxygen-

containing species, including alcohol oxidation by oxygen molecules, nitrobenzene 

reduction, and CO2 reduction, which has not been well-studied so far. 
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1.5. Research Objectives 

The purpose of this dissertation is to explore the effect of dielectric silica antenna on the 

light absorption and photocatalytic activity of rhodium nanoparticles with small sizes. We 

also study visible light-excited rhodium nanoparticles for the conversion of oxophilic 

compounds and explore the hot-electron mediated-reaction mechanism, including the 

cleavage of O-O bond, C-O bond, and N-O bond to enhance the catalytic kinetics and 

selectivity. This dissertation will guide how to boost the catalytic activity of non-plasmonic 

metals commonly used in thermocatalysis by rationally designing catalysts and solar 

energy conversion and inspiring spectroscopic and computational studies on hot-electron 

driven reactions at an atomic scale and electron dynamics.  
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CHAPTER 2 

2. GEOMETRIC SYMMETRY OF DIELECTRIC ANTENNA INFLUENCING LIGHT 

ABSORPTION AND PHOTOCATALYSIS 

(Note: Part content of this chapter is adapted from the publication “Xinyan Dai, Kowsalya 

Devi Rasamani, Gretchen Hall, Rafaela Makrypodi, Yugang Sun, Geometric symmetry of 

dielectric antenna influencing light absorption in quantum-sized metal nanocrystals: A 

comparative study, Frontiers in Chemistry, 2018, 6, 494, 

doi.org/10.3389/fchem.2018.00494” with the permission from Frontiers Publisher.)  

 

2.1 Introduction  

A dielectric antenna consisting of a block of ceramic material of varying shapes interacts 

with electromagnetic waves while loses much less energy than the metal counterparts, 

resulting in an efficient modulation of the incident waves.1-8  For instance, a dielectric 

resonator antenna with an appropriate geometry can allow an incident electromagnetic 

wave to bounce back and forth against the antenna surface, supporting scattering 

resonances to form new standing waves near the antenna surface, behaving as resonant 

scattering.  The new surface standing waves can radiate and propagate into space if the 

antenna surface is leaky.  In contrast, an incident electromagnetic wave can also (elastically) 

scatter away from the antenna surface into space regardless of the geometry of the antenna, 

behaving as random scattering.  Therefore, a dielectric antenna supporting different 

scattering modes leads to a difference in influencing the absorption spectrum of a material 

that can absorb the incident electromagnetic energy when it is placed near the antenna.  The 
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random scattering usually does not alter the absorption spectrum profile of the energy-

absorbing object while the resonant scattering does.  A typical example intensively reported 

literature is the use of silica nanoparticles with sizes of several hundreds of nanometers and 

larger as a class of dielectric antenna to improve the capability of light absorption in active 

materials of light-harvesting devices such as solar cells.7,9-11  Since silica is transparent in 

the visible spectral region and silica nanoparticles do not absorb visible light, the enhanced 

light absorption in active materials is attributed to the intense light scattering (both resonant 

scattering and random scattering) on the surfaces of the silica nanoparticles.  When the 

silica nanoparticles are mixed with the light-absorbing active materials to form a composite 

in a confined volume, the light scattering from the surface of the silica nanoparticles 

elongates the light traveling path to benefit light absorption in the active materials.7,12-15  In 

addition to the light scattered away from the surface of the silica nanoparticles, the light 

scattering resonances on the surface of the silica nanoparticles also influence the optical 

response of active materials attached to the silica nanoparticles.3,9,16  The surface scattering 

resonances usually create electrical fields much stronger than the incident light near the 

surface of the silica nanoparticles, significantly enhance the light absorption of active 

materials on the surface of the silica nanoparticles.17-21   

Herein, we study the influence of the geometry of silica nanoparticles on their light 

scattering behavior as well as the corresponding enhanced light absorption in quantum-

sized rhodium nanoparticles attached to the silica nanoparticles.  The rodlike silica 

nanoparticles (r-SiOx NPs) with different aspect ratios and silica nanospheres (SiOx NSs) 

are synthesized to act as dielectric antenna and substrates for rhodium nanoparticles.  This 

study also discusses the contributions of resonant scattering and random scattering to the 
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enhanced light absorption of Rh nanoparticles.  The improved light absorption in quantum-

sized metal nanoparticles, for example, the nanocrystal catalysts made of platinum group 

metals (PMGs), is beneficial for more efficiently exciting hot electrons in the quantum-

sized metal nanocrystals to drive chemical transformations.14  Photocatalytic carbon 

dioxide hydrogenation by Rh/r-SiOx NPs and Rh/SiOx NSs hybrid catalysts are then studied 

to investigate the influence of geometric symmetry of silica antenna on chemical 

transformations.    

2.2. Experimental Method  

2.2.1. Synthesis of Silica Nanospheres  

Silica nanospheres (SiOx NSs) were prepared through a sol-gel process relying on 

controlled hydrolysis and condensation of tetraethyl orthosilicate (TEOS, 98%, Sigma-

Aldrich).22 An appropriate amount (1.7 ml) of TEOS was added to a solution containing 

29.1 ml of absolute ethanol (Pharmco-Aaper), 3.21 ml of deionized (DI) water, and 1.96 

mL of ammonia hydroxide (28–30 wt.% in water, Fisher Scientific). The reaction 

proceeded for 2 h at a stirring rate of 600 rpm to complete the growth of SiOx NSs. 

Changing the amount of water and TEOS could tune the size of the synthesized SiOx NSs. 

The resultant SiOx NSs were collected through two cycles of centrifugation and washing 

with ethanol, and then dried overnight in an oven set at 60°C. 

2.2.2. Synthesis of Rodlike Silica Nanoparticles 

Rodlike silica nanorods (r-SiOx NPs) with different aspect ratios were synthesized and 

purified based on the method reported in previous studies.23, 24 In a typical synthesis of r-
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SiOx NPs with an aspect ratio of 0.8, 3 g of polyvinylpyrrolidone (PVP, molecular weight 

~55,000, Sigma-Aldrich) was first dissolved in 30 ml of 1-pentanol (99%, Acros Organics) 

with assistance of sonication in a 50-ml centrifuge tube. To this PVP solution was 

sequentially added 0.5 ml of absolute ethanol, 1.2 ml of DI water, and 0.3 ml of 0.18 M 

aqueous sodium citrate dehydrate (Fisher Scientific). The solution was homogenized via 

vortex for 30 s. 0.4 ml of ammonium hydroxide was then added to the solution followed 

by vortex for 30 s. To the solution was finally added 0.3 ml of TEOS. The solution was 

then vortexed for 1 min and maintained still for 1.5 h, forming r-SiOx NPs with the aspect 

ratio of 0.8. The length and radius (thus the aspect ratio) of r-SiOx NPs could be tuned by 

changing the amount of ethanol, water, sodium citrate, ammonium hydroxide, TEOS, and 

reaction time. The synthesized r-SiOx NPs were collected by three cycles of centrifugation 

(at 6,000 rpm for 20 min) and washing with ethanol and water. The rods were then re-

dispersed in ethanol with assistance of sonication for 2 h. The dispersion was centrifuged 

at 800 rpm to remove larger rods in the sediment, leaving nearly mono-dispersed r-SiOx 

NPs in the supernatant. 

The rodlike silica were scaled up for preparing the catalysts used in CO2 

hydrogenation.23,24 The chemical amounts are changed by using 30 g of 

polyvinylpyrrolidone, 300 ml of 1-pentanol, 30 ml of absolute ethanol, 8.4 ml of DI water, 

and 2 ml of 0.18 M aqueous sodium citrate dehydrate, 6.75 ml of ammonium hydroxide 

and 3 ml of TEOS. The purified nanoparticles were then coated by silica shell based on the 

previous reports.23,24  The synthesis procedures were triplicated to collect enough rodlike 

silica nanoparticles.  The coated rodlike silica nanoparticles were used to be functionalized 

with functionalized with (3-amniopropyl)triethoxysilane (see details in section 2.2.4). 
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2.2.3. Synthesis of Quantum-sized Rh Nanoparticles 

Colloidal Rh nanoparticles were synthesized through a polyol process involving sequential 

reactions at two different temperatures.25 In a typical synthesis, 0.238 g of potassium 

bromide (KBr, Alfa Aesa), 0.088 g of PVP, 0.024 g of sodium hexachlororhodate (III) 

dodecahydrate (Na3RhCl6·12 H2O, Alfa Aesa) were mixed with 7 ml of ethylene glycol 

(EG, Fisher Scientific) in a 20-ml glass vial. Warming up the solution at 40°C for 1 h 

dissolved the reagent powders completely. The solution was then heated up to 90°C, and 

this temperature was maintained for 15 min to initiate nucleation. The reaction was heated 

to 150°C and maintained for 1 h, facilitating the growth of colloidal Rh nanocrystals. The 

resulting dispersion of Rh nanoparticles was mixed with 3 mL of acetone/water (9/1 in 

V/V), followed by centrifugation at 13,400 rpm for 10 min. The settled powders were then 

re-dispersed with 3 ml of acetone/water (9/1 in V/V). Repeating the centrifugation/re-

dispersion cycles for 5 times removed PVP and ions from the dispersion of the Rh 

nanocrystals. Rh nanocrystals were dispersed in 10 ml water for further usage. 

2.2.4. Functionalization of Silica Nanoparticles 

The synthesized SiOx nanoparticles were functionalized with (3-

amniopropyl)triethoxysilane (APTES, 98%, Acros Organics) to introduce positively 

charged surfaces. An ethanolic dispersion of 2 mg ml–1 of silica nanoparticles was first 

prepared with the assistance of ultrasonication.  To 10 mL of the silica nanoparticle 

dispersion was dropwise added 0.1 mL of APTES while the temperature of the dispersion 

was maintained at 60°C. It took 30 s to complete the addition of APTES. The dispersion 

was continuously stirred for 8 h, leading to the conjugation of APTES to the surface of the 
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silica nanoparticles. The functionalized silica nanoparticles were collected through 

centrifugation and washing with ethanol, followed by drying in an oven set at 60°C. As for 

r-SiOx NPs, the corresponding powders were calcined at 500°C for 3 h to burn off PVP 

from the r-SiOx NPs. An appropriate amount of the calcinated r-SiOx NPs were then added 

to ethanol, forming a dispersion with a silica concentration of 2 mg ml–1. To 12 ml of the 

r-SiOx NP dispersion was added 7 ml of aqueous solution of hydrochloric acid (37 wt.%, 

Fisher Scientific). The dispersion was stirred continuously overnight at room temperature. 

The pre-treated r-SiOx NPs were then collected by centrifugation and washing with ethanol 

for further surface modification with APTES. The APTES-modified silica nanoparticles 

exhibited positively charged surfaces, to which metal nanocrystals with negatively charged 

surfaces could be attached through strong electrostatic attractions.21  To load 2 wt.% Rh 

nanocrystals to the silica NPs, 20 ml 0.2 mM Rh nanocrystals was slowly added to 10 ml 

aqueous dispersion of the silica nanoparticles with a concentration of 2 mg ml−1 in a 

sonication bath. Constantly stirring the dispersion of two types of nanoparticles at 600 rpm 

for 15 min resulted in the attachment of the Rh nanocrystals to the surface of the silica 

nanoparticles, forming composite Rh/SiOx-NPs particles. The obtained Rh/SiOx-NPs 

particles were collected via centrifugation for 10 min at 6,000 rpm, followed by drying in 

an oven set at 60°C for 2 h. The loading of metal nanocrystals was tuned by controlling the 

amount of metal nanocrystals and silica nanoparticles used in the synthesis. The 

synthesized catalysts were used for optical performance studies. 

2.2.5. Catalyst Synthesis for CO2 Hydrogenation  

The hybrid catalysts synthesized by the electrostatic interactions have low thermal stability 

at high reaction temperatures.  We then used an in-situ reduction method to load small-
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sized Rh nanoparticles on the surfaces of APTES-functionalized r-SiOx NPs and SiOx SNs 

for CO2 hydrogenation catalysis.  40 mg APTES-SiOx NSs or APTES-rodlike silica 

powders were dispersed in 8 ml DI water via sonication, which was then mixed with a 

solution of 3.5 mg sodium hexachlororhodate (III) dodecahydrate dissolved in 7 ml DI 

water.  The mixture was stirred for 2 hours at room temperature.  15 ml 3.3 mg•ml–1 sodium 

citrate (Alfa Aesar) was then introduced into the mixture.  After stirring for 1 minute, 5 ml 

0.7 mg•ml–1 sodium borohydride (Alfa Aesar) was dropwise added by an injection pump 

at a speed of 15 ml•h–1 when the solution was in an ice water bath.  After the reaction aged 

overnight, the product was collected by centrifugation and washed with 50%/50% 

water/ethanol for three times. The collected samples were dried at 60 oC in the oven for 

two hours.  

2.2.6. Photocatalytic CO2 Hydrogenation  

We conducted CO2 hydrogenation by using a fixed bed reactor (Harrick, HVC-MRA-5) 

coupled with a temperature controller kit (Harrick, ATK-024-3).  7.5 mg of hybrid catalysts 

of Rh/SiOx-NSs and Rh/r-SiOx NPs were used to compare the geometric effect on the 

photocatalytic performance.  Flow rates of gases (Airgas) were controlled by mass flow 

controllers (Alicat). Catalysts were reduced under 17 ml•min–1 10% H2/Ar at 330 oC for 2 

hours before reactions. Visible light-driven reactions were conducted with a xenon light 

source (Asahi Spectra, MAX-303).  Light power intensity was measured by an optical 

energy meter console (Thorlabs, PM100D) coupled with a thermal sensor head (Thorlabs, 

S305C). Effluent gases were analyzed by gas chromatography (Agilent) equipped with a 

Carboxen 1010 Plot capillary column (Agilent).  



 37 

2.2.7. Material Characterizations 

Transmission electron microscopy (TEM) images of metal nanocrystals were recorded on 

a microscope (JEOL JEM-1400). Scanning electron microscopy (SEM) images of silica 

nanoparticles and silica/metal composite particles were characterized with a field-emission 

microscope (FEI Quanta FEG 450) that was operated at an acceleration voltage of 20 kV. 

Inductively coupled plasma atomic emission spectroscopy (ICP-OES, Thermo Scientific 

7000 Series) was used to determine the loading contents of metal nanocrystals on the 

silica/metal composite particles. Diffuse reflectance spectroscopy (DRS) was analyzed by 

an ultraviolet-visible (UV–vis) spectrophotometer (Thermo Scientific, Evolution 220) 

equipped with an integrating sphere. 

2.3. Results and Discussion 

2.3.1. Light Absorption of Rh/SiOx Nanospheres   

Silica nanoparticles with large enough sizes can always produce random scattering in the 

visible spectral region regardless of their morphology, but generating resonant scattering 

depends strongly on their morphology.  For instance, theoretical modeling and calculations 

have shown that spherical SiOx particles of several microns support Fabry-Perot or 

Whispering Gallery resonances, forming electrical fields near the SiOx surfaces much 

stronger than that of the incident light.3  Varying the size of the SiOx particles tunes the 

resonant wavelengths and the enhancement of electrical fields near the particle surfaces. 

Decreasing the size of silica spheres down to the sub-micrometer scale still supports 

surface scattering resonances despite the broadness of the resonance peaks.  The light 

scattering resonances on the surfaces of silica nanospheres (SiOx NSs) significantly  
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Figure 2. 1 DRS spectra of (A) an aqueous dispersion of Rh nanoparticles and (B) a powder 

of Rh/SiOx-NSs composite particles with 2 wt.% loading of Rh nanoparticles. A 

representative TEM image of the Rh nanocrystals and a digital photograph of the aqueous 

dispersion of the Rh nanoparticles are presented as insets of (A). The DRS spectrum of a 

powder of the SiOx NSs is also plotted as reference (blue curve) in (B). The representative 

SEM images of the SiOx and Rh/SiOx NS composite particles are shown in (B).   

 

enhances the optical absorbance and change the spectral profile of absorption in quantum-

sized Pt nanocrystals (with size <10 nm) that are attached to the surface of the SiOx NSs.21  

An aqueous dispersion of quantum-sized Rh nanocrystals with sizes of ~3 nm 

exhibits a brown color and a peakless absorption spectrum (Figure 2.1(A)).  Rh 

nanoparticles that have negatively charged surfaces due to PVP surfactants can be 

electrostatically attached to the surfaces of positively charged SiOx NSs, forming Rh/SiOx-

NSs hybrid particles. Strong light absorption with well-defined peaks at ~450 nm and ~670 

nm is observed from the Rh nanocrystals loaded to the SiOx NSs with an average diameter 

of 356 nm while bare SiOx NSs almost does not have any absorbance (Figure 2.1(B)). The 

Rh/SiOx-NSs 



 39 

comparison of spectra between Rh/SiOx-NS and SiOx NSs reveals the absorption signal 

originates from Rh nanoparticles rather than the substrates.   

The detailed mechanisms could be explained and clarified.  Light waves might be 

confined inside SiOx NSs when they nearly horizontally enter into the substrates.  The 

interference of light waves can increase or decrease electric field intensity around the 

surface of substrates.  It means SiOx NSs with specific sizes can only support specific 

optical frequencies without energy loss, which refers to the appearance of the resonant light 

scattering peaks. On the other hand, Rh nanoparticles have a broad and weak light 

absorption without absorption features in the visible range. Then the light absorption 

profile of Rh/SiOx-NS powders shows highest light absorption at the specific frequencies 

correlating to resonant light scatterings of SiOx NSs. The well-defined peaks result from 

the light scattering resonance on the surfaces of the SiOx NSs with the highest geometric 

symmetry (R3).
21  

The DRS spectrum of the SiOx-NS/Rh particles also show a non-zero baseline 

independent of the wavelength, which agrees with the feature of random scattering. The 

comparisons indicate that both resonant scattering and random scattering of the dielectric 

SiOx NSs are responsible for enhancing the light absorption in the quantum-sized Rh 

nanocrystals. The respective contribution of resonant scattering and random scattering to 

the enhanced light absorption is not distinguished.  

2.3.2. Synthesis of Rodlike Silica Nanoparticles 

Theoretical modeling and calculations indicate that the spherical geometry of dielectric 

particles favors resonant scattering and reducing the geometrical symmetry of the dielectric  
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Figure 2. 2 (A) Schematic illustration of the geometry of r- SiOx NPs with different aspect 

ratios. The aspect ratio is defined by the ratio of the length (l) to the width (d) of an r- SiOx 

NP. (B, C) SEM images and statistic histograms of size distributions of roldlike SiOx 

nanoparticles with different aspect ratios: (B) 0.8 (denoted as r-0.8 SiOx NPs) and (C) 1.4 

(denoted as r-1.4 SiOx NPs). (D, E) SEM images of the r-0.8 SiOx NPs (D) and r-1.4 SiOx 

NPs (E) covered with Rh nanoparticles. 
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particles weakens resonant scattering.10  To verify the importance of spherical symmetry 

of the silica nanoparticles on resonant scattering, a set of silica nanoparticles with reduced 

geometrical symmetry are synthesized by controlling the aspect ratio of the rodlike 

particles. The silica nanoparticles start nucleation at nanosized water-rich emulsion 

droplets followed by anisotropic growth along the direction away from emulsion droplets, 

forming rodlike nanoparticles with one flat end and one rounded end (Figure 2.2). These 

rodlike silica nanoparticles (r-SiOx NPs) exhibit a geometric symmetry of C∞V, and their 

geometric aspect ratio is determined by the lateral dimensions. Similar to the SiOx NSs, 

these r-SiOx NPs are also feasible to attract the quantum-sized Rh nanocrystals to their 

surfaces, forming Rh/SiOx composites. Figures 2.2(D, E) show the SEM images of 

baresilica and composite samples (insets) formed from the r-SiOx NPs with aspect ratios 

of 0.8 and 1.4, respectively. 

2.3.3. Comparison of DRS Spectra  

Same as the SiOx NSs, rodlike silica exhibit negligible absorption signal in the 

corresponding DRS spectra (Figure 2.3(A)). The corresponding powders of these 

composite particles exhibit strong optical absorption, although their DSR spectra are 

different from that of the Rh/SiOx-NSs composite particles. It indicates that r-SiOx NPs are 

still capable of enhancing light absorption of the Rh nanocrystals due to the light scattering 

of the silica nanoparticles. The corresponding DRS spectra become essentially peakless, 

implying the absence of resonant light scattering on the r-SiOx NSs with lowered geometric 

symmetry of C ∞ V. The spectral difference highlights the importance of geometric 

symmetry of the silica nanoparticles on determining their light scattering mode.  Resonant  
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Figure 2. 3 (A) DRS spectra of powders of the bare silica nanoparticles (SiOx NSs, r-0.8 

SiOx NPs, and r-1.4 SiOx NPs) and silica nanoparticles loaded with 2 wt.% loading of Rh 

nanocrystals.  (B) The integrated values of the DRS spectra presented in (A) in the spectral 

range of 300 nm–800 nm, showing the dependence of light absorption in the Rh 

nanocrystals on the geometric aspect ratios of the supporting silica nanoparticles. The 

volcano-shaped relationship highlights that the spherical silica nanoparticles with an aspect 

ratio of 1 are more effective in enhancing light absorption in the Rh nanoparticles than the 

rodlike silica nanoparticles. 

 

scattering, which is responsible for the appearance of well-defined intense absorption peaks 

in the DRS spectra, is very sensitive to the geometric symmetry of silica nanoparticles. 

Only the SiOx NSs with the highest geometrical symmetry of R3 supports strong surface 

scattering resonances. Lowering the geometric symmetry of the silica nanoparticles 

drastically suppresses the resonant scattering while random scattering is barely influenced.  

This relationship can be quantitatively compared by integrating these DRS spectra 

in the range of 300–800 nm, and the integrated values are shown in Figure 2.3(B) as a 

Rh/r-1.4 SiOx NPs 
Rh/r-0.8 SiOx NPs 
Rh/SiOx-NSs 
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function of the aspect ratio of the supporting SiOx NPs. The volcano shape with a maximum 

at the aspect ratio of 1 (corresponding to spherical SiOx NPs) again highlights that the SiOx 

NSs are more effective in enhancing light absorption in the Rh nanocrystals than the rodlike 

silica nanoparticles regardless of the aspect ratios >1 or < 1.  A more deviation of the aspect 

ratio weakens the absorption peaks more, further confirming that high geometric symmetry 

of the SiOx NSs is crucial to support strong resonant scattering on the dielectric silica 

nanoparticles. Regardless of the aspect ratio of the silica nanoparticles, the featureless 

baselines of these DRS spectra remain essentially consistent, indicating that the random 

scattering of the silica nanoparticles makes an approximately constant contribution to 

enhancing the light absorption in the Rh nanoparticles.  

Resonant scattering and random scattering of SiOx NSs make roughly equal 

contributions to enhance the light absorption in the Rh nanocrystals at the resonance 

frequencies. At the non-resonance frequencies, the random scattering dominates the 

enhancement of light absorption in the Rh nanocrystals.  At the resonance frequencies, the 

light absorption in the Rh nanoparticles enhanced by the resonant scattering of the SiOx 

NSs is comparable to the absorption enhanced by the random scattering.  The light 

absorption is dominated by the enhancement originated from the random scattering at the 

non-resonance frequencies.   

The DRS spectra shown in Figures 2.3 consistently highlight that both resonant 

scattering and random scattering of the silica nanoparticles can enhance the light absorption 

in the quantum-sized metal nanoparticles attached to the silica nanoparticles.  The 

occurrence of resonant scattering strongly depends on the geometric symmetry of the silica 

nanoparticles.  SiOx NSs with the highest geometric symmetry support the strongest 
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resonant scattering while the resonant scattering weakens with a decrease of their 

geometric symmetry. In contrast, the random scattering is independent of the geometry of 

the silica nanoparticles. 

We also compared the aquesous DRS spectra for nanospherical and rodlike slica 

nanoparticles as the substrates to support Rh nanoparticles in order to further highlight the 

geometrical effect of light antenna on Rh light absorption.  The light scattering efficiency 

of the dielectric silica nanoparticles also relies on the refractive index (n) of the surrounding 

environment.26, 27  A large difference of refractive indexes between the surrounding 

medium and the silica nanoparticles (nsilica ≈1.4–1.45 for the sol-gel silica) promotes light 

scattering.  Therefore, the silica nanoparticles dispersed in water (nwater = 1.33 at room 

temperature) exhibit a much lower light scattering efficiency compared to the dry powder 

of the silica nanoparticles in air (nair = 1).  The variation of the refractive index of the 

surrounding medium also influences the scattering resonance frequencies of the SiOx NSs.   

Figure 2.4 (A) compares the DRS spectra of aqueous dispersions of freestanding 

Rh nanoparticles and SiOx/Rh composite particles formed with varying silica nanoparticles, 

which exhibit profiles different from the DRS spectra of the corresponding Rh/SiOx dry 

powders (Figure 2.3A). However, the light absorption in the Rh nanocrystals is always 

enhanced when the Rh nanoparticles are attached to the silica nanoparticles. The good 

dispersion of the Rh nanoparticles in water and on the surfaces of the silica nanoparticles 

ensures that the measured DRS signals represent the accumulation of optical absorption of 

individual Rh nanoparticles with the exclusion of possible interparticular coupling between 

the adjacent Rh nanoparticles. As a result, the enhancement spectrum, i.e., enhancement 

factor as a function of wavelength, enabled by the silica nanoparticles can be calculated by  
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Figure 2. 4 (A) DRS spectra of aqueous dispersions of well-dispersed Rh nanocrystals 

(green dotted) and Rh/SiOx composite particles formed from SiOx NSs (black), r-0.8 SiOx 

NPs (blue), and r-1.4 SiOx NPs (red). The intensity of these DRS spectra was normalized 

against the mass concentration of Rh nanocrystals. (B) Calculated enhancement spectra for 

the SiOx NSs (black), r-0.8 SiOx NPs (blue), and r-1.4 SiOx NPs (red). 

 

dividing the DRS spectrum of a dispersion of the corresponding Rh/SiOx composite 

particles against the DRS spectrum of the dispersion of the freestanding Rh nanocrystals 

(green dotted curve, Figure 2.4(A)).  

Figure 2.4(B) presents the calculated enhancement spectra enabled by the SiOx NSs 

and the r-SiOx NPs with aspect ratios of 0.8 and 1.4, showing that the maximum 

enhancement factor can reach ~12 around 750 nm for the SiOx NSs. In the visible spectral 

region (i.e., at λ > 450 nm), the enhancement factor is always higher than 7 for the SiOx 

NSs, although it is lower for the r-SiOx NPs. Since the light scattering efficiency of the dry 

SiOx NSs in the air is much higher than that of the wet SiOx NSs in solvents (e.g., ethanol, 

water, etc.), the optical absorption power of the Rh nanoparticles attached to the SiOx NSs 
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could be enhanced by a higher factor when Rh/SiOx-NSs composite particles are used in 

gas atmospheres. In order to achieve the maximum scattering-enhanced light absorption in 

quantum-sized metal nanoparticles, the synthesis of SiOx NSs has to be carefully controlled 

to ensure the refractive index of the SiOx NSs to reach the possible maximum value.28-30  

2.3.4. Dependence of Scattering Modes on Geometry  

In conclusion, silica nanoparticles with lateral dimensions of hundreds of nanometers and 

larger represent a class of dielectric antenna that does not absorb visible light, exhibiting 

strong light scattering in the visible spectral region with a minimum energy loss. 

Regardless of the geometry of the silica nanoparticle antenna, the random scattering of the 

incident light is always observed while the wave function is not altered. When the geometry 

of the silica nanoparticles exhibits a high enough symmetry, the nanoparticle antenna can 

also support surface scattering resonances that generate new standing waves with wave 

functions different from the incident light.  For example, light scattering resonances on the 

surface of SiOx NSs with the highest geometric symmetry result in the formation of surface 

“hot spots,” at which the new electromagnetic waves exhibit higher power density than the 

incident light.  

Figure 2.5 schematically highlights the dependence of scattering mode on the 

geometry of the silica nanoparticles.  It is noteworthy that the illustrations are not simulated 

results (i.e., the sketch is just for demonstration rather than the actual case).  The highly 

symmetric SiOx NSs support both resonant scattering and random scattering while the 

irregular shaped silica nanoparticles with very low geometric symmetry support merely 

random scattering.  When light-absorbing species are attached to the surface of the silica 

nanoparticles, their optical absorption power can be enhanced by both random scattering  
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Figure 2. 5 Schematic cartoons highlighting the difference of light scattering on silica 

nanoparticles with different geometric symmetries.  (i.e., it is noted that the illustrations 

are not simulated results.)  (A) A SiOx NS with the highest geometric symmetry of R3 

supports both strong resonant scattering, which generates new standing waves with 

stronger electric fields near the surface of the SiOx NS, and random scattering, which 

scatters the incident light off the surface of the SiOx NS in directions different from its 

original propagation direction. (B) A SiOx NP with non-spherical shape, corresponding to 

a geometric symmetric much lower than R3, merely supports random scattering. The 

influence of geometry of SiOx NPs on the light scattering mode can be transferred to the 

enhanced optical absorption of quantum-sized metal nanocrystals attached to the SiOx NPs 

as presented in Figures 2.1–2.4. The red and blue colors denote high and low electric field 

intensity, respectively.   

 

and resonant scattering.  The DRS spectra of the Rh/SiOx composite particles represent the 

typical examples highlighting that the optical absorption of quantum-sized metal 

nanocrystals is significantly enhanced by light scattering (including both random scattering 

and resonant scattering) on the silica nanoparticles.  The random scattering of light from 

irregular SiOx nanoparticles 
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the silica nanoparticles propagates in directions different from that of the incident light, 

elongating the propagation pathway of light in a material block made of silica/metal 

composite particles. The longer light pathway allows more incident light to be absorbed by 

the metal nanocrystals attached to the silica nanoparticles, resulting in an enhancement of 

overall light absorption. It is worth pointing out that the random scattering does not change 

the spatial power density of the scattered light.  

In contrast, resonant scattering of the incident light creates “hot spots” on the 

surface of SiOx NSs to significantly increase the local electrical fields (corresponding to 

power density), which enhance the optical (energy) absorption in the metal nanoparticles 

attached to the surface of the SiOx NSs. The mechanistic difference in enhancing light 

absorption in quantum sized metal nanocrystals for random scattering and resonant 

scattering might be more influential toward non-linear optical properties, for example, 

photo-excited hot electron generation in the quantum-sized metal nanocrystals.31 The 

understanding sheds light on designing composite materials with the dielectric silica 

nanoparticle antenna to promote the performance of applications.  

2.3.5. Comparison of Photocatalytic Performance 

The synthesis of rodlike silica nanoparticles was scaled up for investigating the effect of 

the geometry of a dielectric antenna on the photocatalytic performance of supported Rh 

nanoparticles.  The rodlike silica nanoparticles have an averaged diameter of 390 nm and 

an averaged length of 946 nm, corresponding to an aspect ratio of 2.42 (Figure 2.6 (A)).  

An amount of 1.5 wt.% Rh nanoparticles were loaded onto the surfaces of rodlike- and 

spherical silica nanoparticles through an in-situ reduction approach (Figure 2.6(B and C)).  
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Figure 2. 6 (A) SEM images and statistic histogram of size and size distributions of rodlike 

silica nanoparticles. TEM images and statistic histograms of size and size distributions of 

Rh/r-SiOx NPs (B) and Rh/SiOx-NSs (C) with a Rh loading amount of 1.5 wt.% by rodlike 

silica nanoparticles. 
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The Rh nanoparticles supported by rodlike silica nanoparticles have an averaged size of 

2.3 nm, which is very similar to the dimensions of Rh nanoparticles supported by silica 

nanospheres.  Investigating the substrate geometry on catalytic performance requires 

carefully controlling the particle sizes and the absorbed light power intensity, which helps 

exclude other factors affecting the final catalytic results.  The comparative results are only 

reasonable when the catalytic performance under dark conditions is independent with 

substrates.  

The power DRS spectra of synthesized nanoparticles are shown in Figure 2.7(A).  

Rh/SiOx-NSs hybrid nanoparticles have resonance scattering peaks at 625 nm and 400 nm-

500 nm, along with the high baseline referring to the presence of random scattering effects.  

The DRS spectrum of Rh/r-SiOx NPs nanoparticles exhibits peakless absorption, which is 

attributed to random scattering effects.  This result is in accordance with the results in 

Figure 2.3.  The resonance scattering effects enable producing hot spots around the surfaces 

of spherical silica substrates with a high electric field intensity and enhancing the visible 

light absorption of Rh nanoparticles compared to the sample of rodlike silica substrates, 

thus inducing improved photocatalytic performance of CO2 hydrogenation. 

An amount of 7.5 mg of catalysts was used for CO2 hydrogenation.  The used 

catalysts are not able to absorb all of the incident visible light because of light transmission 

and light scattering.  Since we use the same amounts for Rh/SiOx-NSs and Rh/r-SiOx NPs 

nanoparticles, their transmitted light powers are supposed to be the same.  We estimated 

the absorbed light intensity based on the DRS spectra of incident visible light and hybrid 

particles by integrating the areas, as shown in Figure 2.7(B).  The ratio of absorbed light 

over incident light is estimated as their integral areas for each sample. Both Rh/SiOx-NSs  
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Figure 2. 7 (A) powder DRS spectra of Rh/r-SiOx NPs and Rh/SiOx-NSs hybrid catalysts. 

(B) Spectra of the multiplication of light intensity times by photon energy for incident light 

intensity and absorbed light by hybrid catalysts. (C) Methanation rates catalyzed by the 

synthesized catalysts with using different monochromic light with and light power intensity 

< 50 mW cm-2.  Total flow rates are 560 ml h-1.  The gas compositions are 35 ml h-1 CO2, 

440 ml h-1 H2, and 85 ml h-1Ar. The operating temperature was at 330 oC. 

 

(2.5556/3.6214 = 0.7) and Rh/r-SiOx NPs (2.53976/3.6214 = 0.7) nanoparticles absorb 70 % 

incident light intensity.  Therefore, the absorbed light intensity for SiOx-NSs/Rh 

(2.5556/3.6214 = 0.7) and Rh/r-SiOx NPs are almost equal based on the estimates. We 

illuminated monochromic light into the reaction chamber with wavelengths of 400 nm, 550 
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nm, 600 nm, 650 nm, and 700 nm with using filters.  The light power density is very low, 

< 50 mW cm-2.  The comparison of methanation rates without or with light for each sample 

are summarized in Figure 2.7(C).  Under dark, the samples of Rh/SiOx-NSs and Rh/r-SiOx 

NPs show very similar methanation rates because of a well-controlled synthesis process.   

With light illumination, the methanation rates of Rh/SiOx-NSs catalyst are higher than 

those of Rh/r-SiOx NPs catalyst by ~33% for studied wavelengths.   

We then further illuminated white light, which has a wavelength in the range of 400 

nm to 800 nm, into the reaction chamber.  The catalytic results are summarized in Figure 

2.8.  With higher light power intensity, the methanation rates are greatly increased, while 

CO production rates slightly increased, resulting in enhanced CH4 selectivity and CO2 

conversion.  Under dark or at lower light power intensity, the difference of methanation 

rates between Rh/SiOx-NSs and Rh/r-SiOx NPs is very similar. The increased light power 

intensity leads to a more considerable difference in methanation rates between Rh/SiOx-

NSs and Rh/r-SiOx NPs particles. The methanation rate by Rh/SiOx-NSs catalyst is 2.6 

times higher than that of the Rh/r-SiOx NPs sample.   

The results demonstrate silica nanospheres with a high symmetry geometry enables 

to have better photo-induced CO2 hydrogenation performance of Rh nanoparticles than the 

counterpart of rodlike silica nanoparticles.  The reason is attributed to the unique resonance 

scattering behavior and high electromagnetic field around the dielectric nanospheres.  The 

enhanced light absorption in Rh at local points will increase the possibility of hot electron 

production and injection into adsorbed molecules and promote methanation kinetics and 

selectivity (more discussion in Chapter 5).  Admittedly, it is very challenging to precisely 

control the synthesis and reaction conditions, which are strictly the same for each sample.   
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Figure 2. 8 (A) Catalytic results by Rh/r-SiOx NPs and Rh/SiOx-NSs hybrid catalysts for 

CH4 and CO production rates (A), and CH4 selectivity and CO2 conversion (B) under 

visible light illumination over varied incident light power intensities.  The methanation 

rates at light power density are enlarged and inset in (A). The reaction conditions are the 

same as Figure 2.7. 

 

Such deviations affect the comparison of catalytic results of rodlike silica nanoparticles 

and silica nanosphere nanoparticles.  We need to conduct additional experiments for further 

verify the enhanced photocatalytic performance using highly symmetrical silica 

nanospheres as the light antenna.  

2.4. Summary  

This study has demonstrated that the light absorption of rhodium nanoparticles that have a 

weak and peakless profile in the visible region can be enhanced by loading them onto the 

surfaces of silica nanospheres.  The reason is attributed by the fact that silica nanospheres 

with a high geometrical symmetry can support resonant light scatterings for specific light 

wavelengths, which can enhance the localized electric field intensity, and the random light 
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scatterings without any changes in the light power intensity.  Both resonant and random 

light scatterings can enhance the light absorption of rhodium nanoparticles that are loaded 

on the surface of silica nanospheres.  It is noted that the light absorption profiles of the 

Rh/SiOx NSs hybrid nanoparticles are the product of intrinsic Rh absorption profile and 

SiOx NSs scattering profile.  If the metal nanoparticles have negligible light absorption 

(even if it seems not possible) at specific light wavelengths, the mechanism of SiOx NSs 

enhanced light absorption could not work.  Besides, this study also finds that the 

geometrical symmetry of silica substrates is important for the appearance of the resonant 

light scattering but do not affect much on the random light scattering.  The presence of "hot 

spot" due to resonant light scatterings on SiOx NSs enables the better photocatalytic 

performance that rodlike SiOx NSs that are absent in resonant light scattering in the visible 

range.   
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CHAPTER 3 

3. SELECTIVE AEROBIC OXIDATION OF ALCOHOLS BY HOT ELECTRON IN 

RHODIUM NANOPARTICLES 

(Note: Content of this chapter is adapted from the publication “Xinyan Dai, Kowsalya 

Devi Rasamani, Siyu Wu, Yugang Sun, Enabling selective aerobic oxidation of alcohols to 

aldehydes by hot electrons in quantum-sized Rh nanocubes, Materials Today Energy, 2018, 

10, 15-22, doi.org/10.1016/j.mtener.2018.08.003.” with permission from Elsevier.) 

 

3.1. Introduction 

The dissertation about photocatalytic hot-electron chemistry using Rh nanoparticles starts 

with the model reaction of aerobic alcohol oxidation using oxygen molecules as the oxidant. 

Even if the reaction is called an oxidation reaction of alcohols, the critical step is about the 

reduction of oxygen molecules to form -OOH, -OH, or -H2O depending on the catalyst 

features.1 Previous studies reported the hot electrons on platinum nanoparticles might 

temporally retain in the molecules forming peroxide radicals as reported.2  The oxyphilic 

feature of Rh is stronger than that of Pt metals,3-5 which might affect the reaction routes.  

Therefore, this chapter investigates the feasibility of hot electrons on Rh nanoparticles to 

offer insights into controlling the alcohol oxidation kinetics.  

Selective oxidation of primary alcohols to aldehydes rather than acids represents a 

class of critical chemical reactions for many industrial processes (e.g., aldol reaction, 

amidation, and esterification).6, 7  Current practice primarily relies on the use of strong 

oxidants (e.g., permanganate and dichromate), which are usually toxic and have to be 
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removed from the products.8-10  The strong oxidizing power of the traditional oxidants also 

leads to an easy overoxidation of alcohols to acids or carbon dioxide, lowering the 

selectivity and yield of aldehydes.8  Therefore, precisely controlling the oxidizing power 

of the oxidants or exploring new oxidants becomes crucial to promote the selective 

oxidation of alcohols to aldehydes with high yields.  A phase transfer catalysis (PTC) has 

been developed to reduce the oxidizing power of the strong oxidants to an appropriate level, 

benefiting the selective oxidation.11,12  The toxicity and separation of the traditional 

oxidants still remain as challenging problems.  In contrast, using ambient oxygen alleviates 

or even completely eliminates these remaining challenges despite its low oxidizing power 

that cannot directly oxidize alcohols.  With the assistance of an appropriate catalyst, on 

which oxygen molecules are adsorbed, the adsorbed oxygen can be converted to different 

states with increased oxidizing power to promote the selective oxidation of alcohols to 

aldehydes.  For instance, the most recent first-principles modeling of selective oxidation of 

propanol to propanol (i.e., propionaldehyde) indicates that the presence of dissociated 

oxygen atoms on Pd surface significantly benefits the selective alcohol-to-aldehyde 

transformation.1   

Dissociative adsorption of oxygen atoms on the surface of a platinum group metal 

(PGM) involves multiple steps to cleave the adsorbed oxygen molecules, which require to 

overcome high activation energy barriers.13,14  Two pathways are possible.  Two hot 

electrons are simultaneously injected into the two ORh adsorption bonds, leading to the 

detachment of a peroxide radical anion (O2
2−).  Another pathway is that only one hot 

electron is injected into the antibonding orbital of the O−O bond to cleave the O−O bond, 

leading to the formation of two adsorbed oxygen atoms.  Since the occurrence of Pathway  
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Figure 3. 1 (A) Potential energy of adsorbed oxygen on Rh surface along x coordinate, 

illustrating the potential energy lowers as the adsorption changes from physisorption to 

associative molecular chemisorption (i.e., peroxo-like species, O2
2-

ads) to dissociative 

chemisorption (i.e., Oads) on Rh surface.  (B) Possible pathways of injecting energetic hot 

electrons, which are generated in the Rh, to the surface adsorption bonds.   

 

1 requires the simultaneous injection of two hot electrons into the O-Rh bonds of a single 

adsorption oxygen molecule. The possibility is much lower than Pathway 1, which only 

requires the injection of one electron.  Therefore, hot electron injection prefers a transition 

of oxygen adsorption from a peroxo-like state to atoms.  At mild temperatures, oxygen 

molecules adsorbed on Rh surface tend to be in an associative state close to the peroxo like 
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species (O2
2-

adsorbed) paralleling at the bridge sites, which still need a high energy barrier 

(i.e., reported values as high as 0.7 eV) to dissociate into oxygen atoms (Figure 3.1).14-18  

Thermal energy at elevated temperatures is commonly used to overcome the activation 

energy barriers to accelerate the desirable reactions by following the Arrhenius equation, 

but the thermal energy activates all chemical bonds to impair the reaction selectivity.  

Therefore, selectively coupling a source of external energy into the O−O bonds represents 

an ideal strategy to specifically dissociate the O−O bonds, favoring the selective oxidation 

of alcohols to aldehydes.  

Herein, we report a selective injection of hot electrons generated in the quantum-

sized Rh nanoparticles with sizes of ~3 nm upon illumination of white light into the O−O 

bonds of adsorbed oxygen molecules to dissociate them into oxygen atoms.  Hot electrons, 

a type of energetic and “massless” reactant, can dissipate energy to the influencing 

molecules but do not change the chemical composition of the molecules.  As a result, the 

involvement of hot electrons in a chemical reaction can adjust the potential energy surface 

of the reaction intermediates to alter the activation energy barrier of the rate-determining 

steps. In contrast, the chemistry of the overall reaction remains intact.19  The use of the 

quantum-sized Rh nanoparticles as catalyst benefits the hot-electron-driven selective 

oxidation in two folds.  First, the small nanoparticles exhibit a large surface-to-volume 

ratio, reducing expensive PGM usage while maintaining the high surface area for catalytic 

reactions.  Second, the small size of the Rh nanoparticles is crucial to transform the 

absorbed photon energy to high-energy hot electrons, which can be used for photocatalysis 

with high efficiency.  The hot electrons capable of driving chemical reactions are created 

via the quantum optical transitions near the Rh particle surfaces, representing a quantum 
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effect that can only be described by quantum mechanics.20  The dominating presence of 

such surface quantum transitions in small metal nanoparticles is the reason we call metal 

nanoparticles with small sizes (<10 nm) as “quantum-sized” metal nanoparticles.   

The light absorption power in quantum-sized Rh nanoparticles is very weak due to 

their small volume and low absorption coefficient.  Unlike plasmonic nanoparticles (e.g., 

Ag and Au) that efficiently absorb visible light due to their strong surface plasmon 

resonances (SPRs),21 the Rh nanoparticles with small sizes do not support SPR in the 

visible spectral region.22  We recently found that placing small nanoparticles on spherical 

silica particles with appropriate sizes can significantly enhance the absorption of visible 

light in the loaded nanoparticles even though the silica particles essentially do not absorb 

the visible light.23-25  The enhancement of light absorption is ascribed to the strong 

electrical fields near the surface of the dielectric silica particles, on which Fabry-Perot or 

Whispering Gallery resonances concentrate scattered light.26  Motivated by the results, in 

this study, we have explored the feasibility of hot electron generation in the small Rh 

nanoparticles, which are anchored to the surface of silica spheres with a size of 400 nm.  

The photo-excited hot electrons in the supported Rh nanoparticles are injected into the 

antibonding orbitals of the O−O bonds to dissociate the adsorbed molecular oxygen, 

forming adsorbed oxygen atoms on the Rh surfaces to promote the selective alcohol-to-

aldehyde conversion.  Selective aerobic oxidation of benzyl alcohol (BzOH) to 

benzaldehyde (BzAD) is used as a model reaction in the presence of the Rh/silica 

composite particles as the catalyst.  Illuminating the reaction system increases the reaction 

rate significantly while the high selectivity remains intact.  Besides enhancing light 

absorption in the Rh nanoparticles, the silica spheres also serve as the support of the Rh 
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nanoparticles to prevent them from being aggregated in the course of reactions, maintaining 

the colloidal stability of the catalyst.   

3.2. Experimental Methods  

3.2.1. Synthesis of Rhodium Nanoparticles 

Colloidal Rh NPs were synthesized through a polyol process involving sequential reactions 

at two different temperatures.27  In a typical synthesis, 0.238 g (2 mmol) of potassium 

bromide (KBr, Alfa Aesa), 0.088 g (0.8 mmol according to the repeating units) of 

polyvinylpyrrolidone (PVP, Sigma Aldrich), 0.024 g (0.04 mmol) of sodium 

hexachlororhodate (III) dodecahydrate (Na3RhCl6·12 H2O, Alfa Aesa) were added to 7 ml 

of ethylene glycol (EG, Fisher) in a 20-ml glass vial at room temperature.  Slightly heating 

the mixture at 40 oC for one hour completely dissolved all powders in EG.  The solution 

was then heated to 90 oC and maintained at this temperature for 15 min to initiate the 

nucleation of Rh nanoparticles, resulting in a solution with a light brown color.  The 

temperature of the reaction solution was further elevated to 150oC and maintained for one 

hour to grow the Rh nuclei, forming a dispersion of Rh NPs with a dark brown color.  To 

the resultant dispersion was added 3 ml of a mixture solvent of acetone/water (9/1 in V/V) 

followed by vortex mixing.  The solution was then centrifuged at 13 400 rpm (revolutions 

per minute) for 10 min.  After the supernatant was discarded, 3 ml of acetone/water (9/1 in 

V/V) was added to disperse the precipitated Rh NCs with the assistance of vortex mixing.  

Repeating the centrifugation and re-dispersion for 5 times to remove the excess PVP and 

KBr.  The washed Rh NPs were dispersed in 10 mL of water for further use. 
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3.2.2. Synthesis and Surface Functionalization of Silica Nanospheres  

Monodisperse colloidal silica nanospheres (SiOx NSs) were synthesized through controlled 

hydrolysis of tetraethyl orthosilicate (TEOS, Sigma-Aldrich), as described by a Stöber 

process.28  In brief, 1.7 ml of TEOS was added to a solution containing 18.12 ml of absolute 

ethanol (Pharmco-Aaper), 3.21 ml of deionized (DI) water, and 1.96 ml of ammonia 

hydroxide (28~30 wt.% in water, Fisher), which was continuously stirred at 600 rpm.  The 

mixing triggered slow hydrolysis of TEOS, and the reaction lasted 2 hours to complete the 

growth of SiOx NSs.  The synthesized SiOx NSs were collected through a two-time 

repetition of centrifugation and washing with ethanol.  The SiOx NSs were then dried 

overnight in an oven set at 60oC.  The dry powder was stored for further use.   

To switch the surface charge of the SiOx NSs to be positive, the as-synthesized SiOx 

NSs were then modified with (3-aminopropyl)triethoxysilane (APTES, Sigma-Aldrich).24, 

29  200 mg of SiOx NSs were first dispersed in 100 ml of ethanol (190 proof, Pharmco-

Aaper) with the assistance of ultrasonication.  To this ethanolic dispersion of SiOx NSs was 

added dropwise 1 ml of APTES while the dispersion was maintained at 60oC.  After 

APTES was completely added, the reaction continuously proceeded for 8 hours to 

conjugate APTES to the surface of the SiOx NSs, forming APTES-functionalized SiOx NSs 

(APTES-SiOx NSs).  The APTES-SiOx NSs were washed with ethanol twice and collected 

via centrifugation.  The SiOx NSs were oven-dried at 60oC for storage.  

3.2.3. Attachment of Rh NPs to SiOx NSs 

Mixing the Rh NPs and the APTES-modified SiOx NSs led to an attachment of the Rh NPs 

to the surface of the SiOx NSs due to electrostatic attraction, forming Rh/SiOx hybrid 
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structures.  To load 2 wt.% Rh NPs to the SiOx NSs, 2 ml of suspension containing 41.2 

µg of Rh NPs (corresponding 0.2 mM in terms of Rh atoms) was slowly added to 1 ml 

ethanolic dispersion of 2 mg ml-1 APTES-SiOx NSs placed in a sonicating bath.  The 

mixture was continuously sonicated for 30 minutes to facilitate the electrostatic interactions 

between the negatively charged Rh NPs and the positively charged APTES-SiOx NSs.  The 

process formed a composite sample containing 2 wt.% Rh loading (i.e., 2 wt.% Rh/SiOx).  

The samples with different loadings (0.5 wt.% to 2 wt.%) of Rh NCs were synthesized by 

following the same procedure except for the use of different amounts of Rh NPs. The 

synthesized Rh/SiOx hybrid particles were collected via centrifugation and dried in an oven 

set 60oC for 4 hours.  

3.2.4. Selective Aerobic Oxidation of Benzyl Alcohol  

The selective aerobic oxidation of benzyl alcohol (BzOH, Acros Organics) was performed 

in the presence of the as-synthesized Rh/SiOx hybrid particles as catalysts.  The activity of 

the catalysts was compared between the dark condition and the condition with light 

illumination.  In a typical test, 9 mg of the Rh/SiOx hybrid particles were first dispersed in 

1.5 ml of benzotrifluoride (BTF, Alfa Aesar) with the assistance of ultrasonication in a 4-

ml transparent glass vial equipped with an open-top cap and a rubber septum.  The 

dispersion was then bubbled with an O2/N2 mixture gas for 30 min, and the same gas 

atmosphere was then maintained above the reaction solution.  To the reaction, the solution 

was quickly injected 3 l (0.029 mmol) of BzOH.  The following aerobic oxidation reaction 

was performed at conditions by varying temperature, partial pressure of O2, and intensity 

of light irradiation.  The optical illumination was provided by a 300 W xenon light source 

(Asahi Spectra) with tunable output.  In the course of a reaction, 0.1 ml aliquots of the 
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reaction solution were taken out with syringes followed by immediate centrifugation at 13 

400 rpm for 3 minutes.  The supernatants were then filtered with syringe filters of 0.22 µm 

pores to remove possible residual nanoparticles.  The cleaned supernatants were analyzed 

with a gas chromatography (GC) instrument (Agilent) equipped with an HP-5 column.  The 

reaction temperature was controlled with a water bath throughout all reactions to remove 

the photothermal heat with the photo-illumination. 

3.2.5. Characterizations 

Scanning electron microscopy (SEM) images were obtained with a scope (FEI Quanta FEG 

450) operated at an acceleration voltage of 20 kV.  A transmission electron microscope 

(TEM, JEOL JEM-1400) was also used to image nanoparticles.  The diffuse reflectance 

spectra (DRS) were collected by an ultraviolet-visible (UV–Vis) spectrophotometer 

(Thermo Scientific, Evolution 220) equipped with an integrating sphere. The DRS spectra 

for aqueous and power samples were collected. 

3.3. Results   

3.3.1. Characterization of the Rh NPs and Rh/SiOx Hybrid Particles    

Monodisperse silica nanospheres (SiOx NSs) are synthesized through controlled hydrolysis 

of TOES by following the modified Stöber process.28  The reaction described in the 

experimental section leads to the formation of uniform SiOx NSs with an average size of 

400 nm and a standard deviation of less than 5% (Figure 3.2(A and B)).  The abundant –

OH groups on the SiOx NS surface facilitate the conjugation of APTES to the SiOx NSs.24   

This surface modification does not change the morphology and size of the SiOx NSs while  
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Figure 3. 2 (A, B) SEM image and statistic histogram of the size distribution of bare SiOx 

nanospheres. The scale bar represents 1000 nm.  (C, D, E) Typical TEM image (C), statistic 

histogram of the size distribution (D), and XRD pattern (E) of the monodispersed Rh NPs.  

The scale bar represents 40 nm. (F, G, H) TEM image of an individual Rh/SiOx hybrid 

particle with an Rh loading amount of 2 wt.% (F), 1.0 wt.% (G), and 0.5 wt.% (H).  The 

scale bars represent 100 nm. 

Rh NPs 
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the bonded APTES molecules expose their –NH2 end groups to exhibit a zeta potential of 

30 mV for the APTES-SiOx NSs dispersed in water.  The positively charged surfaces of 

the APTES-SiOx NSs are capable of adsorbing small nanoparticles with negatively charged 

surfaces through the strong electrostatic attraction.  A polyol reduction of Rh(III) species 

(e.g., Na3RhCl6) results in the formation of Rh nanoparticles (NPs) with an average size of 

3.01 nm and a standard deviation of 15% (Figure 3.2(C-E)).  The dispersion of the Rh NPs 

exhibits a zeta potential of –18.3 mV, which might originate from halide anions (e.g., Br− 

or Cl− involved in the synthesis) adsorbed on the surfaces of the Rh NPs.30  Mixing the 

APTES-SiOx NSs with positively charged surfaces and the Rh NPs with negatively charged 

surfaces leads to a self-assembly process, in which the Rh NPs spontaneously attach to the 

surface of the SiOx NSs to form Rh/SiOx hybrid particles. Figure 3.2(F) presents a typical 

TEM image of an individual Rh/SiOx hybrid particle with 2 wt.% Rh loading, clearly 

showing that the small Rh NPs are uniformly distributed on the surface of the SiOx NSs.  

The uniform spatial distribution of the Rh NPs is crucial to expose the most surfaces of the 

anchored Rh NCs, benefiting catalytic reactions.  The surface coverage of the Rh NPs on 

the SiOx NSs is easily tuned by varying the loading of the Rh NPs (Figure 3.2(G and H)). 

The optical absorption property of the Rh/SiOx hybrid particles has been evaluated 

with the diffuse reflectance spectroscopy (DRS) that excludes the light scattering to only 

probe the absorption of metal nanoparticles.  Figure 3.3(A) presents the DRS spectra of 

aqueous dispersions of the Rh/SiOx hybrid particles with varying loadings of Rh NPs.  

These spectra are different from that of the freestanding Rh NPs, which exhibits a shoulder-

like peak below 300 nm followed by a steep decrease in the visible spectral region (dotted 

curve, Figure 3.3(A)).  
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Figure 3. 3 (A) Diffuse reflectance spectra (DRS) of aqueous dispersions of SiOx NSs 

(dashdotted curve), Rh/SiOx hybrid particles with different loadings of Rh NCs (solid 

curves), and freestanding Rh NCs with the amount same to the 2 wt.% Rh/SiOx hybrid 

particles (dotted curve). (B) The integral areas of the DRS spectra of Figure 3.2(A) over 

the range of 400-800 nm as a function of the loading of Rh NCs attached to the SiOx NSs. 

(C) Enhancement spectra of Rh/ SiOx hybrid particles with different loadings of Rh NCs 

calculated from the division of DRS spectra of the hybrid particles by the DRS spectra of 

the corresponding amounts of the freestanding Rh NPs. NPs, NSs, and SiOx represent 

nanoparticles, nanospheres, and silica, respectively. 
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The absorption peak corresponds to the SPR of the Rh NPs.  The weak absorption 

of visible light in the Rh NPs results in difficulty to efficiently generate hot electrons using 

the sunlight.  When the Rh NPs are attached to the SiOx NSs, their optical absorption is 

significantly improved, in particular in the visible spectral region (see, solid blue curve 

versus dotted brown curve for the same amounts of Rh NPs, i.e., 2 wt.%).  The enhanced 

absorption of visible light leads to a promise of efficient hot electron generation in the Rh 

NPs supported on the SiOx upon illumination of the sunlight.  Higher loading of Rh NPs 

on the SiOx NSs gives a stronger absorption of visible light (Figure 3.3(B)).   

Since the SiOx NSs essentially do not absorb light (dash-dotted black line, Figure 

3.3(A)), the enhancement of optical absorption in the SiOx-supported Rh NPs can be 

quantitatively compared by the enhancement spectrum, i.e., a division of the DRS spectrum 

of the Rh/SiOx hybrid particles against the DRS spectrum of the same amount of 

freestanding Rh NPs.  The enhancement spectra exhibit a similar profile regardless of the 

loading (0.5 wt.%-2 wt.%) of the Rh NPs on the surface of the SiOx NSs (Figure 3.3(C)), 

highlighting that the enhancement of light absorption in the Rh NPs is mainly due to the 

unique optical property of the SiOx NSs.  The high geometrical symmetry of the dielectric 

SiOx NSs supports Fabry-Perot or Whispering Gallery resonances to generate electric fields 

much stronger than the incident light near the surface of the SiOx NSs,26 which enhance 

the optical absorption power of small nanoparticles placed on the surface of the SiOx NSs.  

The average enhancement factor of all Rh NPs on the SiOx NSs can be as high as 5.5, 

which is even higher than that achieved using plasmonic nanoparticles as a light antenna.31  

The absorption enhancement depends on the amount of the SiOx NSs and the dielectric 

constant of the surrounding medium.23-25   
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Figure 3. 4 (A) DRS spectra of powder samples of Rh/SiOx hybrid particles with different 

loadings of Rh NPs: 0 (pristine SiOx NSs), 0.5 wt.%, 1 wt.%, and 2 wt.%.  The powders 

were characterized in ambient air.  (B) Absorption intensity of the peak at 470 nm as a 

function of the loading of Rh NPs in the Rh/SiOx hybrid particles. 

 

Although the pristine SiOx NSs barely absorb light, the DRS spectra of the power 

samples Rh/SiOx hybrid particles always exhibit peaks at 207, 227, 260, 311, 356, 468, 

683, and 990 nm regardless of the loading of the Rh NCs (Figure 3.4).  The independence 

of the number and position of the DRS speaks on the loadings of the Rh NPs indicates that 

the SiOx NSs are responsible for the broadband absorption with multiple peaks in the Rh 

NPs.  The SiOx NSs act as light scatters and resonators to an enhanced electric field of a 

particular wavelength near the NS surface due to scattering resonances.  The resonance 

wavelengths can be approximately calculated from Mie theory by following:
 

,where r is the radius of the SiOx NSs (i.e., 200 nm), nm is the relative refractive 

index of the SiOx NSs with respect to that of the surrounding medium (i.e., ~1.458 for silica 
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in air), and  is integers (1, 2, 3, …).  The corresponding wavelengths of the resonance 

peaks in the UV-visible region are 915.6 nm ( = 2), 610.5 nm ( = 3), 458 nm ( = 4),  

366 nm ( = 5), 305 nm ( = 6), 261 nm ( = 7), 229 nm ( = 8), and 204 nm ( =9), which 

agree well with the DRS spectra.  Therefore, the efficient generation of hot electrons in the 

Rh NP catalyst can benefit from the strongly enhanced absorption of visible light by 

anchoring the Rh NPs on SiOx NSs with an appropriate size.  The inertness of the SiOx NSs 

prevents the possible charge flow of hot electrons into the SiOx NSs in the Rh/SiOx samples, 

promoting the hot electron injection into the reactant molecules adsorbed the Rh NPs.  Both 

advantages work synergistically to benefit the selective oxidation of alcohols.   

3.3.2. Influence of Photo-illumination on Reaction Kinetics  

The aerobic oxidation of benzyl alcohol (BzOH) to benzaldehyde (BzAD) is used as a 

model reaction to estimate the influence of photo-excited hot electrons generated in the 

quantum-sized Rh NP catalyst on reaction rate and selectivity.  A small amount of the 

Rh/SiOx catalyst is intendedly used to minimize the conversion of BzOH to BzAD in the 

course of the oxidation reaction.  In this case, the concentration of the reactant (BzOH) can 

be considered as a constant, simplifying the reaction to be a pseudo-zeroth-order reaction.  

BzAD represents the only product of the oxidation reaction regardless of the reaction 

conditions and the types of catalysts.  Therefore, the conversion () of BzOH can be 

described by the ratio of the concentration of BzAD to that of both BzAD and BzOH in the 

reaction solution: 

 = [BzAD]/([BzAD]+[BzOH]) ≈ [BzAD]/[BzOH]0,     (1) 

where [BzOH]0 represents the initial concentration of BzOH.  Figure 3.4(A) presents the  
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Figure 3. 5 (A) Time-dependent conversion efficiency () of benzyl alcohol using SiOx 

NSs in the dark (squares), or Rh/SiOx hybrid particles in the dark (triangles) or with the 

light (diamonds). (B) Digital photo of BTF dispersions of (left) freestanding Rh NPs and 

(right) Rh/SiOx hybrid particles.  The amount of the freestanding Rh NPs was the same as 

the Rh NPs supported on SiOx NSs, i.e., 135 g.  (C) Time-dependent conversion 

efficiency () using freestanding Rh NPs as a catalyst in the dark (black squares) or in the 

light (red half-filled diamonds), and (D) 1.5 wt.% Rh/SiOx hybrid particles in the dark 

(green open triangles) and in the light (open blue diamonds).  The reactions were performed 

at 30 oC and with a pure oxygen atmosphere of 1 atm.  The reaction solution contained 1.5 

ml of BTF, 0.029 mmol of BzOH, and 9 mg of 1.5 wt.% Rh/SiOx hybrid particles. The 

light power density was 0.4 W cm—2.   

Rh NPs Rh/SiOx 
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time-dependent variation of  for the reactions in the presence of different nanoparticles 

(e.g., SiOx NSs and Rh/SiOx hybrid particles).  The conversion efficiency of BzOH in the 

presence of SiOx NSs is essentially undetectable in the dark while the formation of BzAD 

becomes detectable in the presence of the Rh/SiOx hybrid particles, indicating the catalytic 

activity of the Rh NCs towards the selective aerobic oxidation of BzOH.  The conversion 

of BzOH-to-BzAD exhibits a linear relationship with the reaction time (t), confirming a 

pseudo-zeroth-order reaction a low conversion efficiency (< 1%).  The conversion () of 

both the reactions in the dark and in the white light (with a power density of 0.4 W cm-2) 

exhibits linear dependence on the reaction time when the Rh/SiOx hybrid particles are used 

as a catalyst (diamonds versus triangles, Figure 3.5(A)).  The linear slope (d/dt) increases 

by 3.87 times to 1.811  10−3 h−1 for the reaction in the light compared to that (4.68  10−4 

h−1) of the reaction in the dark, implying that the intense light absorption in the Rh NPs 

supported on the SiOx NSs indeed significantly accelerates the oxidation reaction.  In 

contrast, the freestanding Rh NPs suffer a severe aggregation in the reaction solution and 

stick on the glass wall (Figure 3.5(B)), leading to undetectable conversion in the dark 

(Figure 3.5(C)).  Even though the conversion increases under the illumination of white 

light, the linear slope is only 4.34  10−4 h−1, much lower than those of the reaction with 

the Rh/SiOx catalyst (Figure 3.5(D)).  SiOx-supported Rh NPs have a good dispersity 

avoiding the severe aggregation of freestanding Rh NPs. The comparisons highlight the 

SiOx NSs are essential to not only enhance the light absorption in the Rh NPs but also 

maintain the high colloidal stability of the catalyst particles in the reaction solutions.    

For the zeroth-order reaction, the reaction rate (v) equals to the rate constant (k), 

which can be described by rate of producing BzAD: 
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Figure 3. 6 (A) Comparison of the reaction rates at varying temperatures (i.e., 30oC, 60oC, 

and 75oC) when the reactions were performed with (open columns) or without (solid 

columns) light illumination of 0.4 W cm—2.  The values of percentages represent the 

differences originated from light illumination.  Except the reaction temperature, other 

reaction conditions are the same as Figure 3.5. (B) Relationships of logarithm reaction rate 

constant (lnk) and the inverse of reaction temperature (1/T).  The linear fitting gives the 

apparent activation energy (Ea) of the selective oxidation of BzOH to BzAD according to 

Arrhenius equation.  The values of Ea in the dark and in the bright conditions are 44.0 kJ 

mol-1 and 22.6 kJ mol-1, respectively. 

 

,                               (2) 

Substitution of eq. (1) into eq. (2) results in 

𝑣 = 𝑘 =  × ,                      (3) 

in which d/dt represents the product of the linear slope shown in Figure 2A and [BzOH]0 

is the initial concentration of BzOH.  For example, the reaction rates of the reaction with  
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Figure 3. 7 The reaction rate, v, is linearly dependent on the power density of the incident 

light, which illuminated a reaction solution containing 1.5 ml of BTF, 0.029 mmol of 

BzOH, and 4.5 mg of 1.5 wt.% Rh/SiOx hybrid particles.  The reaction was performed at 

30oC and with a pure oxygen atmosphere of 1 atm.   

 

the Rh/SiOx catalyst are 2.60  10−9 M s-1 in the dark and 1.01  10−8 M s-1 in the white 

light with power density of 0.4 W cm-2, showing a 287% increase associated with light 

illumination.    

According to Arrhenius equation, the reaction rate increases with temperature.  

Figure 3.5(A) compares the reaction rates at different temperatures, showing that a higher 

temperature accelerates the reaction.  The corresponding activation energy barrier (Ea) of  

the aerobic oxidation of BzOH to BzAD is 44.0 kJ mol-1 in the dark (Figure 3C), lower 

than that using Ru/alumina as catalyst (51.4 kJ mol-1).32  Under the light illumination, the 

value of Ea decreases by 21.4 kJ mol-1 that is equivalent to an increase of temperature by 

2574 K.  The comparison of Ea shown in Figure 3.6(B) indicates that photoenergy is more 

efficient to accelerate the interesting chemical reactions than thermal energy.  The efficient 
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coupling of photoenergy into the aerobic oxidation of BzOH is ascribed to the strong 

absorption power of white light in the Rh NPs supported on the SiOx NSs.  The reaction  

rate exhibits an approximately linear dependence on the power density of the incident light 

(Figure 3.7), which represents a typical reaction mechanism driven by hot electrons.19, 33  

The light absorbed in the Rh NPs excites the free electrons to gain high enough kinetic 

energy, which behave as hot electrons.  Injection of the hot electrons into the surface 

adsorbate species to form transient negative ions (TNIs), which relax to ground states at a 

higher energy level to lower the activation energy barrier.34  The lower activation energy 

barrier is beneficial to accelerate the reaction, in particular at low temperatures (Figure 3.6).  

The photo-enhanced selective oxidation of alcohols to aldehydes was also observed with 

the use of Au-Pd alloy nanoparticles as catalyst, which absorb light due to their strong 

SPR.35  The proposed mechanism indicates the roles of light, i.e., facilitating the cleavage 

of the O−H bond for the insertion step and promoting hydrogen abstraction from the α-H 

of the metal alkoxy species.35  Some DFT calculations suggest that the injection of a light-

excited electron from metal catalyst to the reactant molecule adsorbed on the metal surface 

facilitates the cleavage of the C−H bond.36  These mechanisms cannot explain the 

significant dependence of reaction rate on the pressure of oxygen, which have been widely 

observed in the selective aerobic oxidation of alcohols.37-39  Such disagreement suggests 

that the photo-excited hot electrons may primarily change the surface adsorption states of 

oxygen on the metal catalysts to accelerate the overall reaction rate.19, 40-42    

3.3.3. Relationship of Reaction Rate with Oxygen Partial Pressure   

The adsorption behavior of oxygen (i.e., associative adsorption versus dissociative 

adsorption) is influenced by the O2 partial pressure (PO2), which can be reflected from the 



 79 

dependence of reaction rate on PO2.  The aerobic oxidation of BzOH involves adsorption 

of the reactant species (BzOH and oxygen) on active sites of the Rh NPs, followed by an 

irreversible, rate-determining surface reaction to produce BzAD.  As predicted in the first-

principles microkinetic modeling, the rate-determining reaction involving the adsorbed 

atomic oxygen exhibits a much lower energy barrier than that involving the adsorbed 

molecular oxygen.1  The adsorption state of oxygen can be determined by fitting the 

reaction kinetics according to the Langmuir-Hinshelwood (L-H) mechanism.38, 43  The L-

H reaction rate is given as the function of the concentrations of reactants in reaction 

solution, i.e., [BzOH] and [O2]sol,  

𝑣= ,               (4) 

where  represents the rate coefficient and K1 and K2 are the adsorption equilibrium 

constants for BzOH and O2, respectively.  The value of n is taken as 1 or 0.5 for associative 

molecular or dissociative atomic adsorption of oxygen, respectively. 

The solubility of O2 in BTF at room temperature is small. At a constant temperature, 

the concentration of O2 in BTF is proportional to its partial pressure, PO2, according to 

Raoult’s law.  When the reaction kinetics is determined by the associative molecular 

adsorption of oxygen species (n = 1), the above assumptions can simplify the L-H rate law 

as follows: 

𝑣= ,    (5) 

in which K is a constant.  In contrast, the dissociative adsorption of atomic oxygen (n = 0.5) 

leads to a simplification of the L-H rate law as: 
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Figure 3. 8 The Langmuir-Hinshelwood (L-H) reaction mechanism is used to fit the data, 

giving v = 𝐾 ∙ 𝑃O2
 (eq. 5) for associative oxygen adsorption and  (eq. 

7) for dissociative oxygen adsorption.  (A, B) The L-H rate law in the dark agrees with that 

described by eq. 5, indicating that the molecule-like oxygen adsorbed on the Rh NPs 

involves in the reaction.  (C, D) The L-H rate law in the bright condition is consistent with 

that described by eq. 7, implying that the adsorbed atomic oxygen involves in the rate-

determining step of the oxidation reaction.  The reaction solutions contained 1.5 ml of BTF, 

0.029 mmol of BzOH, and 1.5 mg of 1.5 wt.% Rh/SiOx hybrid particles.  The reactions 

were performed at 20oC.  The light intensity was 1.2 W cm-2 and the total pressure of N2/O2 
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atmosphere was 1 atm with varying partial pressures of O2. 

       𝑣= = = ,             (6) 

where a, a’, b, and c are constants determined by the initial concentration of BzOH and the 

solubility of O2 in BTF at a specific temperature.  The linear form of eq. (6) is  

                        .                                      (7) 

Figure 3.8 presents the dependence of reaction rate on the partial pressure of O2 for 

the reactions in the dark and in the light.  The reaction kinetics of the reaction in the dark 

follows the rate law of eq. (5) (Figure 3.8(A and B)), indicating the aerobic oxidation of 

BzOH to BzAD in the dark, involves the associative adsorption of molecular oxygen on 

the Rh NPs.  The linear dependence of reaction rate on PO2 was also previously reported 

for the electrochemically or thermally driven alcohol oxidation in liquid with the use of Rh, 

Pt, or Ru as catalysts.37-39  In contrast, the rate law of Eq. (7) matches the reaction kinetics 

under light illumination (Figure 3.8(C and D)), implying that the dissociative adsorption 

of atomic oxygen involved in the rate-determining step.  The comparison of reaction 

kinetics shown in Figure 3.8 indicates that light absorption in the Rh NPs is capable of 

transforming the molecular oxygen adsorbed on the Rh NPs surface to the more reactive 

atomic oxygen.  The light absorbed in the Rh NPs leads to the generation of hot electrons 

carrying high kinetic energy.  Injection of the hot electrons from the Rh NPs to the 

antibonding orbitals of the O−O bonds adsorbed on the Rh NP surface drives the 

dissociative transformation of adsorbed oxygen.  Experimental molecular beam study 
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shows that an energy barrier for dissociative adsorption of oxygen on Rh can be as high as  

 

Figure 3. 9 (A) Time-dependent conversion efficiency () of selective oxidation of BzOH 

to BzAD using Rh/SiOx hybrid particles as catalyst in the dark (black squares) and in the 

light (blue diamonds) for tens of hours.  The reaction solutions contained 5 ml of BTF, 0.1 

mmol of BzOH, and 50 mg of 2 wt.% Rh/SiOx particles under an atmosphere of 1 atm pure 

O2.  The power density of light irradiation was 0.4 W cm-2. (B) Time-dependent linear 

increase of conversion efficiency () lasted 8 days in the dark without deviation.  The 

reaction solution contained 1.5 ml of BTF, 0.029 mmol of BzOH, 7 mg of 2 wt.% Rh/SiOx 

particles in the ambient atmosphere.  (C) TEM image of the Rh/SiOx hybrid particles after 

the catalytic reaction lasted 8 days.  The scale bar represents 50 nm. 
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0.7 eV (equivalent to a temperature of 8123 K) (Figure 3.1).14-18  It is challenging to achieve 

dissociative adsorption of oxygen on the Rh NPs by only elevating temperature in the dark, 

which is limited by the stability of reactants and solvent.  Therefore, the associative 

adsorption of molecular oxygen represents the primary oxidant of the aerobic oxidation 

reactions in the dark, and the adsorbed atomic oxygen serves as the primary oxidant for the 

reaction in the light.  The light-induced switch of adsorption of oxygen between the 

molecular to atomic form is responsible for the significantly improved reaction kinetics.    

3.4. Discussion  

Photo-illuminating a reaction solution containing Rh/SiOx hybrid particles enhances the 

reaction rate of selective aerobic oxidation of BzOH to BzAD significantly compared to 

that in the dark (Figure 3.5(A)), confirming that the presence of the Rh/SiOx particles 

enables an efficient coupling of photon energy into the reactants (i.e., BzOH or oxygen) to  

accelerate the reaction kinetics.  The dependence of L-H rate law on the partial pressure of 

O2 pressure (PO2) indicates the associative adsorption of oxygen (i.e., peroxo-like radicals) 

on the Rh NCs dominates the rate-determining step in the dark while the rate-determining 

step relies on the dissociative adsorption of oxygen (i.e., oxygen atoms) under photo-

illumination.  The difference of oxidation reaction kinetics between the dark and bright 

conditions is ascribed to the efficient generation of hot electrons in the quantum-sized Rh 

Nps supported on the SiOx spheres under illumination of visible light.  The hot electrons 

are then injected into the antibonding orbitals of the O−O bonds adsorbed on the Rh surface, 

facilitating the cleavage of the O−O bonds to produce O atoms adsorbed on the Rh surface.  
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The switch of adsorbed peroxo-like radicals (-O−O-) to adsorbed oxygen atoms, which  

 

Figure 3. 10 Time-dependent conversion efficiency () of 3-phenyl-1-propanol using the 

Rh/SiOx hybrid particles as catalyst.  There was undetectable conversion in the dark while 

the conversion linearly increased with time for the reaction in the light with power density 

of 1.2 W cm-2.  Such a stark difference highlights the importance role of hot electrons in 

accelerating the oxidation reaction.  (B) Relationships of logarithm reaction rate constant 

(lnk) and the inverse of reaction temperature (1/T).  The linear fitting gives the apparent 

activation energy (Ea) of the reaction according to Arrhenius equation, i.e., 53.2 kJ mol-1 

and 19.4 kJ mol-1 for the dark and bright conditions, respectively. The reactions were 

performed at 20 oC and with an atmosphere of 1 atm pure O2.  The reaction solutions 

contained 1.5 ml of BTF, 0.022 mmol of 3-phenyl-1-propanol, and 1.5 mg of 2 wt.% 

Rh/SiOx hybrid particles. 

 

possess a higher oxidizing power, accelerates the aerobic oxidation of BzOH to BzAD at 

mild temperatures using the Rh/SiOx hybrid particles as a catalyst.  Despite the detailed 

reaction mechanism on the surface of the Rh NPs is too complex to be concluded in current 
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work,44  the results presented in this work, for the first time, verify the role of photo-excited 

hot electrons in the quantum-sized metal nanoparticle catalyst, i.e., promoting the cleavage 

of adsorbed O−O bonds to oxygen atoms and thus accelerating the corresponding oxidation 

reaction.  For instance, the oxidation of BzOH to BzAD on individual Rh NPs supported 

on the SiOx NSs exhibits a turnover frequency of 346 h-1 under the illumination of 1.2 W 

cm-2 white light and PO2 = 1 atm, whereas a lower turnover frequency of 34 h-1 is observed 

in the dark.  

The SiOx NSs of the Rh/SiOx hybrid particles not only enhance the light absorption 

in the supported Rh nanoparticles to generate hot electrons but also prevent the Rh 

nanoparticles from aggregation in the course of catalytic reactions.  The improved colloidal 

stability of the quantum-sized Rh NPs on the SiOx NSs is crucial to maintain the catalytic 

activity of the Rh NPs for long reaction time in the course of the selective oxidation of 

BzOH to BzAD (Figure 3.9).  In contrast, the freestanding Rh NPs tend to severely 

aggregate in BTF solvent (Figure 3.5(B)), dramatically reducing their catalytic activity. 

For example, the reaction rate of forming BzAD using the freestanding Rh NPs as catalyst 

under photo-illumination is even lower than that of the reaction using the Rh/SiOx hybrid 

particles as a catalyst in the dark (Figure 3.5(D)).  The enhanced colloidal stability of the 

Rh/SiOx hybrid particles offers a promise to increase the concentration of catalyst from the 

level presented in this model work (i.e., 120 mg l-1 or 1.17 mM in terms of Rh atoms) to an 

appropriate level to support a high reaction rate.  The enhanced catalytic activity towards 

selective aerobic oxidation of BzOH to BzAD and colloidal stability of the quantum-sized 

Rh NCs supported on SiOx NSs makes the Rh/SiOx hybrid particles to be a new class of 

catalyst for selective aerobic oxidation of many other primary alcohols, for example, 
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oxidation of 3-phenyl-1-propanol to 3-phenylpropyl aldehyde (Figure 3.10).   

3.5. Summary 

Selective aerobic oxidation of primary alcohols to aldehydes at low temperatures and 

ambient conditions is essential for many value-increasing industrial processes. However, 

the low oxidizing power of the ambient oxygen represents the significant challenge for 

widely implementing this critical reaction.  Herein, we report that the oxidizing power of 

oxygen adsorbed on quantum-sized Rh nanoparticles is significantly enhanced upon photo-

illumination to accelerate the oxidation reaction with a selectivity of 100%.  Light 

absorption in the Rh nanoparticles anchored on large silica spheres leads to efficient 

generation of hot electrons in the Rh nanoparticles, which are injected into the O−O bonds 

adsorbed on Rh surface to cleave them into adsorbed oxygen atoms with a much higher 

oxidizing power. The silica (SiOx) spheres enhance both the light absorption power and 

colloidal stability of the small Rh nanocrystals, making the Rh/SiOx hybrid particles as a 

unique photocatalyst to readily promote the selective aerobic oxidation of alcohols to 

aldehydes.   

More supporting evidences of the formation metal-oxygen bond using XPS and 

Raman characterizations during photo-illumination is necessary to support the proposed 

mechanisms for hot electron-driven reaction.  Besides, the photo-induced desorption of 

atomic oxygen species is not considered in this study, which might need to be clarified by 

additional experiments.  
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CHAPTER 4 

4. HOT ELECTRONS DRIVEN SELECTIVE NITROBENZENE REDUCTION TO 

AZOXYBENZENE ON RHODIUM NANOPARTICLES  

(Note: Content of this chapter is adapted from the pre-peer reviewed version of the 

following article“Xinyan Dai, Qilin Wei, Thao Duong, Yugang Sun, Selective transfer 

coupling of nitrobenzene to azoxybenzene on Rh nanoparticle catalyst promoted by 

photoexcited hot electrons, ChemNanoMat, 2019, 5, 1000-1007.”, which has been 

published in final form at https://doi.org/10.1002/cnma.201900182. This article may be 

used for non-commercial purposes in accordance with Wiley Terms and Conditions for 

Use of Self-Archived Versions with permission.) 

 

4.1. Introduction 

Chapter 3 has concluded that the oxidation kinetics of alcohol is promoted by hot electron 

on small-sized Rh nanoparticles.  The - or -H in primarily alcohols react with O* with 

light or O2* under dark to produce water molecules.  It will be meaningful if the abstracted 

H* from cheap alcohol sources, such as isopropanol, is used to reduce important chemicals 

producing value-added substances rather than water.  Besides, one advantage of hot-

electron chemistry over thermally driven catalysis lies in the ability to control the electron 

flow direction to specific molecules and then modulate the selectivity.1  Motivated by this, 

Chapter 4 reports using  Rh photocatalysts to enhance the selectivity and kinetics of 

hydrogen transfer reaction for reducing nitrobenzene molecules into coupling products of 

azoxybenzene.  The reaction condition is a bit alkaline to guarantee the large availability 
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of H* from isopropanol because of the barrierless step of H* abstraction under the basic 

condition.2  

Azoxy-compounds are a group of chemicals essential for organic dyes, polymer 

actuators, liquid crystals, and fungicides due to their unique properties in trans-cis 

isomerization photochemistry and antifungal activity.3-8  The synthesis of azoxy-

compounds usually involves oxidation of amines and dimerization of nitro- or nitroso- 

compounds, in which harsh conditions (e.g., high reaction temperature, strong oxidants, 

and corrosive acids) may be necessary.9-17  The synthesis reactions are frequently catalyzed 

with homogenous catalysts, which require post-synthesis separation with molecular 

selectivity.12, 14, 16  On the other hand, many recent studies focus on heterogeneous catalysis 

of reductive coupling of nitroarenes in hydrogen-donor alcohol solvents through Harber 

coupling pathways.  It exhibits great potential to (at least partially) overcome the challenges 

of homogeneous catalysis to become a more environmentally benign and cost-effective 

strategy.  However, the complete reduction of nitroarenes to amines competes with the 

reductive coupling of nitroarenes to azoxy-compounds in heterogeneous catalysis, 

lowering the selectivity of forming azoxy-compounds.  Complex hybrid nanostructures 

have been explored to act as the heterogeneous catalysts to promote the selectivity of 

synthesizing azoxy-compounds by taking advantage of the synergic effect of individual 

components in the hybrid nanostructures.18, 19   

A parallel strategy is selective photocatalysis of nitroarene reduction using light-

absorbing plasmonic metal nanoparticles and semiconductor nanocrystals as photocatalysts.  

Typical examples reported in the literature include nanoparticles of gold (Au) and its 

alloys,20-26 copper (Cu), and its alloys,25,27 graphitic carbon nitride (C3N4),
28,29, and 
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cadmium sulfide (CdS).30-33  These light absorbers usually work together with metal co-

catalysts on which nitroarenes are selectively adsorbed to enable the photocatalytic 

chemical transformation.30-33  The photocatalysts absorb light to excite electrons to higher 

energy levels, generating hot electrons that can be shuttled by the metal co-catalysts to 

specific chemical bonds of adsorbates.  Such a sequential electron transfer leads to a 

selective cleavage of these bonds, enabling chemical reactions with selectivity.34  The 

integration of light absorbers and metal co-catalysts complicates the synthesis processes 

and raises a possible issue of long-term stability of composite photocatalysts associated 

with the possible degradation of the light-absorber/co-catalyst interfaces.35, 36  Therefore, 

it is promising to develop single-component photocatalysts that can not only absorb light 

efficiently but also selectively adsorb nitroarenes, minimizing the possible problems of the 

current composite photocatalysts.  One solution is to enable strong light absorption of the 

metal co-catalysts (such as non-plasmonic metals), which exhibit strong adsorption of 

nitroarenes on their surfaces.  Placing the metal nanoparticle catalysts on passive light 

antennas that do not absorb light but can concentrate energy near their surfaces to enhance 

the surface electric fields represents a strategy to boost the light absorption in small non-

plasmonic metal nanoparticles.  Previous studies demonstrated that dielectric silica (SiOx) 

nanospheres with the highest geometrical symmetry are capable of generating enhanced 

local electric fields due to the strong light scattering resonances near the surfaces of the 

SiOx spheres.37-39  Herein, we report the use of the SiOx nanospheres (SiOx NSs, on the 

order of several hundred nanometers) as light antennae to enhance visible light absorption 

in small Rh nanoparticles (Rh NPs, on the order of several nanometers) that have been 

widely used to catalyze the reduction of nitroarenes.18,31,40  Therefore, loading the Rh 
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nanocrystals on the SiOx nanospheres produces a new type of photocatalyst (i.e., Rh-

NPs/SiOx-NSs) that is promising to drive selective reductive coupling of nitrobenzene to 

azoxybenzene under the illumination of visible light.  The larger size of the SiOx 

nanospheres helps prevent the much smaller Rh nanocrystals from aggregation, increasing 

the stability of the Rh catalyst. 

4.2. Experimental Method 

4.2.1. Synthesis and Surface Functionalization of SiOx Nanospheres  

A modified Stöber method was used to synthesize colloidal SiOx nanospheres (SiOx NSs).41, 

42  In a typical synthesis, a mixture of ethanol (260 ml, 190 proof, Pharmco-Aaper), 

deionized (DI) water (32.1 ml), and ammonia hydroxide (NH3•H2O, 19. 6 ml, Fisher 

Scientific) was added to a 1000-ml Erlenmeyer flask at room temperature (22 oC).  To this 

mixture was added tetraethyl orthosilicate (TEOS, 17 ml, Sigma-Aldrich) to trigger the sol-

gel reaction.  The reaction proceeded for 2 h as a magnetic stirring at a rate of 600 

revolutions per minute (rpm) was continuously applied.  The resulting SiOx NSs were 

collected via centrifugation at 6000 rpm, followed by discarding the supernatant.  The solid 

settled at the bottom of the centrifuged tube was then dispersed with the addition of ethanol 

(30 ml).  The centrifugation and re-dispersion were repeated one more time.  Centrifuging 

the dispersion collected the solid of SiOx NSs, which were then dried overnight in an oven 

set at 60 oC.  

A silane agent of (3-amniopropyl)triethoxysilane (APTES, Acros Organics) was 

used to introduce amine ending groups to the surfaces of the as-synthesized SiOx NSs.39  

SiOx NSs (200 mg) were weighted and then dispersed in ethanol (100 ml) with the 
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assistance of ultrasonication for 4 h.  To the ethanolic dispersion of SiOx NSs was added 

APTES (1 ml) at 60 oC.  The mixture was incubated at 60 oC for 8 h under stirring of 600 

rpm, leading to conjugation of APTES to the SiOx surfaces.  The APTES-functionalized 

SiOx NSs were collected via centrifugation and washing with ethanol.  The powders were 

dried at 60 oC for four h in an oven.  

4.2.2. Synthesis of Rh Nanoparticles/SiOx Nanospheres  

Rh nanocrystals were directly synthesized on the SiOx NSs via an in situ reductions of 

RhCl6
3− ions in the presence of the SiOx NSs.43, 44  For instance, APTES-SiOx NSs (40 mg) 

were dispersed in DI water (8 ml) with the assistance of ultrasonication for 15 min.  To this 

aqueous dispersion was added aqueous solution (7 ml) of sodium hexachlororhodate(III) 

hydrate (Na3RhCl6•12H2O, 3.8 mM, Alfa Aesar) as the dispersion was stirred at 1000 rpm.  

The stirring was maintained for two hours to reach an adsorption equilibrium of RhCl6
3− 

ions on the surfaces of the SiOx NSs through the electrostatic attraction between the 

negatively charged RhCl6
3− ions and the positively charged amine groups.  An aqueous 

solution (15 ml) of sodium citrate dihydrate (Na3C6H5O7•2H2O, 11.3 mM, Alfa Aesar) was 

added to the dispersion.  In 1 min, an aqueous solution (5 ml) of sodium borohydride 

(NaBH4, 9.2 mM, Alfa Aesar) was gradually added at an injection rate of 60 ml•h–1 while 

the reaction flask was placed in an ice/water bath.  The color of the reaction solution 

changed from pink to dark yellow as 2 ml NaBH4 solution was added.  After the NaBH4 

solution was completely added, the reaction solution was aged for two more hours.  The 

magnetic stirring of 1000 rpm was maintained throughout the entire synthesis.  The 

synthesis resulted in the decoration of the SiOx NSs with tiny Rh nanocrystals.  The mass 
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percentage of the loaded Rh nanocrystals was 1.7 wt.%, corresponding to the ratio of the 

mass of Rh and the total mass of both Rh and SiOx.  The loading of Rh nanoparticles was 

tuned by changing the amount of RhCl6
3− ions in the synthesis reaction.  The resulting Rh-

NPs/SiOx-NSs products were collected by centrifugation and washed with ethanol and 

water.  The centrifugation/washing cycle was repeated two times.  The clean Rh-NPs/SiOx-

NSs particles were then dried at 60 oC in an oven for two h.  

4.2.3. Characterization  

Scanning electron microscopy (SEM) images and energy-dispersive X-ray (SEM-EDX) 

spectra were recorded using an FEI Quanta 450 FEG scanning electron microscope 

equipped with a detector (X-MaxN 50, Oxford Instrument) that was operated at 30 kV.  A 

transmission electron microscope (JEOL JEM-1400) was operated at 120 kV to record 

transmission electron microscopy (TEM) images.  Diffuse reflectance spectroscopy (DRS) 

was characterized by an ultraviolet-visible (UV–Vis) spectrophotometer (Thermo 

Scientific, Evolution 220) equipped with an integrating sphere.  Zeta potential of colloidal 

nanoparticles was measured with a zeta potential analyzer (Malvern Instruments Ltd., 

Zetasizer Nano-ZS).  All characterizations were performed at room temperature. 

4.2.4. Photocatalytic Reduction of Nitrobenzene  

Photocatalytic reactions were carried out using a xenon light source with tunable intensity 

(Asahi Spectra, MAX-303).  The actual light intensity was verified with an optical energy 

meter console (Thorlabs, PM100D) coupled with a thermal sensor head (Thorlabs, S305C).  

In a typical photocatalytic reaction, 8 mg of 1.7 wt.% Rh-NPs/SiOx-NSs hybrid particles 

were dispersed with 1 ml isopropanol (IPA, Fisher Scientific) in a 4-ml vial with the help 
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of ultrasonication for 15 min.  To this dispersion was added 0.5 mL IPA solution of sodium 

hydroxide (NaOH, 0.1 M Fisher Scientific), followed by purging of nitrogen for 10 min. 

Nitrobenzene (4 l, 0.044 mmol, Fisher Scientific) was then injected into the sealed vial 

for reduction reactions.  The vial was placed in a water bath to maintain a constant 

temperature during the photocatalytic reaction.  The chemical compositions of the 

reduction products were determined and quantitatively analyzed with a gas 

chromatography equipped with an HP-5 column (Agilent Technologies) and Agilent 1200 

LC-6520B Q-TOF Mass Spectrometer (LC-MS). The detectable products included 

azoxybenzene (AOB) and aniline (AN).  The concentration of each product species was 

determined by the calibration curve obtained from measuring a series of solutions with 

known concentrations by GC measurements.  The selectivity of each product species was 

calculated according to the percentage of the amount of nitrobenzene for forming this 

product with respect to the total amount of nitrobenzene consumed in the photocatalytic 

reaction.  Since all product species were in the same reaction solution, their reaction 

selectivities were calculated with the measured concentrations (C) of individual species:  

Selectivity of AOB =
2 × 𝐶AOB

2 × 𝐶AOB + 𝐶AN
× 100% 

Selectivity of AN =
𝐶AN

2 × 𝐶AOB + 𝐶AN
× 100% 

The concentration of acetone, i.e., the oxidation product of IPA, was determined with a 

proton nuclear magnetic resonance spectrometer (1H-NMR, Bruker Avance 400).  In a 

typical measurement, the reaction solution (300 l) was mixed with deuterated chloroform 

(CDCl3, 300 l, Acros Organics) solvent. Dimethyl sulfoxide (DMSO, 10 l, Acros  
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Figure 4. 1 (A, B) SEM image and size distribution statistics of silica nanospheres before 

the deposition of Rh nanocrystals. (C-E) SEM image (C), EDX spectrum (D), and TEM 

image (E) of a sample of Rh-NPs/SiOx-NSs with 1.7 wt% loading of the Rh nanocrystals. 

The inset of (C) is the SEM image of one silica nanosphere (SiOx NS) covered with many 

Rh nanoparticles (Rh NPs) that uniformly distribute on the surface of the SiOx NS. (F) Size 

distribution statistics of Rh nanoparticles loaded on SiOx NSs. 
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Organics) was added to serve as an internal standard.  Acetone concentrations in NMR test 

tubes were then calculated based on integral areas of protons by the following equation: 

𝐶acetone = (
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑐𝑒𝑡𝑜𝑛𝑒

𝑎𝑟𝑒𝑎 𝑜𝑓 𝐷𝑀𝑆𝑂
) × 𝐶DMSO 

Acetone concentrations in reaction vials were then corrected by multiplying acetone 

concentration in NMR tubes by a dilution factor of 2.03.  

4.3. Results and Discussion 

4.3.1. Characterization of Rh/SiOx Hybrid Particles    

The synthesis of Rh nanoparticles/SiOx nanospheres (Rh-NPs/SiOx-NSs) starts with a 

synthesis of silica nanospheres via a modified Stöber method, where TEOS was 

controllably hydrolyzed and condensed to form uniform particles.41, 42  Figure 4.1(A and  

B) present scanning electron microscopy (SEM) images of SiOx NSs with an average size 

of 380 nm suitable for light scattering resonances in the visible spectral region.  The as-

synthesized SiOx NSs exhibit negatively charged surfaces due to the abundant surface –

OH groups.45  Conjugating (3-aminopropyl)triethoxysilane (APTES) to the SiOx NSs 

changes their surfaces to be positively charged, exhibiting a zeta potential of +30 mV.   

Soaking the APTES-modified SiOx NSs in an aqueous solution containing RhCl6
3− 

ions leads to efficient adsorption of the negatively charged RhCl6
3− ions to the surfaces of 

the SiOx NSs due to the electrostatic attractions.44  Adding NaBH4 can quickly reduce the 

adsorbed RhCl6
3− ions to form Rh nanoparticles, which serve as heterogeneous nucleation 

sites to facilitate their continuous growth when more freestanding RhCl6
3− ions are present 

in solution.  The sequential soaking and reducing processes lead to the deposition of Rh  
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Figure 4. 2 DRS spectra of powders of SiOx NSs (dashed curve) and Rh-NPs/SiOx-NSs 

hybrid particles (solid curve). 

 

nanoparticles on the surfaces of the SiOx NSs.  The loading of the Rh nanocrystals, i.e., the 

weight percentage of the Rh nanoparticles concerning the Rh-NPs/SiOx-NSs hybrid 

particles, is tuned by varying the concentration of RhCl6
3− ions.  Growing the Rh 

nanocrystals on the surfaces of the SiOx NSs does not change the spherical geometry of the 

SiOx NSs (Figure 4.1(C)), ensuring that the corresponding light-scattering resonances still 

exist in the Rh-NPs/SiOx-NSs.  The successful loading of Rh nanoparticles is evidenced by 

the appearance of Rh peaks in the energy-dispersive X-ray (EDX) spectrum (Figure 4.1(D)). 

The strong EDX peaks of Si and O correspond to the SiOx NSs.   

Transmission electron microscopy (TEM) analysis of the Rh-NPs/SiOx-NSs reveals 

that the Rh nanocrystals uniformly distribute on the surface of the SiOx NSs and exhibit an 

average size of 2.4 nm with a standard deviation of 0.7 nm (Figure 4.1(E and F)).  The 

good dispersity and small size of the Rh nanoparticles increase their surface areas to expose 

to the environment, benefiting applications like catalysis.  The light scattering resonances 

Rh-NPs/SiOx-NSs 
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Figure 4. 3 (A) 1H-NMR spectrum of a reaction solution after it was illuminated with a 

light of 1.9 Wcm−2 for 5 hours, highlighting the IPA conversion to acetone.  The formation 

rate of acetone was evaluated from quantitative analysis of the corresponding peak area 

with the DMSO signal as an internal reference.  (B) Production rate of acetone (vacetone) as 

a function of the light power density (black square dots).  The theoretical production rate 

of acetone (red circle dots) was also calculated from the production rates of AOB and AN 

according to the reaction stoichiometry, i.e., 𝑣acetone =
3×𝑣azoxybenzene+6×𝑣aniline

2
.   

 

near the surfaces of the SiOx NSs significantly enhance the light absorption in the Rh NPs 

supported on the SiOx NSs.  Despite the weak and peakless absorption of visible light in 

the freestanding Rh NPs,46 the Rh-NPs/SiOx-NSs exhibit strong absorption of visible light 

with distinct peaks at ~480 nm and ~700 nm (Figure 4.2, solid curve).  In contrast, the SiOx 

NSs show essentially no absorption of visible light (Figure 4.2, dashed curve).  The 

positions of the absorption peaks are consistent with those of the scattering resonance bands 

in the SiOx NSs, highlighting that the strong absorption of visible light is solely in the Rh 

nanocrystals while the SiOx NSs behave as light antennae.37, 39, 46  The enhanced light 
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absorption in the SiOx-NS-supported Rh nanocrystals is beneficial to excite hot electrons 

in the Rh NPs efficiently under the illumination of visible light.  Besides, the surface 

quantum effect of the small (i.e., 2.4 nm) Rh NPs favors surface scattering of hot electrons 

out of the Rh NPs, minimizing the electron-phonon transition to boost injection of hot 

electrons into the molecules adsorbed on the surfaces of the Rh NPs. Therefore, the Rh-

NPs/SiOx-NSs represent a class of promising photocatalysts to drive chemical 

transformations with the photo-excited hot electrons. 

4.3.2. Photocatalytic Reduction of Nitrobenzene    

Photocatalytic reduction of nitrobenzene is used as a model reaction to evaluate the role of 

hot electrons in chemical transformations since producing azoxybenzene (AOB) from 

reductive transfer coupling of nitrobenzene is promising for a wide range of applications. 

Isopropanol (IPA) is used as an in situ hydrogen source because the -H spontaneously 

deprotonates in a basic environment, and the -H cleavage occurs on a catalytic metal 

surface.47  In a basic solution containing NaOH and Rh nanoparticles, the deprotonation is 

favorable, and the resulting H atoms are adsorbed on the surfaces of the Rh nanoparticles 

to hydrogenate nitrobenzene molecules.  The deprotonated IPA becomes acetone that is 

confirmed by 1H-NMR analysis (Figure 4.3).  The reduction of nitrobenzene undergoes 

two competitive pathways, i.e., the direct pathway I and the coupling pathway II presented 

in Figure 4.4(A).20, 48-50  The direct reduction route follows a series of elementary steps, 

forming nitrosobenzene (NSB), phenylhydroxylamine (PHA), and aniline (AN) at different 

reducing degrees.  The coupling reduction pathway involves condensation of NSB and 

PHA intermediates and spontaneous dehydration, forming azoxybenzene (AOB).  AOB is 
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Figure 4. 4 (A) Nitrobenzene reduction via direct pathway I and coupling pathway II. (B) 

GC signals of reduced nitrobenzene products using Rh-NPs/SiOx-NSs catalyst in the dark 

(blue curve) and with light illumination of 1.9 Wcm−2 (red).  Insets are digital photos of 

solutions after the reaction.  Reaction conditions: 8 mg of Rh-NPs/SiOx-NSs catalyst, 4 l 

of nitrobenzene, 1 ml of IPA, 0.5 ml of 0.1 M NaOH solution in IPA, a nitrogen atmosphere. 

The reaction time was 15 h for the dark and 5 h with light illumination, respectively.   

Rh-NPs/SiOx-NSs 
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Table 4. 1 Summary of Conversion of Nitrobenzene, Production Rates of AOB (vAOB) and 

AN (vAN), and Selectivity of AOB in the Dark and under Photo-illumination.  Reaction 

Conditions were the Same as Those of Figure 4.6. 

Reaction 

Light power 

density 

(Wcm−2) 

Nitrobenzene 

Conversion 

vAOB 

mmolgRh
−1h−1 

vAN 

mmolgRh
−1h−1 

AOB 

Selectivity 

1 0.0 0.9 % 0.1 0.2 58.0 % 

2 1.9 21.0 % 8.9 3.0 85.0 % 

 

possibly further hydrogenated to form azobenzene (AB) and AN upon the availability of 

energy to overcome the high activation barrier for AOB-to-AB conversion.  In the presence 

of the Rh-NPs/SiOx-NSs hybrid particles shown in Figure 4.1, both AOB and AN are 

formed in an IPA solution of nitrobenzene at room temperature in the dark (Figure 4.4(B), 

blue curve), indicating that IPA indeed deprotonates on the surfaces of the Rh nanocrystals 

to reduce nitrobenzene. 

The selectivity of each product species is calculated as the ratio of the amount of 

nitrobenzene required for forming this product to the total amount of nitrobenzene 

consumed in the reaction (see Experimental Section).  The ratio of the concentration of 

AN to that of AOB in the product is 1.4 (Figure 4.4), corresponding to the selectivity of 

AOB of only 58% (Table 4.1).  Both the NSB and PHA intermediates are not detected in  

a liquid solution, indicating that they do not detach from the Rh surface but adsorb on the 

Rh surface to undergo further reduction to AN (path I) or coupling condensation reaction 

to AOB (path II).  The low selectivity of AOB in the dark condition might be ascribed to 

the low formation rate of both NSB and PHA intermediates that prevent them from being 

close enough on Rh surface to couple into AOB.  The analysis reveals that only 0.94 % of  
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Figure 4. 5 (A) Summary of concentrations of consumed nitrobenzene and produced AOB 

and AN in the dark condition (solid black bars) and under light illumination with a power 

density of 1.9 W•cm–2 (red patterned bars).  Reaction conditions were the same as those of 

Figure 4.4. (B) A typical mass spectrometric curve of the reaction product that was 

separated by HPLC.  The strong signal at 199 (M/z) corresponding to azoxybenzene (AOB) 

was observed from the reaction under light, while no signal at this position was observed 

from the reaction in the dark.  (C) UV-Vis absorption spectra of solutions of pure 

nitrobenzene, AOB, and AN, respectively.  (D) UV-Vis absorption spectra of the solutions 

after reaction in the dark (black curve) and under photo-illumination (red curve).  The 

reaction solutions were measured after the Rh-NPs/SiOx-NSs catalyst was removed 

through centrifugation. Reaction conditions were the same as those of Figure 4.6. 
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nitrobenzene has been reduced, even the reaction lasts for 15 h in the dark (Table 4.1).  In 

contrast, the reaction rate of nitrobenzene reduction significantly increases when a visible 

light beam of 1.9 Wcm−2 in power density and 1 cm2 in size irradiates the reaction solution.  

The consumption of nitrobenzene increases by 20 times compared with the dark reaction 

for the same period (Figure 4.5(A)).  The difference can be visualized from the different 

colors of the reaction solutions, i.e., the red color of the illuminated solution versus the 

gray color of the un-illuminated solution (inset photos, Figure 4.4).  The appearance of red 

color originates from the high concentration of AOB in the reduction product, which is 

confirmed by the dominating peak in the GC chromatogram (Figure 4.4, red curve) with a 

mass spectrometric peak at 199 m/z (Figure 4.5(B)), and strong optical absorption between 

300 nm to 400 nm (Figure 4.5(C and D)).   

The production rate of AOB is 8.9 mmolgRh
−1h−1 normalized against the mass of 

the Rh nanoparticles in the reaction solution, which is 74 times higher than that of the 

reaction in the dark (0.12 mmolgRh
−1h−1) (Table 4.1).  The production rate of AN only 

increases by 17 times, highlighting that photo-illumination can simultaneously improve the 

selectivity and rate of producing AOB.  The absence of both NSB and PHA in the product 

again indicates that the coupling reaction and the direct reduction of nitrobenzene to AN 

occur on the surfaces of the Rh nanocrystals.  Since the reactions are performed in a large-

volume water bath, the temperature variation induced by light absorption and chemical 

reactions is minimized and negligible.  Therefore, the difference in the production rate and 

selectivity between the dark reaction and the photo-illuminated reaction originates from 

the non-thermal effect, i.e., chemical transformations induced by photo-excited hot 

electrons in the Rh nanoparticles.   
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Figure 4. 6 Dependence of the production rates (v) of AOB and AN (A) and production 

selectivity of AOB (B) on the light power density.  Insets in (A) are the digital photos of 

product solutions that were obtained from the reactions of 5 hours under the illumination 

of different light power densities, i.e., 0.6, 0.9, 1.2, 1.6, and 1.9 Wcm−2.  Reaction 

conditions were the same as those of Figure 4.6.  The Rh-NPs/SiOx-NSs catalysts were 

removed from the solutions via centrifugation. 

 

4.3.3. Dependence of Illumination Power Density 

The dependence of production rates on the illumination power density varies for different 

products, as compared in Figure 4.6(A).  The production rate of AOB (vAOB) slightly 

increases with the brightness of the light illumination as the light power density reaches up 

to 0.6 Wcm−2.  Further increasing the light power density leads to a superlinear increase 

in vAOB up to 72 times higher at a power density of 1.9 Wcm−2 than that of the dark reaction.  

The production rate of AN (vAN) exhibits a very similar dependence on the light power 

density, although the absolute value of vAN is always less than that of vAOB.  The superlinear 
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Figure 4. 7 Comparison of the production rates of AOB and AN in the dark reactions at 

different temperatures: 23 oC (black patterned bars) and 83 oC (red solid bars).  The 

numbers associated with individual bars are the production rates calculated from the GC 

analysis, labeled on the top of bars.  Other reaction conditions were the same as those of 

Figure 4.6. 

 

dependence of production rates on the illumination power density represents a clear 

indication of the involvement of photo-excited hot electrons in reducing nitrobenzene.51  

As the power density of light illumination increases, the faster increase in the production 

rate of AOB than that of AN boosts the selectivity of AOB of the overall nitrobenzene 

reduction (Figure 4.6(B)).  The production selectivity of AOB increases monotonically 

from 58% in the dark to 85% with a light illumination of 1.9 Wcm−2.  The results indicate 

that highly selective transfer coupling of hydrogenated nitrobenzene to AOB becomes 

favorable by using the SiOx-nanosphere-supported Rh nanocrystals as a new type 

photocatalyst upon illumination of strong enough light.  The simultaneous improvement 

in both production rate and selectivity of AOB in hot-electron-driven photocatalysis cannot 
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Figure 4. 8 (A) Reaction scheme of scavenging H atoms by 2,2,6,6-tetramethylpiperidine 

N-oxyl (TEMPO) radicals that convert to hydroxylamine.  (B) Comparison of the 

production rates (v) of AOB and AN in the absence (solid bars) and in the presence (dashed 

bars) of 1.1 mg TEMPO that corresponds to 2.33 mM in the reaction solutions.  Other 

reaction conditions were the same as those of Figure 4.4. 

 

be achieved by solely heating the reaction solution in the dark, which increases the 

production rate of AN more than the production rate of AOB (Figure 4.7).   

4.3.4. Reaction Mechanism 

Nitrobenzene molecules and derivatives prefer to adsorb on the Rh surface by forming the 

O-Rh bonds because of the strong affinity of Rh towards O.18, 46  Therefore, the reduction 

of nitrobenzene and its reduced intermediates (e.g., NSB, PHA, AOB) occurs via 
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dissociation of O-N bonds to produce adsorbed oxygen atoms on the Rh surface.  The 

adsorbed O atoms can either combine each other to form O2 molecules or react with the 

surface adsorbed H atoms to form H2O.  The resulting O2 or H2O quickly leaves the Rh 

surface to regenerate the active Rh surface sites for adsorbing new nitrobenzene and 

derivative molecules.  In the present photocatalysis, IPA molecules spontaneously 

deprotonate both -H and -H on Rh surface to react with the adsorbed O atoms, forming 

H2O molecules.47  The IPA molecules are transformed into acetone.  The concentrations 

of acetone in all photocatalytic reactions are consistent with the stoichiometric quantities 

calculated from the corresponding reduction products of nitrobenzene (Figure 4.4).  This 

quantitative consistency highlights the crucial role of surface H atoms in reducing 

nitrobenzene and excludes the direct dissociation of nitrobenzene into O2 and the reduced 

products.  Addition of 2,2’,6,6’-tetramethylpiperidine N-oxyl (TEMPO) that can compete 

with the surface O atoms to quickly react with the surface adsorbed H atoms lowers the 

production rate of both AOB and AN (Figure 4.8), confirming the importance of adsorbed 

H atoms in the reduction of nitrobenzene.  In this case, the surface O atoms that are 

generated from the dissociation of nitrobenzene (and reduced intermediates) cannot be 

sufficiently consumed by the surface adsorbed H atoms to regenerate the active Rh active 

sites for re-adsorption of nitrobenzene, preventing a high rate of generating NSB and PHA 

intermediates.  Consequently, the reaction rate of coupling NSB and PHA to AOB, as well 

as the reaction rate of further reducing PHA to AN become lower.  In addition, the 

production of AOB decreases more than that of AN, indicating that the coupling reaction 

of forming AOB is more sensitive to the reduction rate of nitrobenzene than the competitive 

reaction path I of forming AN.  Therefore, reducing nitrobenzene to NSB and PHA with  
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Figure 4. 9 (A) Plausible mechanism describing the role of hot electrons and chemical 

transformations on a Rh nanoparticle under light illumination.  (B) Energy diagram of the 

Fermi level (EF) of Rh (−5.3 eV) as well as the lowest unoccupied molecular orbital 

(LUMO) (−2.91 eV) and the highest occupied molecular orbital (HOMO) (−7.75 eV) of 

nitrobenzene molecules. 

 

high rate is critical to improving both the production rate and selectivity of AOB.  Since 

the deprotonation of basic IPA on Rh surface is spontaneous, the surface O atoms can be 

quickly consumed to regenerate active Rh surface sites for re-adsorbing nitrobenzene 

molecules in the absence of a purposely added H atom scavenger (e.g., TEMPO).  As a 

Rh NPs 

Rh NPs 



 113 

result, the low production rate and selectivity of AOB in the dark reaction, as shown in 

Figure 4.6, is most likely ascribed to the slow dissociation of O-N bonds of nitrobenzene 

molecules, which limits the formation of NSB and PHA intermediates.  This understanding 

is consistent with the high activation barrier (i.e., 0.27 eV) for reducing nitrobenzene to 

NSB and PHA.20, 48, 49, 52  When a visible light illuminates the reaction solution, the 

production rate and selectivity of AOB are significantly enhanced (Figure 4.9), indicating 

an acceleration of the dissociation of O-N bonds in the initial reduction of nitrobenzene.  

Light absorption in the SiOx-NSs-supported Rh nanoparticles excites hot electrons, which 

can interact strongly with the electrophilic nitro groups and thus facilitate the cleavage of 

O-N bonds (Figure 4.9(A)).18, 26  The lowest unoccupied molecular orbitals (LUMO) and 

the highest occupied molecular orbitals (HOMO) of nitrobenzene molecules locate at 

−2.91eV and −7.75 eV (versus vacuum level), respectively (Figure 4.9(B)).25  The Fermi 

energy level (EF) of Rh is −5.3 eV (versus vacuum level),53 falling between the energy 

levels of LUMO and HOMO of nitrobenzene.  Light absorption lifts the free electrons in 

the Rh nanocrystals to energy levels higher than that of the LUMO of nitrobenzene.  The 

excited hot electrons become feasible to inject into the LUMO orbitals of nitrobenzene 

molecules adsorbed on the Rh surface.  The high electrophilicity of N and O atoms leads 

the injected hot electrons to localize in the antibonding orbitals of the O-N bonds, 

facilitating the cleavage of O-N bonds reduction of nitrobenzene to NSB.  The O atoms 

remaining on the Rh surface then quickly react with the surface adsorbed H atoms to open 

the Rh active sites for re-adsorbing nitrobenzene molecules.  Therefore, the reduction of 

nitrobenzene to NSB can be accelerated under photo-illumination in the presence of Rh-

NPs/SiOx-NSs photocatalyst.  The formation rate of PHA intermediate can also be 



 114 

spontaneously accelerated since the reduction of NSB to PHA is barrierless.  As a result, 

the production rate and selectivity of AOB are improved in photocatalysis.  Improvement 

in selectivity toward producing AOB, for example, from 58 % to 85 % when the light 

power density is increased from 0 to 1.9 Wcm−2 (Figure 4.9(B)).   

4.4. Summary 

In summary, the optical absorption of the nitrobenzene reduction catalyst, i.e., Rh 

nanoparticles with sizes of 2.4 nm, is enhanced by loading them on the surfaces of silica 

spheres with 380 nm in diameter, which exhibits strong surface scattering resonances to 

generate amplified local electric fields near the surfaces of the SiOx NSs.  The improved 

optical absorption of visible light enables the Rh-NPs/SiOx-NSs hybrid particles to be a 

unique photocatalyst class that simultaneously serves as a light absorber and provides 

catalytically active sites for nitrobenzene reduction reactions.  The light absorption in the 

supported Rh NPs excites free electrons to generate hot electrons, which are then injected 

into the antibonding orbitals of O-N bonds of the adsorbed nitrobenzene molecules to 

facilitate the O-N cleavage.  The cleavage of O-N bonds reduces nitrobenzene molecules 

to NSB and leaves adsorbed O atoms on the Rh surface, which represents the rate-

determining step for the overall nitrobenzene reduction.  The O atoms are quickly removed 

by reacting with the surface adsorbing H atoms generated from deprotonation of IPA, 

followed by a detachment of H2O molecules to refresh the catalytically active Rh sites for 

adsorbing nitrobenzene molecules again.  On the Rh surface, NSB can transform to PHA 

and be in equilibrium with NSB.10,18  The following reduction of PHA to AN (path I), 

which depends on the instant concentration of PHA, competes with the coupling reaction 

of NSB and PHA to AOB (path II), which relies on the instant concentrations of both NSB 
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and PHA.  Therefore, the production rate of AOB is more sensitive to the rate of cleaving 

O-N bonds of nitrobenzene, leading to a higher increase of AOB than AN when cleaving 

O-N bonds is accelerated under photo-illumination.  Such a difference in the increase of 

production rate leads to an improvement in the selectivity of AOB, for example, from 58% 

to 85 % when the light power density is increased from 0 to 1.9 Wcm−2.   
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CHAPTER 5 

5. HOT ELECTRON DRIVEN SELECTIVE CO2 HYDROGENATION ON RHODIUM 

NANOPARTICLES  

(Note: Content of this chapter is adapted from the pre-peer reviewed version of the 

following article“Xinyan Dai, Yugang Sun, Reduction of carbon dioxide on photoexcited 

nanoparticles of VIII group metals, Nanoscale, 2019, 11, 16723-16732.”, which has been 

published in final form at DOI:10.1039/C9NR05971G. This article may be used for non-

commercial purposes following the Royal Society of Chemistry Terms and Conditions for 

the use of Self-Archived Versions with permission.) 

 

5.1 Introduction 

Chapter 4 reports that both selectivity and kinetic of nitrobenzene reduction are enhanced 

by a hot-electron driven pathway, which might specifically activate attached nitrobenzene 

molecules to increase the possibility of condensation routes over the direct reduction path.  

It motivates us to seek for the feasibility of enhancing the selectivity and kinetic of a 

consecutive reaction in a gas phase. Chapter 5 moves forwards to the study of Rh 

photocatalysis for selective carbon dioxide reduction by using hydrogen molecules to 

methane, which is kinetically limited because of multiple reduction steps and the presence 

of competitive production of carbon monoxide product.  This chapter shows the possibility 

of hot-electron mediated selectivity of reactions in the gas phase. 

Reduction of carbon dioxide (CO2) into carbon-containing chemicals and fuels is 

of great importance in our society regarding industrial sustainability and environmental  
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Figure 5. 1 Reduction potentials of CO2 to various products. The Fermi levels of bulk iron 

(Fe) and platinum (Pt) are presented as references to highlight the high energy of electrons 

required to reduce CO2.
1, 2 

 

protection.3-6  Activating the inert linear CO2 molecules to receive electrons still represents 

the grand challenge since they exhibit a formation Gibbs free energy of −394.4 kJ•mol−1.7 

Reduction of CO2 molecules usually requires electrons to be at the high energy levels, i.e., 

−4.58 ~ −2.6 V versus vacuum or 0.08 ~ −1.9 versus NHE (normal hydrogen electrode) 

(Figure 5.1), which are above the conduction band of most semiconductors and Fermi level 

of most metals.1, 2 This requirement limits the use of most semiconductors as catalysts to 

mediate electron transfer to CO2 because the positions of the conduction bands of the 

semiconductors limit the energy of electrons. Therefore, metal nanoparticles with 

appropriate adsorption strength toward CO2 molecules and derived species represent the 

promising catalysts for CO2 reduction reaction (CO2RR) because of the tunability in the 

electron energy level of metals.8-10 The Fermi level of metal nanoparticles can be lifted by 

applying a biased potential to facilitate CO2RR, representing electrochemical CO2RR  
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Figure 5. 2 Typical reaction pathways of CO2 reduction. 

 

(eCO2RR) that is extensively studied in the research community.9, 10 Alternatively, the 

energy level of electrons in metal nanoparticles can be raised by exciting the nanoparticles 

with the light of appropriate wavelengths.2, 11, 12  Plasmonic or non-plasmonic metals enable 

exciting energetic hot electrons above Fermi energy levels to activate anti-bonding orbitals 

of specific adsorbates,  therefore promoting CO2 hydrogenation.2, 13-17 

Transition metals, particularly the VIII group elements, adsorb CO2 molecules and 

their reduction derivatives with varying steric configurations depending on the metal type 

and crystalline facets of the metal nanoparticles.18-21  Since the oxidation number of carbon 

in CO2 is the highest, i.e., 4, the CO2RR can go through a series of complicated elementary 
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steps to form various intermediate and product species adsorbed on metal surfaces, which 

are summarized in Figure 5.2.6, 22-28 For example, dissociation of CO2 to the adsorbed 

carbonyl intermediate (CO*) can proceed through various pathways: (i) direct dissociation 

from different adsorption configurations, e.g.  1-C or 1-(C,O) (CO2→CO*), (ii) 

hydrogen-assisted dissociation via formate intermediates (CO2→HCOO*→CO*), (iii) 

formation of bicarbonate intermediates on the hydroxyl-rich surface followed by a 

conversion to CO* with the assistance of hydrogen (CO2→HOCOO*→CO*), and (iv) the 

combination of (ii) and (iii), i.e., CO2→HOCOO*→ HCOO*→CO*. Dissociation of 

adsorbed formate intermediate (HCOO*) is also possible to form adsorbed formyl HCO*.  

If the adsorption of CO* is weak, the intermediate CO* desorbs quickly to release CO gas, 

referring to the reverse water-gas shift reaction (rWGSR). In contrast, strongly adsorbed 

CO* can undergo deeper hydrogenation to form CH4 and methanol.  Sabatier reaction, i.e., 

the formation of CH4 or methanation, represents the widely studied reaction, which goes 

through either intermediate carbide (C*) that is formed by direct, CO-assisted, or H-

assisted dissociation of either CO* or intermediate formyl (HCO*). The intermediate CHx* 

species involved in Sabatier reaction possibly couple to form C2H4 and C2H6. Moreover, 

C-C coupling is possible by inserting CO* to reduce intermediates, forming C2+ 

hydrocarbons and oxygenates. The complexity of CO2RR on a metal surface highlights the 

importance of steric configurations of adsorbate intermediates, determining the flow 

direction of hot electron injection, i.e., the destination bonds receiving the hot electrons, to 

control the product selectivity of the CO2RR.  

Although the non-thermal hot-electron process can be promoted by using small 

size metal nanoparticles and tuning the adsorption strength, the photothermal process is  
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Figure 5. 3 Hot-electron-driven processes of the elementary reactions involved in 

photocatalytic CO2RR on nanoparticles of VIII group metals. 

 

inevitable since the electron-lattice collisions eventually produce heat in the metal 

nanoparticles.11, 29  The hot-electron-driven process relies on the efficient injection of hot 

electrons generated in metal nanoparticles into the surface adsorbate (intermediate) species 

involved in the CO2RR. Receiving the hot electrons by the antibonding orbitals or the 

LUMO will weaken and break the corresponding bonds of the adsorbate species to trigger 

the subsequent reactions. Possible surface reactions involved in the CO2RR using H2 as 

reducing agent that can be triggered by the hot electron injection include (i) activation of 
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the reactant hydrogen molecules (H2) through dissociation of H2 to form atomic hydrogen 

(H*) (Figure 5.3(A)), (ii) activation of the reactant CO2 molecules through cleavage of 

C=O bond to form important intermediates including CO* and HCO* (Figure 5.3(B)), (iii) 

further activation of the intermediates including the cleavage of C=O bond of HCO* and 

cleavage of the M-CO adsorption bond to desorb CO* (Figure 5.3(C)), and (vi) desorption 

of adsorbed hydrocarbon species (CxHy*) through cleavage of the M-C adsorption bond 

(Figure 5.3(D)). Methanation of CO2 (Sabatier reaction, CO2+4H2→CH4+2H2O) is 

kinetically challenging because of the multi-steps process and competitive CO production 

through reverse water gas shift (rWGS, CO2+H2→CO+H2O) pathways.  Several 

mechanisms of hot-electron driven methanation process are proposed in previous studies. 

Hot electrons generated in a metal nanoparticle can inject into a Feshbach resonance (1u*) 

of H2 molecules adsorbed on the metal surface, promoting H2 dissociation to form 

hydrogen atoms adsorbed to the metal surface (Figure 5.3(A)).30 The formation of the M-

H bond can be verified with diffuse reflectance infrared spectroscopy (DRIFT). For 

instance, DRIFT measurements showed the existence of Au-H in an rWGSR using the 

Au(CeO2) nanoparticles as a photocatalyst.31 García and Corma groups 32-34 achieved a 

high rate of methanation using Ni(SiO2•Al2O3) photocatalysts, on which hot-electron-

driven H2 splitting occurred to form metal hydrides (Ni-H). The availability of concentrated 

atomic hydrogen promotes CO2RR. Similar enhanced photocatalytic activity towards 

methanation was also observed with the Pd(TiO2) catalyst.35 

The excited hot electrons can inject into the adsorbed CO2 molecules to change 

their steric configuration or even cleave the C=O bond by localizing the injected hot 

electrons to the antibonding orbitals of the C=O bond (Figure 5.3(B)).1, 36, 37  Li et al.38 
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studied CO2RR using photoexcited iron nanoparticles as catalysts, on which hot electron 

injection changed the linear configuration of the weakly adsorbed CO2 molecules to the 

bent configuration of the negatively charged CO2
- molecules. Such configurational change 

weakened the C=O bond to facilitate the formation of CO*.38  The type of support, on 

which the Fe nanoparticle catalysts were loaded influencing the adsorption strength of CO* 

on the Fe surface to determine the selectivity of the product.38 When the bonding strength 

between CO2 and the metal surface is high enough, the molecular orbitals of CO2 and the 

atomic orbitals of the surface metal will heavily hybridize to form a CO2-coordinated metal 

complex with a narrow energy gap between the HOMO and the LUMO,39 favoring a direct 

excitation of electrons from the HOMO to the LUMO. In the complex structure, the HOMO 

is mainly occupied with electrons of the metal, and the LUMO is dominated by the empty 

orbitals (i.e., antibonding orbitals) of CO2. Therefore, the direct excitation is equivalent to 

the injection of hot electrons generated in the metal nanoparticles into the antibonding 

orbitals of adsorbed CO2 molecules.40 Lee et al. ascribed the remarkable enhancement of 

photocatalytic methanation on Ru and Rh nanoparticles to the formation of Ru-CO2 and 

Rh-CO2 complexes, which exhibited apparent optical absorption bands in the visible region 

of 400-500 nm.39 Illuminating the nanoparticles of Ru and Rh with visible light enabled 

the direct excitation of M-CO2 complex, promoting C=O cleavage and boosting the 

CO2RR.39  In contrast, the CO2RRs using nanoparticles of Ni, Pt, and Cu as photocatalysts 

were slow because of the difficulty in forming a strong M-CO2 complex. 

The cleavage of the C=O bond of CO2 molecules usually forms two major 

intermediate species adsorbed on the surface of metal catalysts, i.e., CO* and HCO*, 

depending on the adsorption strength of M-C and the availability of hydrogen.20 Density 
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functional theory (DFT) calculations showed that the adsorption energy (corresponding to 

the M-C bonding strength) of both HCO and CO on a VIII metal is usually large and the 

corresponding local density of states (LDOS) of adsorption interactions lie far below the 

Fermi level, indicating the formation of strong M-C bond (i.e., adsorption) is 

thermodynamically spontaneous.41  The spontaneity excludes the role of hot electrons in 

the adsorption process. In contrast, the LDOS of the C=O * antibonding bands observed 

on the C(pz) and O(pz) orbitals in CHO* and the LDOS of the antibonding M-C bands 

observed on the C(px) orbitals in CO* usually locate above the Fermi level, indicating that 

only hot electrons with high-enough energy can flow to these antibonding bands to activate 

the corresponding bonds.  Injection of hot electrons into the C=O * antibonding orbitals 

of HCO* helps cleave the C=O bond, promoting the deeper C reduction in the presence of 

hydrogen, i.e., CHO*→CH* →CH2*→CH3*→CH4 (top, Figure 5.3(C)). This process 

represents the rate-determining step (RDS) of methanation. Injection of hot electrons into 

the M-C antibonding orbitals of CO* weakens the adsorption, promoting desorption of CO 

and thus increasing the selectivity towards CO in the CO2RR products (bottom, Figure 

5.3(C)). Therefore, effective control over the electron flow direction in the hot electron 

injection process is crucial to determine the product selectivity of a photocatalytic CO2RR 

using a metal nanoparticle catalyst. For example, Zhang et al. reported that the CHO* 

adsorbed on Rh(100) surface exhibits a high local density of states (LDOS) of the C=O * 

antibonding bands at ~2 eV above the Fermi level while the LDOS of the antibonding Rh-

C bands is much lower at ~1 eV above the Fermi level.14  The high LDOS of the C=O * 

antibonding bands promotes the injection of hot electrons into the C=O * antibonding 

orbitals rather than the Rh-C antibonding orbitals, leading to high selectivity of CH4.
14 
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Illumination of ultraviolet light (~3 % sunlight) enhanced CH4 selectivity over 98% 

(a bit of decline with higher rates),14 whereas it can not guarantee a fully utilization of solar 

energy (~ 44% of visible light) for a unity selectivity and accelerated reaction rates.   Usage 

of large sizes of metal nanoparticles (5 nm~40 nm) in previous studies13, 14, 16 possibly 

deteriorates hot electron production efficiency with a reduced probability of electron-

electron and electron-surface collisions.42, 43  Besides, photocatalytic mechanisms of CO2 

methanation remain debated,13, 14 suggesting the necessity of an explicit understanding in 

mechanisms.  Here we use visible light to efficiently excite small-sized rhodium 

nanoparticles (1.71 nm to 4.20 nm) loading on the dielectric antenna of silica nanosphere 

nanoparticles (~400 nm) (i.e., it can increase the electromagnetic field intensity and light 

absorption in metal44) and achieve an over 99 % CH4 selectivity with several orders of 

magnitude enhancement of rates.  Light power intensity and operating temperatures 

synergistically contribute to the favorability of CH4 production, possibly because of 

enhanced multiple vibrational excitations of adsorbates by hot electron transfer.  Kinetic 

study and in-situ infrared spectra analysis reveal hot electron enables accelerating both 

steps of hydrogen assisted-dissociation of CO2 (rate determining step of CO production) 

and strongly adsorbed carbonyl species (rate determining step of CH4 production), while 

the faster kinetic of the latter step under light guarantees a high CH4 selectivity.  Our results 

offer insights on how tuning light power intensity efficiently modulates selectivity and 

reaction rates of CO2 hydrogenation by small-sized metal nanoparticles.  We anticipate 

hot-electron mediated reaction will benefit industrial commercialization for visible-light-

driven CO2 reduction in a facile way and explore achieving a high selectivity of other 

value-added products (alcohol and C2+ products). 
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5.2. Experimental Method 

5.2.1. Synthesis and Functionalization of SiOx Nanospheres 

A modified Stöber method was used to synthesize ~ 400 nm SiOx nanospheres.45 A mixture 

of 29.10 ml absolute ethanol (Pharmco-Aaper), 3.21 ml deionized (DI) water, and 1.96 mL 

ammonia hydroxide (NH3•H2O, Fisher Scientific) were mixed at room temperature. 1.7 ml 

tetraethyl orthosilicate (TEOS, Sigma) was introduced into the mixture stirred at 600 rpm. 

The reaction proceeded for 2 hours. The SiOx NSs products were collected by twice 

centrifugation and ethanol washing processes and dried in the oven at 60 oC overnight. The 

synthesized SiOx NSs surfaces were functionalized with (3-amniopropyl)triethoxysilane 

(APTES, Sigma) to introduce positive charges. 200 mg SiOx NSs was dispersed in 100 ml 

190 proof ethanol by a sonication bath. 1 ml APTES was dropwise added into the 

dispersion when the temperature was elevated to 60 oC. The reaction lasted for 8 hours at 

60 oC, followed by stirring at room temperature overnight. APTES-SiOx powders products 

were collected by washing with ethanol and dried in oven.  

5.2.2. Synthesis of Rh/SiOx-NSs 

The Rh/SiOx-NSs hybrid catalysts with Rh loading content of 2.14 wt.% were prepared via 

an in-situ reduction method.  For 2.26 nm Rh/SiOx-NSs, 40 mg APTES-SiOx powders were 

dispersed in 8 ml DI water via sonication. Then 5 mg sodium hexachlororhodate (III) 

dodecahydrate (Na3RhCl6 •12 H2O, Alfa Aesar) dissolved in 7 ml DI water was added into 

the dispersed APTES-silica solution. The mixture was stirred for 2 hours to allow 

adsorption of Rh ions on the silica surfaces. 15 ml 2 mg•ml–1 sodium citrate (Na3C6H5O7 • 

2H2O, Alfa Aesar) was then introduced into the mixture.  After stirring for 1 minute, 5 ml 
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0.7 mg•ml–1 sodium borohydride (NaBH4, Alfa Aesar) was dropwise added by an injection 

pump at a speed of 30 ml•h–1. When the flask was in an ice water bath to maintain a 

temperature of 3 oC. The color changed from pink to brownish as more NaBH4 was added. 

After the reaction aged for 2 hours, the product was collected by centrifugation and washed 

with 50%/50% water/ethanol for three times. Rh particle size distributions were determined 

by measuring the diameter of at least 200 particles for each sample via ImageJ software.  

For 1.71 nm and 4.20 nm Rh/SiOx-NSs, the procedures of synthesizing 2.26 nm 

Rh/SiOx-NSs are modified with different amounts of sodium citrate, sodium borohydride, 

and reaction temperature. For 1.71 nm Rh/SiOx-NSs, 15 ml 1 mg•ml–1 Na3C6H5O7 • 2H2O 

was used.  1 ml 3.5 mg•ml–1 NaBH4 was dropwise added by an injection pump at a speed 

of 15 ml•h–1 when the flask was at room temperature. The loading content of Rh detected 

by ICP-OES was 1.66 wt.%.  For 4.20 nm Rh/SiOx-NSs, 35 ml 1 mg•ml–1 Na3C6H5O7 • 

2H2O was used.  1 ml 3.5 mg•ml–1 NaBH4 was added by an injection pump at a speed of 

15 ml•h–1 when the flask was in an ice water bath to maintain a temperature of 3 oC. The 

residual rhodium was detected by ICP-OES. The loading content of Rh was 1.68 wt.%.   

5.2.3. Synthesis of Rh/Al2O3 Nanoparticles 

The procedure follows with the one of 2.26 nm Rh/SiOx NSs.  γ-Al2O3 powers were 

purchased from Alfa Aesar.  

5.2.4. Synthesis of Rh/Mesoporous Silica Nanoparticles 

Synthesis of mesoporous silica nanoparticles (MSN) was modified based on by the 

previous study.46 A mixture of 1.74 g NaOH, 10.2 g potassium phosphate monobasic 

(KH2PO4, Fisher Scientific), and 1.5 liters of DI H2O were well-mixed. To the mixture was 
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added 18.55 g cetrimonium bromide (CTAB, Chem-Impex). The mixture was stirred for 

one hour until all of the CTAB was dissolved. 9.25 mL TEOS was added to the mixture 

and stirred for 12 hours at room temperature. The obtained product was collected by 

ethanol and then re-dispersed in 1 vol.% HCl/ethanol solution stirring for 12 hours at 60 

oC.  Several cycles of the centrifuge by water and ethanol were used to wash the surfactant 

out from the mesoporous silica nanoparticles.  MSN products were further functionalized 

by APTES. 140 mg of MSN was re-dispersed in 270 mL ethanol by a sonication bath. 0.7 

mL APTES was dropwise added into the dispersion. The reaction lasted for three days at 

30 oC. The APTES-functionalized MSN was washed by twice cycles of centrifugation with 

ethanol. Rh/MSN catalysts were synthesized by following the procedures of synthesizing 

2.26 nm Rh/SiOx-NSs.  

5.2.5. Synthesis of Ag/SiOx Nanospheres  

The procedure is modified based on that of preparing 2.26 nm Rh/SiOx NSs. To the SiOx-

NSs, the dispersion was added into 7 ml of 1 mg•ml–1 silver nitrate (AgNO3, Sigma-

Aldrich). 15 ml 4 mg•ml–1 Na3C6H5O7 • 2H2O was used. 5 ml 0.175 mg•ml–1 NaBH4 was 

added by an injection pump at a speed of 30 ml•h–1 when the flask was at room temperature. 

5.2.6. Photocatalysis of CO2 Hydrogenation 

Photo-induced CO2 hydrogenation was conducted on a fixed bed reactor (Harrick, HVC-

MRA-5) coupled with a quartz window (Figure 5.4). The operating temperature was 

controlled by a temperature controller kit (Harrick, ATK-024-3) with a thermocouple 

embedded behind the reaction chamber. Cooling water and fan were running around the 

reaction chamber to mitigate heating from the light illumination.  7 mg catalysts were put  
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Figure 5. 4 Photograph images of a gas reactor and accessories. 

 

on a sample cup (6 mm diameter) in the reaction chamber, forming a thickness of ~ 0.7 

mm height catalyst bed.  Flow rates of gases (Airgas) were controlled by mass flow 

controllers (Alicat). Catalysts were reduced under 17 mL•min–1 10% H2/Ar at 330 oC for 3 

hours prior to reactions. Visible light-driven reactions were conducted with a xenon light 

source (Asahi MAX-303).  Light power intensity was measured by an optical energy meter 

console (Thorlabs, PM100D) coupled with a thermal sensor head (Thorlabs, S305C). Exit 

gases were analyzed by gas chromatography (Agilent) equipped with a Carboxen 1010 Plot 

capillary column (Agilent). Only CO and CH4 products were detected in this study. Moles 

of remaining CO2 and produced CH4 and CO were quantified by plugging their GC peak 

areas into standard linear equations obtained by fitting results of known concentrations of 

standard gases (Scott) and their GC peak areas. Production rates were obtained by 

multiplying mole ratios of products (i.e., moles of product/(moles of product + moles of 

remaining CO2)) with CO2 flow rates. After collecting each set of data, the catalysts were 

re-reduced by hydrogen and tested by carbon dioxide hydrogenation at 330 oC under dark 

conditions to guarantee the catalytic activities were not obviously changed. The deviation 



 135 

of rates for each condition is very minimal, and the error bars are ignored without mention. 

The error bars in experiments are referring to repeated experiments with different batches 

of catalysts.  

5.2.7. DRIFT-FTIR Characterization 

Catalyst samples were packed into the reaction chamber of Praying Mantis high-

temperature reaction chamber (ZnSe windows, Harrick) in a spectrometer (Thermo 

Scientific Nicolet iS35 FT-IR). Gases were flowed to the reaction chamber using Alicat 

mass flow controllers. Spectra were obtained by averaging 200 sequentially collected scans 

at a resolution of 4 cm−1. Catalysts were reduced under 17 mL•min–1 10% H2/Ar at 330 oC 

for 3 hours prior to reactions. Spectra were obtained by subtracting the obtained adsorption 

or hydrogenation spectra from the background with pure Ar gas or H2/Ar gas purging. 

Light illumination can induce baseline changes, so the background spectra were collected 

under light illumination for 30 minutes. For CO2 adsorption, remaining hydrogen that was 

left in the chamber and strongly adsorbed on Rh surfaces after reduction could be removed 

entirely with 6 hours of Ar purging at 330 oC. 

5.2.8. TOF Calculation 

The turnover frequency (TOF, molecules •s−1•atom−1) is defined as the number of 

molecules produced per time on each surface metal atom. The calculation equation47 of 

TOF is: TOF =
𝐹𝑐𝑜2𝑋𝐶𝐻4𝑀

𝑊𝐷𝑥
=

𝑣𝐶𝐻4𝑀

𝐷
, where it involve the molar number of CO2 molecules 

per unit time bulk of the metal(𝐹𝑐𝑜2
, mol•s−1), the proportion of CH4 molecules in the 

outflow (𝑋𝐶𝐻4
), the atomic mass of Rh (M, g•mol−1), the weight of the catalyst bed (W, g), 
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dispersion of Rh (D) and loading amount of Rh on the supports (𝑥). The calculation of 

dispersion48 of Rh is 𝐷 =
6𝑉

𝑎⁄

𝑑
=

6𝑀

𝜌𝜎𝑁𝐴𝑑
, where it involves  the volumes occupied by a Rh 

atom in the bulk of the metal (V, Å3), the surface area occupied by a Rh atom on the surface 

(a, Å2), the mean particle size (d, Å), the atomic mass of Rh (M, 102.9 g •mol−1), the area 

occupied by a surface Rh atom (𝜎,7.58 Å2/atom for Rh), the mass density of Rh (𝜌,12.4 

g•cm−3 for Rh) and Avogadro’s number NA. 

5.2.9. Absorbed Light Power and AQE Calculation 

The percentage of absorbed light power intensity over measured incident light power 

intensity was calculated based on the relationship: 𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝐼𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 +

𝐼𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 + 𝐼𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛.  The portion of transmitted light intensity was measured by a 

customized set-up. The spectra of absorbed light power intensity (Iabsorbed) over different 

photon energy (Ei) were calculated based on the DRS spectra. Integrating the spectra of the 

multiplying product of absorbed or incident light intensity with specific photon energy 

(IabsorbedEi or IincidentEi ) over photon energy (Ei) was calculated to obtain the total absorbed 

or incident photon energy. The total portion of absorbed light power intensity was equal to 

the ratio of total absorbed photon energy over the total illuminated light photon energy.  

Apparent quantum efficiency (AQE) was obtained to dividing the total number of produced 

methane molecules (nCH4) over the total numbers of photons absorbed (nphoton) by catalysts. 

The absorption spectra were normalized (i.e. Inormalized absorbed spectra) against to the highest 

point at a photon energy of 2.6216 eV To obtain nphoton. The photon number at 2.6216 eV 

(n2.6216 eV) was obtained by dividing the total absorbed energy over the normalized photon 

energy, which was the integral area of the spectra of Inormalized absorbedEi over Ei. The total 
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photon number was then obtained by multiplying n2.6216 eV, and the integral area of Inormalized 

absorbed over Ei. More specific examples are shown in Appendix A1.   

5.2.10. Theoretical Temperature Rise under Light  

The cylinder-shaped catalysts bed was assumed as a spherical shape with an equivalent 

radius R. The governing equation for the time-dependent heat transfer can be resolved by 

Pennes’ bio-heat generation model in a spherical coordinate.49-51  The maximum 

temperature rise was estimated ~ 8 oC.  More details are shown in Appendix A.2. 

5.2.11. Mass and Heat Transport Limitation Assessment 

Transport limitation assessment was conducted to guarantee the measured reaction kinetics 

are within a 5% error. The criteria of Weisz-Prater parameter (CWP)52 is used to assess 

internal mass transport; Mears criterion53 is used to evaluate external mass transport; 

Anderson criterion53 is used to assess internal heat transport; Mears criterion53 is used to 

evaluate external heat transport. More details are shown in Appendix A.3. 

5.2.12. Characterizations 

A transmission electron microscope (TEM, JEOL JEM-1400) was used for characterizing 

the morphology of samples. Inductively coupled plasma atomic emission spectroscopy 

(ICP-OES, Thermo Scientific 7000 Series) was used to determine Rh loading contents. 

Diffuse reflectance spectra (DRS) of samples were recorded by an ultraviolet-visible (UV–

vis) spectrophotometer (Thermo Scientific, Evolution 220) equipped with an integrating 

sphere to exclude the scattering effect of nanoparticles.  
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5.3. Results and Discussion 

5.3.1. Material Characterization  

We prepared several rhodium catalysts by an in-situ reduction method (see details in 

Experimental Section), which include Rh/SiOx nanospheres (Rh/SiOx−NSs, Rh sizes of 

1.71 nm, 2.26 nm and 4.20 nm), Rh/mesoporous silica (Rh/MSN, Rh sizes of 2.49 nm and 

MSN sizes of ~20 nm) and Rh/Al2O3 (Rh sizes of 2.13 nm). TEM images and statistic 

histogram of size distributions are shown in Figure 5.5(A-F). The Rh particles are 

uniformly dispersed on all of the supports, showing a well-controlled synesthetic process.   

Figure 5.5(G) presents the diffuse reflectance ultraviolet-visible absorbance spectra 

(DRS) of bare substrates and substrates supported by rhodium nanoparticles with varied 

substrate types and Rh sizes.  The bare SiOx NSs, MSN, and alumina substrates are 

transparent in the visible light range by showing negligible absorption. The substrates 

supported Rh samples show enhanced peak intensity. It means the absorption in the spectra 

should be atributed to Rh nanoparticles.  Samples of Rh/SiOx−NSs hybrid particles with 

different Rh sizes show distinct resonance absorption peaks at ~450 nm and ~700 nm. It is 

resulted from resonance scattering effect by symmetrical dielectric substrates.45, 54, 55  The 

Rh loading amount for 2.26 nm (2.14%) is a bit higher than that of the other two sizes (~1.7 

wt.%), while the loading amounts and sizes of Rh nanoparticles only slightly affect the 

relative intensity and positions of dominant resonance scatter peaks but do not change the 

main feature.  The loading particles with different sizes and amounts have a different light 

absorption intensity, thus leading to a different ability to leak confined electromagnetic 

field confined in the nonspherical resonator.  The irregular shaped substrates of Al2O3 and  
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Figure 5. 5 SEM image and size distribution of SiOx NSs; (B, C, D) TEM images of 

Rh/SiOx hybrid nanoparticles with different Rh sizes (1.71 nm, 2.26 nm, and 4.20 nm); (E) 

TEM images of Rh/Al2O3 and (F) Rh/MSN nanoparticles. The size and size distributions 

of Rh nanoparticles are inset in images. (G) UV-vis diffuse reflectance spectra (DRS) of 

Rh nanoparticles loaded on SiOx NSs, Al2O3, and MSN substrates, and pristine substrates. 
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MSN only exhibit a broad featureless absorption contributed by random scattering effect. 

Such observation agrees with the comparative result in Chapter 2.  Reducing the symmetry 

of dielectric substrates will suppress the resonance scattering of electromagnetic fields.  

Besides, Rh/SiOx -NSs have a lower F(R) intensity, which is defined by K-M function 

(F(R)=(1-R(∞))/(R2(∞)); R(∞) is reflectance), than other substrates.  It should be attributed 

to the larger sizes of SiOx NSs (~400 nm) than MSN (~20 nm) and Al2O3 (~100 nm), 

leading to the higher efficiency of light scattering rather than absorption. The following 

study discusses the CO2 hydrogenation kinetics based on the correction of incident light 

power intensity to absorbed light intensity for a rational comparison (see details in 

Appendix A1).   

5.3.2. Light Power Intensity Dependence 

The catalytic performance was tested by a fix-bed reactor using ~7 mg catalysts of 2.26 nm 

Rh/SiOx-NSs to study the influence of light power intensity on the reaction kinetics and 

selectivity. Since the catalyst bed with a thickness of ~ 0.7 mm was very thin, it could not 

absorb all of the incident light because of transmitted light and scattered light. We corrected 

the light power intensity by set-up and calculation. More details are described in Appendix 

A1. Figure 5.6(A) shows steady-state kinetic results of CO2 hydrogenation for 2.26 nm 

Rh/SiOx−NSs over varied absorbed light power intensity at an operating temperature of 

330 oC.  The ratio of H2 to CO2 is around 13, higher than the theoretical stoichiometric 

ratio of CO2 methanation, while excess hydrogen usage is very typical for CO 

hydrogenation.56 Two products of CO and CH4 were detected. GC signal intensity of CH4 

greatly increases with light power intensity with a slight change in CO peak intensity. With 

higher light power intensity, the production rate of CH4 significantly increases, while CO  
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Figure 5. 6 (A) GC signals of CH4 and CO at 330 oC over different light power intensity. 

(B) CH4 and CO production rates at 330 oC and CH4 selectivity. (C) natural logarithm CO2 

consumption rates and CH4 production rates over reciprocal temperature at a light power 

intensity of 1.5 W•cm−2. 

 

production rates are not affected very much (Figure 5.6(A)). At 1.5 W•cm−2 and 330 oC, 

CH4 production rate increases by 60 times than that of dark condition, and CO production 

rates increase less than four times. Therefore, it leads to an enhancement of CH4 selectivity 

to 99% with an absorbed light power intensity of 1.5 W•cm−2 from 71% under dark 

conditions (Figure 5.6(B)). Activation energies of CO2 consumption rate and CH4 
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production rate were calculated based on the Arrhenius equation with or without light 

illumination (Figure 5.6(C)). Under dark conditions, the activation energies for CO2 

consumption rate and CH4 production rate are 82.1 kJ•mol−1 (0.85 eV) and 115.8 kJ•mol−1 

(1.20 eV), respectively. With an absorbed light power intensity of 1.5 W•cm−2, the 

activation energies for CO2 consumption rate and CH4 production rate decline by ~51% 

and ~67%, respectively, (Figure 5.6(C)).  It means the total CO2 consumption rate is 

increased, while the selectivity of CO2 hydrogenation is exclusively increased.  The change 

of light power intensity is efficient in modulating the selectivity of CH4. 

The enhanced photocatalytic performance might be attributed to photothermal and 

photocatalytic effects, as argued in previous studies.57, 58  The coupling of electron-phonon 

and phonon-environment enables producing heat and temperature rise, leading to a 

phonon-activated adsorbate path similar with thermo-catalysis.  Energetic electrons can 

also dissipate energy through injecting into adsorbates, leading to a photocatalytic path. 

We monitor the temperature rise using a wire thermocouple, which was embedded under 

the thin catalyst bed (Figure 5.7(A)).  The temperature rises, obtained by subtracting the 

temperature under dark conditions from the counterpart with light illumination, almost 

linearly increase with the higher light power intensity and is only up to 11 oC at an incident 

light power intensity of 2.0 W•cm−2 when the setpoint of the temperature is 330 oC (Figure 

5.7(B)).  It is noteworthy that we use a continuous light wave source with a low power 

intensity and the metal particle sizes are below 5 nm.  The local photothermal heat on Rh 

nanoparticle should quickly dissipate to the surrounding environment and reach an 

equilibrium in seconds.  This occasion is different from the usage of a pulse laser that 

transiently produces a large amount of heat that accumulates on the nanoscale seconds 
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Figure 5. 7 (A) Digital photograph of the thermocouple location with a 0.3 mm diameter 

that is embedded under the mesh support. (B) Photothermal effect-induced temperature rise 

is calculated by subtracting the temperature of Rh/SiOx−NSs from the one for SiOx NSs 

while feeding the reactant gases. (C) heat power change from thermal controller under gas 

flow induced by light illumination with and without loading 2.26 nm Rh/SiOx−NSs catalyst 

while flowing the reactant gases. (D) Principal component analysis (PCA) result. The 

catalyst amount is 7.2 mg, and the reactant gas flow rates are 85 ml•h−1 Ar, 35 ml•h−1 CO2, 

and 440 ml•h−1 H2. 
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and affect reaction rates.57  An almost linear temperature rise tendency ∆𝑇 with light power 

intensity 𝐼𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 in this study meets with the theoretical expectations when we 

assume the time 𝑡 reaches to steady-state is not changed, i.e.,  ∆𝑇 =
𝐼𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑙𝑖𝑔ℎ𝑡×𝑡

𝑚𝑚𝑒𝑡𝑎𝑙𝐶𝑠,,𝑚𝑒𝑡𝑎𝑙
.  The 

terms of 𝑚𝑚𝑒𝑡𝑎𝑙 , and 𝐶𝑠,𝑚𝑒𝑡𝑎𝑙  are the metal mass and specific heat capacity of metal, 

respectively.  This linear relationship is met when the temperature rise is low enough 

without any influence on changing the heat capacity of the materials.57   

We also theoretically calculated the maximum temperature rise using Pennies’ bio-

heat generation model49-51 to build up the heat transport when assuming all of the light was 

converted to heat (see more details in Appendix A.3.).  The governing equation for the 

time-dependent heat transfer in a spherical coordinate is: 

1

𝜅𝑚𝑒𝑑𝑖𝑢𝑚

𝜕∆𝑇

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2 𝜕∆𝑇

𝜕𝑟
) −

∆𝑇

𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛
+

𝑄𝑃

𝜆𝑚𝑒𝑑𝑖𝑢𝑚
. 

Here it involves the radius of the catalyst bed (r, m), photothermal heat generation per 

volume of catalyst bed (Qp, W•m−3),  gas perfusion time constant (𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛 , s),  and 

thermal conductivity (𝜆𝑚𝑒𝑑𝑖𝑢𝑚  , W•m-1•K-1), mass density (𝜌𝑚𝑒𝑑𝑖𝑢𝑚 , g•m−3), heat capacity 

(𝑐𝑚𝑒𝑑𝑖𝑢𝑚 , J•g−1•K−1) and thermal diffusivity ( 𝜅𝑚𝑒𝑑𝑖𝑢𝑚 =
𝜆𝑚𝑒𝑑𝑖𝑢𝑚

𝜌𝑚𝑒𝑑𝑖𝑢𝑚𝑐𝑚𝑒𝑑𝑖𝑢𝑚
 , m2•s−1) of 

combined medium (SiOx substrates and gas mixture). At steady state, the analytical 

solution is: 

∆𝑇(0, ∞) =
𝑄𝑝𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛

𝜆𝑚𝑒𝑑𝑖𝑢𝑚
−

𝑄𝑝𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛

𝜆𝑚𝑒𝑑𝑖𝑢𝑚
((1 +

𝑅

√𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛

)𝑒
−𝑅

√𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛
⁄

). 

It further reflects that the temperature rise should linearly correlate with the 

volumetric heat generation. Besides, the gas perfusion helps remove the heat generation 
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and promote heat dissipation, leading to a reduced temperature rise.  If we consume all of 

the absorbed light is converted into heat, the temperature rise is supposed to increase with 

higher light power intensity linearly.  The maximum theoretical value of temperature rise 

is ~ 8 oC when the absorbed light power intensity is 1.5 W cm-2, very close to the measured 

result by a thermocouple.  Such low-temperature rise because the thermal controller could 

reduce input heat power as a response of light illumination and gas perfusion to cool down 

the catalyst bed. The heat power change is similar when the chamber is loaded with or 

without a catalyst (Figure 5.7(C)).  Principal component analysis is used to analyze the 

number of variables for the dataset of reaction rates based on varied light power intensity 

and operating temperature (more information shown in the next section).  The 

photocatalytic rates have two independent parameters, supporting that variables of 

temperature and light power intensity should be individually independent (Figure 5.7(D)). 

It seems the enhanced selective CO2 hydrogenation is mainly attributed to photocatalytic 

rather than photothermal catalysis.  Hot electron driven process in metal enables selective 

activation of important intermediates by hot electron injection into antibonding orbitals of 

the adsorbates depending on the availability and energy levels of unfilled states and 

adsorption configurations.59  However, current evidence can not exclude the possibility of 

temperature rise of metal nanoparticles at a nanoscale and a shot time scale, which needs 

additional experiments in the future.  

5.3.3. Dependence of Photocatalysis on Heat and Light  

Hot electron injection efficiency should be affected by both light power intensity and 

operating temperatures. Previous studies reported that heat is able to assist the reaction 

kinetics of CO2 hydrogenation.58, 60  Chapter 3 in this dissertation also shows a positive  



 146 

 

Figure 5. 8 (A) GC signals of CH4 and CO at 330 oC over different light power intensity; 

mapping of (B) CH4 production rates, (C) CH4 selectivity, and (D) apparent quantum 

efficiencies (AQE) over different light power intensity and reaction temperature. The light 

power intensity refers to corrected absorbed light by catalysts. AQE is defined as the ratio 

of produced CH4 over absorbed light photon number. Inlet gas flow: 85 ml•h−1 Ar, 35 

ml•h−1 CO2, and 440 ml•h−1 H2. 

 

role of heat on the photocatalysis of alcohol oxidation (see Chapter 3).  However, elevating 

temperature is not efficient in improving the selectivity of nitrobenzene coupling reduction 

by Rh photocatalyst in our study (see Chapter 4) or by Cu/graphene in the previous study61.  

Therefore, it is necessary to reveal a quantitative discussion of experimental studies and a 

fundamental understanding of light power dependence, temperature dependence, and their 
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interactions to modulate better photocatalytic performance.  We measured the reaction 

kinetics over varied light power intensity (0 to 1.5 W•cm−2) and reaction temperatures (50 

oC to 360 oC).  Figure 5.8 presents the obtained 3D maps of CH4 production rates, CH4 

selectivity, CH4 apparent quantum efficiencies (AQE), and activation energies of CH4 

production and CO2 consumption.  AQE is the number of CH4 produced with light over 

the photon numbers absorbed by catalysts (see calculation details in Appendix A1). A 

reduction in operating temperature results in a higher enhancement in rates driven by light 

illumination than dark conditions.  For example, a light power intensity of 1.5 W•cm−2 

results in an increment of 350 times in methanation rates at 290 oC (CH4 selectivity of 97 % 

compared to 35% under dark) and 133 times at 310 oC, as compared to 60 times at 330 oC.  

Besides, an absorbed light power intensity of 1.5 W•cm−2 reduced the thermal temperature 

by 220 oC and 240 oC to obtain the same methanation rate with dark conditions. These 

results show that photo-illumination selectively accelerates the catalytic kinetics of 

methane production through the studied temperature range, which process saves the 

thermal energy input.  

Furthermore, the reaction kinetics of CH4 production is exponentially accelerated 

by both heat and photon numbers, resulting in a higher selectivity and AQE at higher 

operating temperatures and light power intensity.  AQE reaches up to 26 % at 360 oC at an 

absorbed light power intensity of 1.3 W•cm−2.  These results reflect that heat and light can 

work synergistically to accelerate methanation rates, while the effect of light is more 

pronounced under lower operating temperatures.  The enhanced catalytic performance with 

photo-illumination is accompanied by reduced activation energies of CO2 consumption and 

CH4 production, which almost converge at the highest power intensity.  Such a gradually  
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Figure 5. 9 (A) Photocatalytic CH4 production rates (i.e., the total rates are subtracted from 

thermally catalytic rates) over varied light power intensity on 2.26 nm Rh/SiOx catalysts. 

The exponent n values are derived from the slope of the fitted data points in the log-log 

figure. A linear to super-linear relationship indicates the single to multiple electronic 

transitions. (B) Sketch of multiple cycles of excitation and de-excitation of vibrational 

modes of the adsorbate on metal resulting from electron injection from the photoexcited 

metal substrates.  

 

decreased tendency of activation energy with higher light power intensity should correlate 

with the features of hot-electron mediated reaction.  It requires us to derive a quantitative 

expression of photocatalytic methanation, depending on temperature and light power 

density. 

The quantitative description of reaction kinetics on temperature dependence relies 

on the Arrhenius equation, k=Aexp(-Ea/RT).  A light power law can describe the empirical 

relationship of photocatalytic reaction kinetics on light power intensity. Figure 5.9(A) 

presents the power-law dependence (𝑣𝐶𝐻4 ,𝑙𝑖𝑔ℎ𝑡 ∝ In) of photocatalytic CH4 rates (𝑣𝐶𝐻4 ,𝑙𝑖𝑔ℎ𝑡)  
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Figure 5. 10 (A) n derived from power law for different catalysts of Rh loading on SiOx 

NSs, Al2O3, and mesoporous silica (MSN) over varied operating temperatures. (B) Effect 

of reactant gas composition effect for 1.71 nm Rh/SiOx−NSs on power law. (C) Natural 

logarithm of CH4 production rates by Rh/MSN, Rh/SiOx−NSs, and Rh/Al2O3 catalysts 

under dark conditions over the reciprocal reaction temperature. (D) Natural logarithm of 

CH4 production rates by 1.71 nm Rh/SiOx−NSs over the reciprocal reaction temperature 

for different gas flow ratios of CO2 and H2. In (A and C), a gas flow of 85 ml•h−1 Ar, 35 

ml•h−1 CO2 and 440 ml•h−1 H2 is co-fed into the reactor. In (B and D), the gas flow rates 

are  85 ml•h−1 Ar, 35 ml•h−1 CO2 and 440 ml•h−1 H2 for 1CO2:11.6 H2 ratios, and 260 ml•h−1  

Ar, 70 ml•h−1 CO2 and 230 ml•h−1  H2 for 1CO2:11.6 H2 ratios, respectively. 
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for 2.26 nm Rh/SiOx−NSs catalysts with a light power density (I) and exponent value (n). 

n values are derived from the slope of the log-log plots.  The meaning of n values physically 

origin from the electronic transitions into the adsorbates to induce the cycles of excitation-

deexcitation of adsorbates.  Increasing the light power density results in an n value from 

nearly one to a value much higher than one, showing the change from linear to super-linear 

dependence of light power.  Other catalysts used in this work have such transitions. This 

phenomenon has been reported widely in the cases of femtosecond laser-induced molecular 

desorption, which describes it as desorption induced by multiple electronic transition 

(DIMET) process.62  The transition of super-linear light power dependence physically 

origins from single electron to multiple electron transition for exciting adsorbates to 

accumulate sufficient vibrational energy higher than the activation barrier and initiate 

reaction before relaxation to initial vibrational states (Figure 5.9(B)),62,63 for the key 

intermediates.  In our study, the key intermediates to produce methane should be the 

carbonyl (CO*) or hydrogenated carbonyl species (HxCO*).  The high light power density 

results in an exponent n value much higher than one.  This transition of exponent values in 

power-law belongs to a typical feature of hot electron-driven reactions on metals.64  A high 

exponent n value (n > 1) means multiple excitations and de-excitations of vibrational 

modes of important adsorbed intermediates induced by energetic hot electrons62.  It is 

favorable to obtain high CH4 production rates with orders of magnitudes at mild light 

power intensity and reaction temperature.  However, it is noted that the temperature rise at 

a nanoscale at high light power intensity needs further verification.  

Besides, we observe n values positively correlate with the reciprocal temperature 

(𝑛~
1

𝑇
) regardless of Rh sizes (1.71 nm~4.20 nm), substrates (SiOx NSs, MSN and Al2O3)  
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Figure 5. 11 Ratio of power-law exponent n values for different substrates, including the 

ratio of n values for SiOx-NSs system over the Al2O3 system or MSN system. 

 

and gas compositions (Figure 5.10(A and B)). The ordering in n values at constant 

temperatures among different catalysts or gas flow compositions positively correlate with 

the order in activation energy.  For example, the activation energies derived from the 

Arrhenius equation are 76 kJ•mol−1, 116 kJ•mol−1, and 129 kJ•mol−1 for Rh/Al2O3, 

Rh/SiOx−NSs, and Rh/MSN, respectively (Figure 5.10(C)). The descending ordering of n 

values at the studied temperatures are Rh/Al2O3, Rh/SiOx−NSs, and Rh/MSN. The 

tendency agrees when changing the gas compositions (Figure 5.10(B and D)).  The 

activation energies for 1CO2:11.6 H2 ratios under the light powers of 1.27~1.09 W•cm−2 

are 57.7~61.7 kJ•mol−1, which are higher than the case of 1CO2:3.3 H2 ratios with 

activation energies in the range of 12.6~26.1 kJ•mol−1.  Exponent n values are higher for 

the latter case.  Specifically, the averaged rate of exponent n values over the measured 

temperatures between SiOx NSs and Al2O3 (1.5±0.1), and SiOx NSs and MSN (0.8±0.1) 

are very close to their activation energy ratio (1.5±0.1 for SiOx NSs and Al2O3, 0.9±0.1 for 
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SiOx NSs and MSN), respectively (Figure 5.11). The highest n value of > 11 is obtained 

for Rh/MSN catalyst at 80 oC with the highest activation energy.  Fitting these data points 

in Figure 10(A) results in an empirical relationship between n values with operating 

temperature and activation barrier under dark conditions, 𝑛 ∝
𝐸𝑎,𝑑𝑎𝑟𝑘

𝑅×𝑇
.   

 A microscopic understanding is necessary to explain the temperature dependence, 

light power dependence, and their interactions on the photocatalytic methanation process. 

The photo-excited hot electrons can transiently transfer into the LUMO orbital of the 

adsorbates, CO* or HxCO*, forming the transient negative ions. It results in a repulsive 

force to push the nuclear motion, and then, the adsorbates of CO* or HxCO* obtain the 

kinetic energy in the excited states.  The relaxation of excited adsorbates into ground states 

makes the system obtain vibrational energy, accompanied by electron transfer to metal.  

The conversion of photon energy absorbed by Rh particles to vibration energy in the 

adsorbates of CO* or HxCO* enables a reduced energy barrier (Figure 5.8(D)).   

A higher number of photons will excite more hot electrons in Rh nanoparticles to 

populate the antibonding orbitals of important intermediates to transient excited states 

(accompanied by energy transfer from hot electrons to adsorbates).  More energy relaxation 

of transient excited states will excite the vibrational states of adsorbates to a higher energy 

level in the ground state of the potential energy surface.  That is why the occurrence of 

super-linear dependence on light power density (Figure 5.9(A)).  A theoretical model of 

𝑛~
𝐸𝑅

ℏ𝑤
 (ℏ𝑤, energy quantum of vibrational states) was proposed for the DIMET process,62 

showing the requisite of more hot-electron scattering events to initiate the reaction with a 

higher depth of potential energy surface.  However, this simple model assuming the 0th 

energy level of the ground state for the initial vibrational state of adsorbates can not account  
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Figure 5. 12 Non-linear surface fitted result of CH4 production rates by Rh/SiOx−NSs (A), 

Rh/Al2O3 (B) and Rh/MSN (C) based on model equation 𝑙𝑛𝑣CH4
= 𝑎 + 𝑏 × 𝑇−1 +

𝑐 × 𝑙𝑛𝐼 + 𝑑 × 𝑇−1 × 𝑙𝑛𝐼 with constants of a, b, c, and d, reaction temperature T, and light 

power density I. 

 

for temperature-dependence on n values.  Bose-Einstein statistic reflects a high temperature 

slightly populates excited vibrational states.  A revised temperature-depending two-

temperature friction model shows such a small enhanced occupation number of excited 

vibrational states at high temperatures enables a significant enhancement in reaction 

probability (transition of initial excited vibrational states to the energy level higher than 
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activation barrier) even by several orders of magnitude.65-68  Besides, elevating operating 

temperatures can populate more hot electrons on a higher energy level.  Therefore, thermal 

heat can assist in enhancing the photocatalytic performance of CO2 hydrogenation (Figure 

8) and also probably reduce the requisite number of electronic transition events in initiating 

the reaction as a result of operating temperature-enhanced reaction probability (Figure 9). 

That might be the reason for an inverse relationship between n and T observed in the current 

study. On the other hand, when the activation energy decreases, it requires less energy 

acquired from electronic transitions, resulting in a reduced number of exponent values in 

the power-law dependence. 

To obtain the quantitative relationship of heat and light on methanation kinetics, 

the 3D mapping of CH4 production rates in the non-linear regime (~0.4 W•cm−2 W) and 

high temperature (170 oC) were fitted by non-linear surface fit (𝑙𝑛𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 =  𝑎 +
𝑏

𝑇
+

𝑐 × 𝑙𝑛𝐼 + 𝑑 × 𝑙𝑛𝐼/𝑇) by Origin software (Figure 5.12), where a, b, c and d are constants 

(a and d >0, and b and c < 0). The obtained non-linear fitting equations for 2.26 nm Rh/SiOx 

catalysts (R2=0.996) (Figure 5.12(A)) is: 

𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 =  1.11 × 108𝑒−6966/𝑇𝐼−5.77+
5253

𝑇 . 

Since 𝑛 =
3720

𝑇
− 3.1  (R2=0.994), 𝐴𝑑𝑎𝑟𝑘 = 1.04 × 1012  and  𝐸𝑎 =116 KJ•mol−1(Figure 

5.10(A and C)),  𝑛 =
0.26×𝐸𝑎

𝑅×𝑇
− 3.1, and the kinetic rate equation can be re-written as: 

𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 = 1.11 × 108(𝑒−
𝐸𝑎,𝑑𝑎𝑟𝑘

𝑅𝑇 )2(𝐼1.41𝑛−1.41) 

= 9365 × 𝐴𝑑𝑎𝑟𝑘 × 𝑣𝐶𝐻4,𝑑𝑎𝑟𝑘
2𝐼1.41𝑛−1.41. 

A similar process is applied for Rh/Al2O3 and Rh/MSN samples. For Rh/Al2O3, the 

obtained non-linear fitting equations (R2=0.969) (Figure 5.13(B)) is: 
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𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 =  6.08 × 106𝑒−5281/𝑇𝐼−1.28+
2336

𝑇 . 

Since 𝑛 =
2450

𝑇
− 1.8  (R2=0.957), 𝐴𝑑𝑎𝑟𝑘 = 1.06 × 109 and  𝐸𝑎 =76 KJ•mol−1 (Figure 

5.10(A and C)), 𝑛 =
027×𝐸𝑎

𝑅×𝑇
− 1.8, and the above equation can be re-written as: 

𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 = 6.1 × 106(𝑒−
𝐸𝑎,𝑑𝑎𝑟𝑘

𝑅𝑇 )1.73(𝐼0.95𝑛) = 164 × 𝐴𝑑𝑎𝑟𝑘 × 𝑣𝐶𝐻4,𝑑𝑎𝑟𝑘
1.73 × 𝐼0.95𝑛 . 

For Rh/MSN, the obtained non-linear fitting equations (R2=0.945) (Figure 5.12(C)) 

is: 𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 =  6.70 × 107𝑒−7844/𝑇𝐼−11.99+
9054

𝑇 .  Since 𝑛 =
6589

𝑇
− 7.4  (R2=0.952), 

𝐴𝑑𝑎𝑟𝑘 = 1.65 × 1012and 𝐸𝑎 =129 KJ•mol−1 (Figure 5.10(A and C)), 𝑛 =
0.42×𝐸𝑎

𝑅×𝑇
− 7.4, 

and the above equation can be re-written as: 𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 = 6.70 ×

107(𝑒−
𝐸𝑎,𝑑𝑎𝑟𝑘

𝑅𝑇 )2(𝐼1.37𝑛−1.85) = 246 × 𝐴𝑑𝑎𝑟𝑘 × 𝑣𝐶𝐻4,𝑑𝑎𝑟𝑘
2𝐼1.37𝑛−1.85. 

The above analysis demonstrates that the photocatalytic rates of CH4 production 

can be generalized as: 𝑣𝐶𝐻4,𝑙𝑖𝑔ℎ𝑡 ≈ 𝑎 × (𝑒−𝐸𝑎,𝑑𝑎𝑟𝑘/𝑅𝑇)1.7~2(𝐼𝑏×𝐸𝑎,𝑑𝑎𝑟𝑘/𝑅𝑇−𝑐) ≈ 𝑎 ×

𝑣𝐶𝐻4,𝑑𝑎𝑟𝑘(𝑇)1.73~2𝐼𝑛(𝑇)′
. 

The empirically derived equation integrating the Arrhenius equation and light 

power laws quantitively reveals the relationship of photocatalytic methanation rate with 

operating temperature and light power intensity.  The presence of light power dependence 

term enables an increase of reaction kinetics by several magnitudes orders higher than that 

of dark conditions, highlighting the advantage of photocatalysis by metallic nanoparticles. 

It enables us to explain how temperature and activation energy affect the power-law 

dependence and final photocatalytic rates.  An increase in activation energy and 

temperature could play both positive and negative roles in enhancing the methanation rates. 
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One term is reflected in the Arrhenius equation, while another term relates to the light 

power-law dependence.  Decreasing the operating temperature or increasing the activation 

energy will increase the contribution from the hot-electron contribution to methanation 

kinetic while decreasing the effect of thermal catalysis.  It seems, in our case, the positive 

effect of increasing operating temperature on increasing the reaction kinetics outperforms 

its negative effect on decreasing the exponent value. Therefore, increasing operating 

reaction temperature and light power intensity synergistically promote CH4 yields. Besides, 

if we want to increase the photocatalytic contribution, a lower operating temperature or 

higher activation energy in the dark will be preferred.  A higher Ea,dark might lead to higher 

photocatalytic rates than that of lower Ea,dark, which is discussed in the next section.  

5.3.4. Substrate Effect and Rh Particle Size Effect  

The effects of dielectric substrates of alumina, mesoporous silica, and silica nanospheres 

on apparent quantum efficiency are compared and studied. Previous studies have reported 

thermally driven methanation rates by metal catalysts supported on alumina substrates 

have about one order of magnitude higher than the cases of silica substrates. 
48, 69-71  The 

reason might be attributed to the ability of absorption and dissociation CO2 molecules and 

interactions between supported metal and alumina substrates.48, 69-71  In this work, we 

observe a similar tendency as shown in Figure 5.10(C).  Rh sizes are in the range of 2.13 

nm~2.49 nm with the same Rh loading amounts of 2.14 wt.%, Rh/Al2O3 catalyst has the 

highest CH4 production rates and lowest activation energy under dark than those using 

silcia substrates.  The effects of substrates on photocatalytic methanation rates are not only 

depending on the thermally driven catalytic process but also their abilities of enhancing 

the light absorption in metal catalysts as light antennas and relationship of heat and light  
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Figure 5. 13 AQE of CH4 production for different substrates of SiOx NSs, MSN and Al2O3 

to support Rh nanoparticles over varied light power density and under varied reaction 

temperatures (200 oC~330 oC). 

 

on methanation kinetics.  Figure 5.5 shows that SiOx NSs substrates supported Rh particles 

have the characteristic feature of resonance scattering peaks, enabling enhanced local 

electromagnetic field intensity by several magnitudes orders than incident light intensity 

for a symmetrical dielectric antenna.72, 73  Irregular shaped MSN and Al2O3 substrates 

supported Rh particles exhibit featureless absorption from random scattering (Chapter 2), 

which might negatively affect the photocatalytic performance. Figure 5.13 presents 
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substrate effects on apparent quantum efficiency over different operating temperatures 

(200 oC~330 oC).  The usage of SiOx NSs as substrates have much higher AQE than MSN 

for all the studied operating temperatures and light power intensities, even outperforming 

the performance of Al2O3 (i.e., one order of magnitude faster kinetic in the dark) at 330 oC.  

It highlights the importance of SiOx NSs used as a light antenna to enhance the light 

absorption in metal and then increase hot electron injection probability.  Besides, the 

empirically derived equation derived from Figure 5.12 also reflects that higher Ea,dark 

corresponds to a higher exponent value n.  Based on this expectation, it is reasonable that 

Rh/SiOx-NSs has a higher activation energy might exhibit a higher photocatalytic rate of 

than Rh/Al2O3 at specific temperatures when the hot electron contribution is large enough 

as compared to the thermal catalysis.  It suggests that hot electron chemistry is able to 

possibly replace the expensive and active substrates with cheap and inert substrates without 

sacrificing or even with better photocatalytic performance.   

Previous studies reported metal particle sizes affecting CO2 hydrogenation kinetics, 

in which small-sized particle has more sluggish kinetics due to its strong CO* binding 

strength and weak availability of H* on the surfaces.48, 74  However, the possibility of 

producing hot electrons with high energy is higher for smaller sized metal particle because 

of the increased chance of electron-surface collision frequency,42, 43 influencing the 

photocatalytic performance significantly. The balance between surface reaction kinetics 

and hot electron injection efficiencies might dictate the overall photocatalytic performance, 

requiring more investigation.  Figure 5.14 presents the influence of Rh particle sizes (1.71 

nm, 2.26 nm, and 4.20 nm) on turn over frequency (TOF) and apparent quantum efficiency 

over different operating temperatures and light power intensities.  More details of the  
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Figure 5. 14 Turnover frequency (TOF) and apparent quantum efficiency (AQE) for 

Rh/SiOx-NSs catalysts with different Rh sizes (4.20 nm, 2.26 nm, and 1.71 nm) over 

different light power density and operating temperatures.  A zoom out figure of TOF at 330 

oC in dark conditions is inset in the corner (A). 
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calculation are shown in the experimental section.  In the dark conditions, the smallest Rh 

particle (1.71 nm) has the lowest turnover frequency, followed by the cases of 2.26 nm and 

then 4.20 nm. The tendency in the dark condition agrees with previous studies,48, 74, 

whereas light illumination changes the ranking.  Light illumination results in the highest 

TOF for the middle size (2.26 nm) at high temperature and light power intensity.  AQE of 

2.26 nm Rh is highest among other measures for all studied operating temperatures and 

light power intensities. Besides, the smallest Rh particles (1.71 nm) have higher AQE than 

that of the largest sized Rh particles (4.20 nm). It demonstrates smaller sizes of metal 

nanoparticles favors a high portion of hot electrons42, 43 to activate important intermediates, 

and overcome large activation barriers in the dark.  It is noted that the empirical model of 

exponent n values (𝑛~
𝐸𝑅

ℏ𝑤
) is generally applied in the cases of comparing different Rh sizes.  

The activation energy of a larger Rh size (below 7 nm) has a lower activation energy of 

CO2 methanation than a smaller size.48  The n values of 1.7 nm are ~0.2 higher than that of 

4.2 nm over the tested temperature ranges (Figure 5.10(A)). However, the exponent values 

of 2.26 nm fall into the middle range of 1.7 nm and 4.2 nm at higher temperatures, whereas 

it becomes higher than the case of 1.7 nm at lower temperatures (200 oC).   

In summary, the above discussion reveals that the photocatalytic performance 

closely relates to the intrinsic catalytic performance of methanation under dark conditions, 

light absorption in metals (i.e., relating to particle size and substrate types), and operating 

temperatures.  Those parameters affect the depth of the potential energy surface, the 

numbers of hot electron production, and the easy of coupling between hot electron from 

metal substrates and adsorbates on the metal surfaces as sketched in Figure 5.9(B), thus 

affecting the behavior and the efficiency of hot electron injection.    
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5.3.5. Proposed Reaction Mechanism  

Previous studies reported that hot electrons in Rh supported by alumina or silica substrates 

enable injecting into CO2 molecules forming negative ions to promote CO2 dissociation13 

or formyl species HCO* to promote C-O dissociation for CH4 production.14  The difference 

in reaction mechanisms might arise from the different Rh sizes and reaction conditions, 

influencing reaction routes.  Analytical results from in-situ characterization are helpful to 

clarify the reaction mechanism. We conducted in situ diffuse reflectance infrared 

spectroscopy (DRIFT) analysis (see assignments in Table 5.1) and derived >40 kinetic 

reaction equations (see Appendix A4) to explore the possible adsorbates activated by hot 

electron, then tuning reaction routes for high CH4 selectivity.  The derived possible reaction 

mechanism relies on the experimental data and reported computed results in previous 

studies.  Main methanation routes include direct or hydrogen-assisted dissociation of CO2 

into adsorbed carbonyl species CO*, followed by direct- or hydrogen-assisted dissociation 

of carbonyl CO* into active C* species, and finally CO* hydrogenation into CH4 (Figure 

5.15).  The possible intermediates for hydrogen-assisted pathways include formates 

HCOO* or carboxylates COOH*, and formyl HCO* or carbonyl hydride species (i.e., co-

adsorption of H* and CO* on the same Rh atoms).  The kinetic balance between CO2 

dissociation, the rate degerming step (RDS) for CO production, and CO* consumption 

(RDS for CH4 production) dictate CH4 selectivity.75  When the production rate of CO* 

from CO2 dissociation is too high, CO* cannot react with available H* and desorbs away 

from the surface, which produces CO gas and suppresses the production of CH4.  In contrast, 

if CO* is easily dissociated and hydrogenated because of a reduced reaction barrier, it is 

possible to simultaneously obtain a promoted selectivity and reaction kinetics.  
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Figure 5. 15 Scheme of possible methanation routes, including the dissociation of CO2 

molecules into CO* adsorbates, CO* dissociation, and CO* hydrogenation through direct 

or hydrogen assisted pathways.  The possible important intermediates in the hydrogen-

assisted pathways include the formates (HCOO*) or carboxylates (COOH*), carbonyl 

hydride, or formyl. 

 

The in situ infrared characterizations were conducted to monitor the intermediates 

change during the reaction and reveal the possible reaction pathways.  The samples used 

for FTIR characterization include bare SiOx substrates, a mixture of Rh particles 

(synthesized by the addition of sodium borohydride into rhodium precursor solutions) with 

potassium bromide, 2.26 nm Rh/SiOx-NSs hybrid particles.  The gas compositions for 

collected FTIR spectra include the mixture of CO2 and Ar for CO2 adsorption, CO2+H2+Ar 

for CO2 hydrogenation, the mixture of formic acid HCOOH and Ar for HCOOH adsorption, 

the mixture of formyl aldehyde HCOH and Ar for HCOH adsorption, the mixture of CO 

and Ar for CO adsorption, and Ar flow for CO desorption.  These tested conditions are 

necessary for figuring out the stable and important intermediates and their conversion rates 
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Table 5. 1 The Summary of FTIR Peak Assignments. 

Sample Conditions 
Assignment/Stretching Frequency 

 (cm-1) 
Species Ref. 

SiOx CO2 or CO2+H2 

 OH 3747 negative signals single -OH 76, 77 

as O-C-O 1678; s O-C-O 1414 m-HCO3* 76, 77 

as O-C-O 1625 bi-HCO3* 76, 77 

as O-C-O1554; s O-C-O 1388 bi-CO3* 76, 77 

Rh/SiOx 

CO2 

as O-C-O 1678; s O-C-O 1414 m-HCO3* 76, 77 

as O-C-O 1625 bi-HCO3* 76, 77 

as O-C-O1554; s O-C-O 1388 bi-CO3* 76, 77 

CO2+H2 

 C=O 2000-2060 
L-CO* or 

carbonyl hydride 
78-81 

 C=O 1910 Brd-CO* 78-81 

 C=O 1802 Br-CO* 78-81 

 C-H 2817, 2708; s O-C-O 1348 bi-HCOO* 76, 82-84 

as O-C-O 1686 m-HCO3* 76, 77 

as O-C-O 1620 bi-HCO3* 76, 77 

HCOOH 

 CH 2939, 2873;  C=O 1741; as O-C-O1589; s 

O-C-O 1359 
HCOOH (gas) 76, 77 

 C=O 2025-2034 L-CO* 78-81 

 C=O 1902-1924 Brd-CO* 78-81 

 C=O 1805 Br-CO* 78-81 

HCOH 
(using trioxane 

as precursor) 

 CH2 2852; 2 CH2 2789; CH2 1470;  CH2 

1410;  CH2 1310 

dioxymethylene 
(HCO)2 

85 

 C=O 2000-2060 
L-CO or 

carbonyl hydride 
78-81 

 C=O 1910 Brd-CO* 78-81 

 C=O 1817 Br-CO* 78-81 

as CO-Rh-CO 2090; s CO-Rh-CO 2020 gem-dicarbonyl 78-81 

 C=O 2000-2060 L-CO* 78-81 

CO 

 C=O 1910 Brd-CO* 78-81 

 C=O 1802 Br-CO* 78-81 

 C=O 2036 

L-CO or 
rhodium 

carbonyl hydride 

78-81 

 C=O 1916 Brd-CO* 78-81 
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Figure 5. 16 DRIFT-FTIR spectra collected under dark conditions. (A) stabilized CO2 

adsorption (35 ml•h−1CO2+965 ml•h−1Ar) on different samples and CO2 hydrogenation (35 

ml•h−1 CO2+35 ml•h−1 H2+930 ml•h−1 Ar) on SiOx NSs;  (B) stabilized CO2 adsorption (35 

ml•h−1 CO2 + 965 ml•h−1 Ar) on Rh/SiOx−NSs catalysts with a clean surface (6 hours of Ar 

blow at 330 oC after H2 reduction)  at different temperatures; (C) CO2 hydrogenation (35 

ml•h−1 CO2 + 35 ml•h−1 H2 + 930 ml•h−1 Ar) on Rh/SiOx−NSs catalysts at different 

temperatures; (D) CO2 adsorption (35 ml•h−1 CO2 + 965 ml•h−1 Ar within 1-20 min) with 

pre-adsorbed hydrogen on catalyst surface (30 minutes of Ar blow at 330 oC after H2 

reduction) at 300 oC, followed by H2 (35 ml•h−1 H2 + 965 ml•h−1 Ar at 20-80 min) and then 

Ar (1000 ml•h−1 Ar blow (80-96 min) purge. 
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monitored by DRIFT-FTIR.  Infrared spectra in Figure 5.16 reveals the stable adsorbates 

under dark conditions. Comparison of CO2 adsorption spectra among bare SiOx substrates, 

Rh particles, and Rh/SiOx-NSs suggests that CO2 molecules are mainly adsorbed on the 

surface of substrates with showing peaks of carbonates CO3
2-* or bicarbonates HCO3

-* at 

1700 cm–1–1300 cm–1 (Figure 5.16(A)). Bare SiOx substrates are not able to hydrogenate 

CO2 without showing any appearance of any new peaks when co-feeding CO2 and H2 into 

the reactor.  When elevating the operating temperature over 150 oC, the spectra of Rh/SiOx- 

NSs under CO2 flow show new minimal peaks at around 2100 cm–1and 1800 cm–1 (Figure 

5.16(B)), which are ascribed to adsorbed carbonyl CO* species from the direct CO2 

dissociation.   

The peak intensity of (bi)carbonates decreases at higher temperature arising from 

their low thermal stability.  However, a co-feeding of CO2 and H2 enables the appearance 

of prominent CO* peaks (2100 cm–1and 1750 cm–1) even at 30 oC (Figure 5.16(C)).  Bare 

SiOx substrates can not induce CO* formation (Figure 5.16(A)), suggesting that the 

presence of Rh particles provides important active sites for hydrogen dissociation to 

hydrogenate CO2 molecules.  Besides, the pronounced CO* peaks (2100 cm–1~1800 cm–1) 

for CO2 + H2 flow even at 30 oC is observed in contrast to minimal intensity for CO2 flow 

at >150 oC.  It means that the dissociation of CO2 with the presence of hydrogen becomes 

easier than the condition without hydrogen, revealing that the hydrogen-assisted pathway 

dominates the CO2 dissociation.  The intermediates of hydrogenated CO2 could be 

bidentate formates75 (bi-HCOO*, 2817 cm–1, 2708 cm–1and 1348 cm–1) appearing <50 oC 

(Figure 5.16(C)), or hydrocarboxylates86 (COOH*, not identified by IR).  These results 

show that hydrogen-assisted CO2 dissociation predominates over the direct-dissociation. 
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Figure 5. 17 Formic acid and formaldehyde adsorption on Rh/SiOx−NSs under 1000 ml•h−1 

Ar flow through a reservoir of formic acid liquid or trioxane (cyclic trimer formaldehyde); 

(B) CO adsorption (35 ml•h−1 CO+965 ml•h−1 Ar ) and hydrogenation (35 ml•h−1 CO+35 

ml•h−1 H2+930 ml•h−1Ar) and CO2 hydrogenation (35 ml•h−1CO2+35 ml•h−1H2+930 

ml•h−1Ar) on Rh/SiOx−NSs at 330 oC. 

 

An elevated reaction temperature up to 150 oC results in a disappearance of bi-

HCOO* peak and increased intensity of CO* peak.  It shows that heat enables promoting 

the dissociation of protonated CO2 species.  The computed activation energy of COOH* 

dissociation (i.e., possible conversion from HCOO*) is 172 kJ•mol−1 (1.68 eV) on Rh 

catalysts.86  The hydrogenated CO2 species (HCOO*, or COOH*) should be the rate-

determining step of CO production, as reported in a previous study.75  Purging H2 into the 

reactor at 300 oC after CO2 flow produces CH4(g) peak (3017 cm–1) accompanied by 

decaying CO* peak intensity (Figure 5.17(D)), which is possible ascribed to the 

hydrogenation or desorption process of CO*.  The formyl species 𝛈1-HCO* (1700 cm–1 to 
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Figure 5. 18 Dependence of CO2 consumption rates (A, B) and CH4 production rates (C, 

D) on CO2 partial pressure and H2 partial pressure under dark or with a light power intensity 

of 1.5 W cm-2 at 330 oC. The H2 partial pressures are constant at 0.410 atm or 0.786 atm in 

(A and C). The CO2 partial pressure is constant at 0.0625 atm in (B and D). Argon is the 

balance gas. The total flow rate is 560 ml•h−1.   

 

1760 cm–1) are instable at >100 K,87 and are not IR identified in our study.  Figure 5.17(A) 

presents the comparison between CO2 hydrogenation, formic acid adsorption, and formyl 

aldehyde adsorption at 50 oC and 330 oC.  Spectra collected under the gas flow of formic 

acid, and formyl aldehyde shows strong C=O peak and dioxymethylene, respectively, at 
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50 oC.  These peaks disappear when elevating the temperature to 330 oC, while strong CO* 

peaks are shown attributed to the dissociation of formic acid and formyl aldehyde.  

Dissociation of formic acid also produces a lot of CO2(g). The formyl species 𝛈1-HCO* 

are not identified. Therefore, it supports that the production of CO* might originate from 

the protonated CO2 intermediates.  Besides, formyl species are not thermal stable or quickly 

consumed, which means their consumption should not participate in the rate-determining 

step or convert to CO* easily.  The CO* adsorption peaks collected under CO gas flow are 

further deconvoluted (Figure 5.17(B)).  The spectra show linear-adsorbed CO* at high 

frequency (L1-CO*) and low frequency (L2-CO*), bridge dicarbonyl CO* (Rh3(CO)2, 

Brd-CO*) and bridge adsorbed CO* (Br-CO*).  Comparing the spectra between CO and 

CO+H2 reflects a red-shift of CO* peaks by 2 cm–1 to 7 cm–1 from CO gas adsorption 

(Figure 5.17(D)).  It shows the possible formation of rhodium carbonyl hydrides, in which 

H* species enable to back donate electrons to metal and then induce a red-shift of CO* 

stretching frequency. Besides, there is not much change in CO* coverages when CO2 is 

co-feeding with hydrogen, showing the predominant coverage of CO* over H* on the metal 

surface. The available H* sites are essential to promote CO* consumption. 

FTIR spectra support the pathway of CO2 dissociation with hydrogen assistance, 

whereas the path of CO* dissociation is not well identified.  We then investigate CO2 and 

H2 partial pressure dependence (Figure 5.18) and derive kinetic equations (Appendix A4), 

further supporting evidence of the H-assisted pathway. The derived kinetic equations are 

used to fit the experimental results of H2 partial pressure dependence.  The goodness of the 

fitting corresponds to the possible reaction pathways of methanation under the dark 

condition.  The reaction orders (m, n) derived from rate laws (rate=k 𝑃𝑚
𝐻2

 𝑃𝑛
𝐶𝑂2

) are  
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Table 5. 2 Goodness of Non-linear Curve Fitting Using Parameters of Adj. R2 in 

Generalized Rate Equations of CH4 Production:(kPH2
m1)/(K1PH2

m2+K2PH2
m3+ 

K3PH2
m4+K4)

n. 

Rate Equation 

in Appendix 

A4 

(m1; m2; m3; m4; n) 
0.5 

W•cm–2 

1.0 
W•cm–2 

1.5 
W•cm–2 

Dark 

(330 
oC) 

Dark 

(510 
oC) 

E5c; E6a; 

E6b 
(3, 1, 2, 0, 3) 0.996 0.993 0.997 0.997 0.992 

E5a (2, 0.5, 1, 0, 3) 0.971 0.868 -0.333 0.982 0.994 

E5b (2, 0.5, 1, 2, 2) 0.989 0.959 -0.598 0.981 0.994 

E4; D7b (2.5, 0.5, 1, 2, 2) 0.988 0.974 0.830 0.986 0.997 

D6; D7a (2, 0.5, 1, 1.5, 2) 0.970 0.890 -0.6 0.976 0.993 

D8 (2.5, 0.5, 1, 1.5, 3) 0.992 0.972 0.720 0.988 0.997 

E6c (3, 0.5, 0, 0, 3) 0.663 0.727 0.839 0.800 0.918 

E2 (0.25, 0.5, -1, 1.5, 2) 0.937 0.992 0.976 0.857 0.976 

E3 (0.5, 0.5, 1, -0.5, 3) 0.945 0.890 0.890 0.540 0.984 

D1 
(0.75, 0.75, -0.25, 0, 

2) 
0.769 0.216 0.254 0.680 0.940 

D5a (1.5, 0.5, 1, 0, 2) 0.805 0.826 0.757 0.934 0.992 

D5b (7/4, 1, 1.5, 0, 2) 0.971 0.841 -0.6 0.970 0.898 

D4 
(1.25, 0.5, 0.25, 0.75, 

3) 
0.881 0.003 -0.600 0.922 0.848 

D2; D3 (1, 0.5, 0, 0, 2) 0.771 -0.115 -0.143 0.803 -0.143 

B6; C4; 

E1a; E1c 
(1.5, 0.5, -0.5, 1, 3) 0.979 0.902 0.985 0.962 0.977 

C1a (0.5, 0.5, 0, 0, 2) 0.355 -0.142 -0.142 -0.142 -0.142 

C1b (5/6, 0.5, 0,0,2) 0.704 -0.143 -0.143 0.617 -0.143 

C3 
(1.25, 0.5, 1, 0.75, 0, 

2) 
0.888 0.125 -0.600 0.921 0.885 

B1a; B4a (0.75, 0.5, 0.25, 0, 2) 0.592 -0.333 -0.333 0.322 -0.333 

B1b (0.75,0.5,0.75,0,2) 0.593 0.683 -0.333 0.406 -0.333 

B2; B4b (1, 0.5, 0, 0, 2) 0.803 -0.115 -0.412 0.803 -0.412 

B3 (1, 0.5, -0.5, 1, 3) 0.970 0.851 0.963 0.881 0.657 

B4c; E1b (1, 0.5, 1, 0, 2) 0.978 -0.187 0.600 0.923 -0.44 

B5b 
(1.25, 0.25, 0.5, 0.75, 

2) 
0.827 0.011 -0.6 0.892 0.838 

A1a (0.5, 0.5, -0.5, 0, 2) 0.551 0.653 0.636 0.542 0.989 

A1b (5/6, 0.5, 1/6, 0, 2) 0.654 -0.333 -0.333 0.553 -0.333 

A1c; C2; B5b (1, 0.5, 0, 0, 3) 0.806 -0.115 -0.143 0.829 -0.142 
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Figure 5. 19 Dependence of CH4 production rates on H2 partial pressure under dark or with 

different light power intensity at different temperatures. In (A, B), the CO2 partial pressure 

are constant at 0.0625 atm, and the total flow rate is 560 ml•h−1 (space velocity: 1010 

ml•s−1•gRh
−1). In (C), the CO2 partial pressure is constant at 0.0125 atm, and the total flow 

rate is 400 ml•h−1 (space velocity: 1854 ml•s−1•gRh
−1). The light power intensity in (B and 

C) is 1.5 W cm−2. 

 

determined when keeping the constant pressure of hydrogen at 0.410 atm and 0.786 atm, 

and the constant pressure of CO2 at 0.0625 atm.  For CO2 consumption rates, H2 partial 

pressure has a reaction order of 0.42, which is close to the reaction orders of CO2 partial 
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pressure (0.43 at PH2=0.786 atm and 0.32 at PH2=0.410 atm) (Figure 5.18(A and B)).  For 

methanation rates, H2 partial pressure has a reaction order of 0.76, which is much higher 

than the reaction orders of CO2 partial pressure (0.006 at PH2=0.786 atm and -0.22 at 

PH2=0.410 atm) (Figure 5.18(C and D)).  It reflects that the coverage of H* significantly 

affects the methanation rates as compared to CO2 consumption rates.  Besides, the adverse 

reaction order of CO2 on methanation rates further supports that the surface is mostly 

covered by carbon species compared to H* species, as shown in Figure 5.17(B).  Five types 

of reaction routes with or without the assistance of hydrogen in CO2 and CO* dissociation 

are analyzed, including  (A) CO2* →CO* →C*, (B) CO2* →CO* →HxCO*→CHx*, (C) 

CO2* →HCOO*→CO*→C*, (D) CO2* →HCOO*→CO*→HCO*→ C* or CHx* and (E) 

CO2* →HCOO*→CO*→H2CO*→ CHx* (Appendix A4).  The derived kinetic equation 

is used to fit the H2 partial pressure dependence (Table 5.2). The goodness of fitting 

corresponds to the possibility of possible reaction routes.  The direct dissociation of CO2, 

CO, or both in routes of (A and C) can not fit well with an R2 parameter lower than 0.97 at 

330 oC under dark, while the participation of hydrogen in the reaction path of (D and E) is 

possible.  Computed results have shown than the activation energy for direct CO* 

dissociation on Rh catalysts (213 kJ•mol−1, 2.2 eV) decreases with the co-existence of one 

H* (143 kJ•mol−1, 1.48 eV) and two H* (130 kJ•mol−1, 1.35 eV).88  The formation of short-

lived CHO* and CH2O* is also preferred for other metals.89 The analysis highlights the 

dominant reaction routes correspond to hydrogen-assisted dissociation paths, which agrees 

with the observations of FTIR tests in our work. 

Light illumination with a light power intensity of 1.5 W cm-2 shows a similar 

dependence of CO2 consumption rates on CO2 partial pressure (0.25 at PH2=0.786 atm and  
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Table 5. 3 Reaction Order of Hydrogen on the Production Rate of Methane (vCH4) and 

Consumption Rate of CO2 (vCO2) with Varied Light Power Intensity, Gas Flow Rates, and 

Operating Temperatures. 

Constant 

CO2 

pressure, atm 

(Gas space 

velocity, 

ml•s−1•gRh
−1) 

Temperature 

(oC) 

Light Power 

Density 

(W•cm−2) 

Initial Reaction 

Order of 

Hydrogen for 

vCH4 

Initial Reaction 

Order of 

Hydrogen for 

vCO2 

0.0625 

(1010) 

330 Dark 0.76 0.43 

510 Dark 1.02 0.59 

330 0.5 0.93 0.17 

330 0.7 1.10 0.24 

330 1.0 2.14 0.28 

330 1.5 2.55 0.53 

230 1.5 2.27 0.28 

0.125 

(1854) 

330 Dark 0.59 0.26 

330 1.5 2.78 0.22 

280 1.5 2.97 0.19 

 

0.58 at PH2=0.410 atm) and H2 partial pressure (0.53) with the case of the dark.  Besides, 

light illumination does not change CO2 partial pressure dependence on methanation rates 

(0 order at constant 𝑃𝐻2
=0.786 atm; -0.19 order at constant 𝑃𝐻2

=0.45 atm).  It shows CO* 

coverage dominates with light, and a similar reaction route for conversion of CO2 to CO* 

exists with or without light illumination. In contrast, initial reaction orders of  𝑃𝐻2
 (i.e. 

before maximum rates) for methanation rates increase from 0.73 to 2.55 with higher light 

power intensity (Figure 5.18(D), Figure 5.19(A), and Table 5.3). Varied reaction 

temperature or constant 𝑃𝐶𝑂2
 does not affect much on the 𝑃𝐻2

dependence (Figure5.19(B 

and C)). Measured kinetics reflect true surface reaction kinetics without the interference of  
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Figure 5. 20 (A) Fitted plot  based on the equation of 
𝑃H2

𝑣CH4
1/3 =

1

𝑘1/3𝑃CO2
1/3 +

𝐾𝑚𝑖𝑥,1𝑃CO2
2/3𝑃H2

𝑘1/3 +
𝐾𝑚𝑖𝑥,2𝑃CO2

2/3𝑃H2
2

𝑘1/3 . (B) most possible reaction routes under dark (blue) 

and light (red) with noting rate-determining steps (RDS). 

 

external or internal transport limitations (see details in Appendix A.3). The unexpected 

high reaction order of hydrogen partial pressure should not relate to transport limitations. 

Hot electron scattering into adsorbates might induce a change in H* coverage and reaction 

pathways of CO* to CH4. Derived kinetic reaction equations (Table A.2 and A.3) are used 

to fit the results of hydrogen partial pressure dependence (Table 5.2). The most practical 

reaction routes  indicated by the best-fitted model for thermal- and photo-catalytical 

catalysis is  𝑣CH4
=

𝑘𝑃CO2𝑃H2
3

(1+𝐾𝑚𝑖𝑥,1𝑃H2+𝐾𝑚𝑖𝑥,2𝑃H2)3 (Figure 5.20(A) and Table 5.2). The possible 

reaction routes are H2CO* hydrogenation as RDS in CO2⇌ HCOO*⇌ CO*⇌ H2CO*→ 

CH2* or C* hydrogenation in CO2⇌HCOO*⇌CO*⇌H2CO*⇌ C→CH2* (Figure 5.20(B)). 

The ratio of rate constant combination for CO*→CH2* or H2CO*→CH2* over CO2⇌ CO* 

increases with higher light power intensity (Table 5.4), showing hot electron-accelerated  
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Table 5. 4 The Parameters Derived from Rate Equation E6a in Extended Data Table 5.2. 

The Constant CO2 Pressure is 0.0625 atm, and the Total Flow Rates is 560 mL•h−1. The 

Operating Reaction Temperature under Light Illumination is 330 oC. 

 
Dark 

(330 oC) 

0.5 

W•cm–2 

0.7 

W•cm–2 

1.0 

W•cm–2 

1.5 

W•cm–2 

Dark 

(510 oC) 

k 
(k6K1

3K2K3K4K8K5/PH2O) 
1.2×106 1.2×107 4.5×107 4.1×106 6.2×105 2.4×107 

Kmix,1 

(K1K2K3K4K8/PH2O) 
139.8 72.6 154.0 9.4 2.4 114.8 

Kmix,2 
(K1

2K2K3K4K5K8/PH2O) 
57.1 172.0 145.2 88.2 21.9 7.9×10-16 

 

k6K5/(K2K3K4K8)
2 

(kCO*→CH2*/KCO2→CO*) 

0.45 32.0 12.4 5.0×103 4.8×104 15.9 

 

k6/(K2K3K4K8) 

(kH2CO*→CH2*/KCO2→CO*) 

1.5×102 9.8×102 2.0×103 5.0×103 1.2×104 2.6×1020 

 

faster CO* dissociation than CO2 dissociation corresponding to higher CH4 selectivity.  For 

thermally driven reaction, other reaction paths are also possible, including HCO* 

dissociation as RDS in CO* ⇌ HCO* → C*, or HCO* hydrogenation as RDS in 

CO*⇌HCO*→ CH* or H2CO*formation as RDS (Figure 5.20(B)).  With a high photon 

flux, a reaction channel that needs high H* availability is preferred, resulting in a broad 

range of reaction orders for hydrogen partial pressure.  We hypothesize that it might be 

attributed to the stronger metal-carbon interactions and a lowered C-O dissociation barrier 

with the influence of hot electron riched metal surfaces.  

We then used DRIFT-FTIR to monitor the conversion rates of CO* with or without 

light.  Figure 5.21(A) presents the comparison of CO2 adsorption on Rh/SiOx catalysts 

between light illumination and under dark conditions.  Light illumination induces a bit 

bump at 1800 cm-1~2100 cm-1 corresponding to CO* peak at >150 oC, demonstrating  
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Figure 5. 21 DRIFT-FTIR measurement result of Rh/SiOx−NSs for (a) CO2 adsorption 

spectra (35 ml•h−1 CO2 + 965 ml•h−1 Ar) with or without light illumination at 30 oC to 330 

oC; (b) CO2 hydrogenation spectra at 30 oC with varied light power density (light power 

increasing from number 1 to 3) under the hydrogen blow (35 ml•h−1 H2 + 965 ml•h−1 Ar) 

after cofeeding CO2 and H2 flow (35 ml•h−1 CO2 + 35 ml•h−1 H2 + 930 ml•h−1 Ar) for 30 

minutes. CO2 hydrogenation spectra at 50 oC and the profile of total CO* integral area over 

time under (A-C) H2-lean condition (35 ml•h−1 CO2 + 35 H2 ml•h−1  H2 + 960 ml•h−1 Ar) 

and (D-F) H2-rich conditions (35 ml•h−1  CO2 + 350 H2 ml•h−1  H2 + 615 ml•h−1 Ar). The 

profile of CO* integral area over time under H2-lean condition (35 ml•h−1 CO2 + 35 H2 

ml•h−1 H2 + 960 ml•h−1 Ar) at 150 oC and 330 oC. 
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that hot electron slightly promotes direct CO2 dissociation.  However, light illumination 

greatly accelerates hydrogen-assisted CO2 dissociation at 30 oC with a higher intensity of 

CO peak intensity with a higher light power intensity (green curves) than that of dark 

conditions (red curves) (Figure 5.21(B)).  It shows that the hydrogen assisted pathway of 

CO2 dissociation predominates over the direct dissociation under light, which is similar to 

dark conditions.  It is reasonable that hot electrons might inject into the antibonding orbitals 

of protonated CO2 species to accelerate CO2 hydrogenation.  We monitored the spectra 

change over time to illuminate the possible intermediates during CO2 hydrogenation at 50 

oC under hydrogen lean (1CO2:1H2) and hydrogen-rich (1CO2:10H2) conditions (Figure 

5.21(C-H)).  The integral area of species of CO*, HCOO*, and bi(carbonates) is obtained 

to quantitively analyze the amounts.  Under dark conditions, the amounts of HCOO*, 

bi(carbonates), and CO* gradually increase and then reach a plateau stage after around 15 

minutes.  With light irradiance, the CO* amounts grow much faster and are more than two 

times higher than that of dark conditions. The higher amounts of CO* are accompanied by 

the disappearance of HCOO* and (bi)carbonates. It shows the possibility of hot electron-

activated hydrogenated CO2 species (HCOO* or COOH*) to lower activation energy and 

accelerate overall reaction rates.  Elevating reaction temperatures over 150 oC enable 

accelerating the production of CO* and enhancing the CO* coverage under dark condition, 

which results in similar kinetics with that of light illumination (Figure 5.21(I)).  It seems 

the thermal energy at 150 oC is enough to excite the adsorbates of hydrogenated species to 

be dissociated, and therefore, the contribution from light is not apparent.  In contrast, the 

dissociation of CO2 with the help of hydrogen is sluggish at low reaction temperatures, 

accelerated by heat or light illumination. The total integral areas of CO* under the light are 
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Figure 5. 22 DRIFT-FTIR spectra of H2 purging after CO2 hydrogenation under H2-lean 

(35 ml•h−1 H2 + 965 ml•h−1Ar) and H2-rich (350 ml•h−1 H2 + 650 ml•h−1 Ar) conditions for 

30 minutes without (A, D) or with (B, E) light at 330 oC and profiles of total CO* integral 

areas overtime under H2-lean (C) and H2-rich (F) conditions. Bidose functions are used to 

fit data. (G-I) CO* desorption spectra (1000 ml•h−1 Ar) and CO* integral areas at 330 oC 

after CO adsorption (35 ml•h−1 CO + 965 ml•h−1 Ar) for 50 min. (J and K) GC signals under 

H2-rich conditions ( 35 ml•h−1 CO+35 ml•h−1 H2+930 ml•h−1 Ar) and H2-rich conditions 

(35 ml•h−1 CO+350 ml•h−1 H2+615 ml•h−1 Ar) at 360 oC. 
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a bit lower than that of dark conditions, possibly because of CO* hydrogenation into CH4 

or CO* desorption. 

We then purged H2 gas into the DRIFT reactor after CO2 hydrogenation to 

investigate the kinetics of the removal of the remaining CO2 or CO* hydrogenation process 

under hydrogen lean (1CO2:1H2) and hydrogen-rich (1CO2:10H2) conditions (5.22 (A-F)).  

The comparison of spectra under dark and light conditions shows that light illumination 

results in higher intensity of CH4(g) peaks (Figure 5.22 (A, B, D, and E)) and shorter time 

for complete removal of CO* by around 1.5 times (Figure 5.22(C and F)) than the case of 

dark conditions. It demonstrates the accelerated kinetics for the conversion of CO* to 

CH4(g).  Besides, the mixture of CO/Ar gas was fed into the DRIFT reactor for 30 minutes 

and then use Ar gas blowing into the reactor to monitor the CO* desorption process 

overtime at 330 oC as shown in Figure 5.22(G-I).  The spectra and integral area profiles 

between light and dark conditions are very similar, indicating that light illumination should 

not enhance CO* desorption.  It means hot-electron should exclusively affect the 

hydrogenation of CO* rather than the desorption of CO*, resulting in high CH4 selectivity. 

We then use CO gas to demonstrate further that hot electron enables affecting the 

methanation of CO gas in addition to CO2 gas.  Figure 5.22(J) presents the GC signals of 

the effluent samples when co-feeding CO gas and H2 gas into the DRIFT reactor with or 

without light illumination at 360 oC, and the calculated methanation rates from CO 

hydrogenation were calculated (Figure 5.22(K)).  The hydrogenation kinetics of CO gas is 

accelerated by showing the higher intensity of CH4 peak under light illumination for 

hydrogen lean and hydrogen-rich conditions.  The results further support hot electrons in 

photoexcited Rh exclusively accelerate the step of CO*→CH4. Besides, more sluggish  
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Figure 5. 23 DRIFT-FTIR peak positions of L1-CO* and Br-CO* over corresponding 

integral areas under different reaction temperatures and different gas compositions. (A, B) 

are derived from Figure 5.21 (C and D); (C and D) are derived from Figure 5.21 (F and G); 

(E and F) are derived from Figure 5.22 (A and B); (G and H) are derived from Figure 5.22 

(D and E). 
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kinetics for CO hydrogenation than CO2 hydrogenation is observed, probably due to toxic 

CO*adsorption occupying H* adsorption sites.  The coverage of H* is essential for CO* 

hydrogenation process.  As shown in Figure 5.22 (C and F), hydrogen-rich influent results 

in a shorter timer in CO* removal by 40 minutes for dark conditions and 80 minutes for 

light conditions than the cases of hydrogen-lean influent.  The methanation rates for CO 

gas hydrogenation are almost doubled for hydrogen-rich conditions (Figure 5.22(J and K)).  

These results agree with the results of hydrogen partial pressure dependence measurements 

(Figure 5.18(D) and 5.19) and DRIFT studies (Figure 5.22(A-F)) for CO2 methanation.  It 

demonstrates the necessity of high numbers of available H* adsorption sites on Rh surfaces 

for enhanced CH4 production.  Besides, the above analysis supports the possibilities of 

CO* dissociation and hydrogenation driven by hot electrons. 

Photoexcited Rh particles enable the production of hot electrons to activate CO* 

species and promoting reaction kinetics.  To support this, we then further analyze the 

change in the strength of the C-O bond during CO hydrogenation under H2-lean (35 ml•h−1 

CO+35 ml•h−1 H2+930 stretching in CO* molecules due to electron transfer with or without 

light illumination.  The peak positions of CO* are affected by both the coverage effect due 

to CO* dipole-dipole interactions and the electronic effect due to the charge transfer 

between metal substrates and CO* molecules. CO* peak positions redshift for reduced 

CO* coverage or electron transition from metal to CO* molecules.  We plot the CO* peak 

position with integral areas to exclude the coverage effect shown in Figure 5.23.  The data 

are derived from Figure 5.21(C, D, F, G) and Figure 5.22(A, B, D, E).  Light illumination 

separately red-shifts stretching frequencies of linearly- and bridge-CO* at zero coverage 

by 3 to 6 cm–1 and 9 to 37 cm–1 at varied temperatures, showing electron back donation  
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Figure 5. 24 (A) TEM image and nanoparticle size distribution, and DRS spectrum (B) of 

Ag/SiOx−NSs catalysts. GC signals (C) and calculated CO production rates (D) from CO2 

hydrogenation with or without light illumination by Ag/SiOx−NSs catalyst at 360 oC. The 

total flow gas rate is 560 ml•h−1. For 1CO2:1H2, the gas composition is 80 ml•h−1 Ar, 240 

ml•h−1 CO2, and 240 ml•h−1 H2; For 1CO2:3H2, the gas composition is 80 ml•h−1 Ar, 120 

ml•h−1 CO2, and 360 ml•h−1 H2. 
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from metal to antibonding CO* orbitals or carbonyl hydrides. Reduced stretching 

frequency indicates easier C-O bond dissociation and hydrogenation since C-O bond 

enthalpy has a positive relationship with peak position (y=0.642x-317.543).90 The 

estimated reduced C-O bond enthalpy for L1-CO* and Br-CO* is 2 to 4 KJ•mol–1, and 6 to 

24 KJ•mol–1, respectively, which can contribute to the reduced methanation activation 

energy (~9 KJ•mol–1 for an estimated light power density of ~0.11 W•cm–2 for infrared 

measurements).  The possibility of hot electron injection should rely in the strong binding 

of COOH* and CO* species on Rh, 91 showing the center of antibonding orbitals located 

at ~2 eV (aligned with visible light photon energy) above Fermi energy of Rh.92   

We tested Ag nanoparticles for photocatalytic CO2 hydrogenation to further 

highlight the importance of strong binding of CO2 and CO* species on suitable metal 

surfaces. A similar synthesis procedure of synthesizing Rh/SiOx-NSs was followed to 

prepare Ag/SiOx-NSs (see details in Experimental Section).  The average size of the Ag 

particle is 5.4 nm, and the metal particles are uniformly distributed on the surfaces of SiOx 

nanospheres (Figure 5.24(A)). The Ag/SiOx-NSs hybrid nanoparticles have resonance 

peaks at ~ 450 nm and ~ 700 nm, similar to Rh/SiOx-NSs nanoparticles (Figure 5.24(B)). 

The catalytic tests at an operating temperature of 360 oC show that CO is the dominant 

product, and there is no noticeable enhancement in kinetics with light (Figure 5.24(C and 

D)) for different gas compositions. The weak affinity of COOH* and CO* with Ag 91, 93 

might lower the efficiency of hot electron scattering into adsorbates and then reduce the 

reaction probability.  Instead, a hot electron in Rh scattering into antibonding orbitals of 

strongly adsorbed HCOO* or COOH* and CO* or HxCO* reduces the activation energy 

of CO2 consumption and CH4 production and accelerates kinetics (Figure 5.25), which is 
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Figure 5. 25 Proposed sketch of the main reaction coordinate (a) and reaction routes (b) of 

CO2 hydrogenation driven by the hot electron in Rh. The activation energy in (a) is from 

Figure 5.6(C). 

 

more efficient by a multi-electronic transition at high photon flux and assisted by heat 

(Figures 5.9 and 5.10).  CO* consumption proceeds faster (i.e., indicated by a larger 

percentage of reduced activation energy) than CO* production from hydrogenated CO2 

species, resulting in high CH4 selectivity.  It is probably due to a higher number of projected 

density of states for antibonding orbitals of HCO*14 or COH*94 than that of  CO*14, 92 or 

COOH*92, and a higher probability of hot electron injection, resulting in enhanced CH4 

CO (g)
CH4 (g)

CH4*

CO2

CO*

HxCO*

- 51%

- 67%

Reaction coordinate

F
re

e
 e

n
e

rg
y

C

O

C

O

CHxCH4

H2

CO(g)

ehot

ehot

CH4(g)

CO2

H2

H

H
H2

H
C

O

H
HH

H2

a

b

Ea 115.8 kJ mol-1

Ea 82.1 kJ mol-1

Ea 

35.5 kJ mol-1

Ea 

38.6 kJ mol-1

C
OO

H

C OHO

C
OO

H

C OHO

ehot



 184 

selectivity. Besides, lower H* coverage occurs with light, possibly due to competitive 

adsorption of more C* and dissociated CO*, which are strongly adsorb on small-sized Rh 

nanoparticles. Without enough H*, CO* can desorb from the surface to produce CO gas. 

5.4. Summary 

It is challenging to drive non-plasmonic metal catalysts generating hot electrons under 

mildly visible light illumination for selective chemical conversions. Herein, we 

demonstrate the feasibility of enhancing absorption of ~ 2 nm rhodium nanoparticles in the 

visible light range by using dielectric spherical SiOx substrates as effective light resonators. 

Enhanced light absorption in rhodium nanoparticles allows producing hot electrons that 

promote selective hydrogenation of CO2 into a kinetically unfavorable product of CH4.  

Light illumination on Rh/SiOx catalysts results in a hot-electron mediated reaction pathway 

by accelerating the dissociation of CO2 and CO* species assisted by hydrogen.  The 

photocatalytic rate exhibits characteristic features of hot-electron-driven reactions, 

showing a superlinear light power dependence and a synergistic effect between light and 

heat.  It is noted that the strong affinity of intermediates with Rh is essential for the efficient 

hot electron injection.  The conclusion is to draw by comparing the photocatalytic activity 

between Rh and Ag nanoparticles.  Other products of CO2 hydrogenation, such as methanol, 

C2H4, and C2H6, can be promoted by photoexcited Cu/ZnO and FeCo catalysts (Figure A.3 

and A.4), resulting from the strong adsorption of CO2 and CO* on the metal surfaces and 

their promoted dissociation driven by hot electrons.   

It is noteworthy that the enhanced kinetics of CO2 hydrogenation by several orders 

of magnitudes lie in the multiple electronic transition at high light power intensities (>1 W 
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cm-2).  It is not safe to say that only hot electrons in the high energy tail participate in the 

reaction.  The temperature increment at a nanoscale or transient time due to photo-

illumination is also possible, even if the wire thermocouple did not show obvious 

temperatures changes, such as hundred degrees, at a steady state.  Future experimental 

study, such as using molecular probe, is necessary to monitor the temperature rise at a 

nanoscale during reaction.  The usage of ultrafast spectroscopy and microscopy are also 

helpful to differentiate the electron-adsorbate and phonon-adsorbate coupling process.  

Besides, the photo-induced desorption of reactants and intermediates are not fully 

addressed in this study, which needs additional experiments to verify this point.   
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CHAPTER 6 

6. CONCLUSIONS, RESEARCH SIGNIFICANCE AND FUTURE RESEARCH 

6.1. Conclusions 

This chapter summarizes all of the findings in the dissertation and discusses the research 

impact and future work.  The dissertation focuses on investigating rhodium-based 

photocatalysts for hot-electron-driven reactions.  Non-plasmonic Rh nanoparticles with 

small sizes have a strong affinity with oxygen-containing molecules but low light 

absorption in the visible range.  We enhanced their optical absorption by loading them onto 

a dielectric silica antenna.  The photocatalytic performance of Rh/SiOx is affected by 

factors of light power intensity, light wavelengths, temperature, partial pressure, in-situ 

infrared characterization, and reaction mechanisms.  Unique reaction pathways are induced 

by hot electron injection into antibonding orbitals of essential intermediates. The success 

of the improved catalytic performance of rhodium nanoparticles under light lies in the 

proper choice of reaction substrates that can closely bind with the surface; it allows for 

electron transfer and populates the unoccupied states of the adsorbates. The basic 

understanding of rhodium-based photocatalysis enables us to develop other metallic 

photocatalysts for a broader range of chemical transformations.   

Chapter 2 reports that SiOx nanosphere (SiOx NSs) and nanorods (r-SiOx NPs) with 

different aspect ratios (0.8 and 1.4) were synthesized and functionalized by amine-

containing silane reagents.  Rh nanoparticles synthesized by a polyol process were loaded 

on the substrates by an electrostatic assembly method. The light absorption of Rh/SiOx 

powders and solutions was studied by diffuse reflectance ultraviolet-visible absorption 
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spectroscopy.  The light scattering modes include resonant and random scatterings that 

strongly depend on the silica geometry.  Spherical silica nanoparticles with the highest 

geometrical symmetry favor the light resonances on the nanoparticle surfaces to promote 

resonant scattering; non-spherical silica nanoparticles mainly support random scattering in 

the visible range.  This study compared the contributions of resonant scattering and random 

scattering to the enhancement of light absorption.  The enhancement factor, which is the 

ratio of light absorbance with SiOx supports over that of without supports, was calculated 

and compared.  SiOx nanospheres are better dielectric light antenna than nanorods.   

Furthermore, the geometrical symmetry effect of silica light antennas was studied. 

The silica nanospheres supported Rh nanoparticles exhibit higher CO2 methanation 

kinetics and CH4 selectivity than rodlike silica supports; this difference is more evident 

with increasing the light power intensity of visible light.  At ~ 2 W cm-2, the methanation 

rates by SiOx-NSs/Rh is more than two times higher than that of Rh/r-SiOx NPs.  The action 

spectra over varied light power intensity also show the higher reaction kinetics by Rh/SiOx-

NSs than Rh/r-SiOx NPs.  The possible reason could be the higher local electromagnetic 

field intensity as the hot spots on the symmetrical silica nanospheres.  Even if the Rh sizes 

and total light absorption are well-controlled, it needs a stricter experimental design for 

future comparative study.  

In Chapter 3, we synthesized different loading amounts of Rh nanoparticles onto 

SiOx nanospheres (0.5 wt.% to 2.0 wt.%) and investigated their light absorption.  The light 

absorption intensity linearly increases with the Rh loading amounts.  Chapter 3 also 

presents the study of the selective oxidation of alcohol by oxygen molecules without or in 

the presence of Rh/SiOx catalyst under dark conditions and the condition with visible light 
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illumination.  A water bath was used to dissipate the heat generated by the photothermal 

effect. The reaction conditions, such as temperatures, the partial pressure of oxygen gas, 

and light power intensity, were studied. The activation energy with or with light irradiance 

was calculated and compared.  The Langmuir-Hinshelwood reaction mechanism was used 

to fit the relationship between reaction rates and oxygen partial pressure; it showed 

associative oxygen adsorption under dark conditions while dissociative adsorption by hot 

electron injection.  Light absorption in the Rh nanoparticles resulted in an efficient 

generation of hot electrons to inject into the O–O bonds adsorbed on Rh surface to cleave 

them into adsorbed oxygen atoms with a much higher oxidizing power.  Activating oxygen 

molecules on photoexcited Rh nanoparticles helps to reduce the reaction barrier and 

accelerate the reaction kinetics.  Increasing electron flux with higher light power intensity 

can further increase the reaction rates.  

Chapter 4 presents that Rh/SiOx catalysts were used to investigate the reduction of 

nitrobenzene by using isopropanol as a hydrogen source.  We conducted gas 

chromatography and NMR analysis to confirm the products.  Azoxybenzene and aniline 

are the only products of nitrobenzene reduction through a coupling pathway and direct 

hydrogenation route.  NMR results show the production of acetone from oxidized 

isopropanol solvent.  This study investigated the effects of light power density from dark 

to 2.0 W•cm-2 on nitrobenzene reduction.  The reaction rate and product selectivity of 

nitrobenzene reduction were significantly improved under the illumination of visible light. 

Increasing light powers accelerate the reduction of nitrobenzene to intermediates and then 

enhances the coupling probabilities, which results in an enhanced selectivity of 

azoxybenzene.  The addition of proton atom scavenger was studied to demonstrate the 
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importance of adsorbed hydron produced from isopropanol on azoxybenzene and aniline 

production.  Azoxybenzene production is more sensitive towards the addition of proton 

scavenger.  It highlights the importance of a fast reduction rate of nitrobenzene for the 

coupling products.   

Chapter 5 reports CO2 hydrogenation by Rh nanoparticles that are supported by 

SiOx nanospheres, mesoporous SiOx nanoparticles, and alumina substrates using a 

stainless-steel fix-bed reactor.  Methane and carbon monoxide are the products of reduced 

CO2.  The reaction conditions, such as temperature, light power intensities, and partial 

pressures of H2 and CO2, were studied.  Sizes (1.7 nm to 4.3 nm) of in-situ loaded Rh 

nanoparticles onto SiOx nanospheres were changed.  Some parameters, such as activation 

energy, n value of power law (reaction yield ∝ light power𝑛), reaction orders of H2 and 

CO2, turnover frequency, and quantum efficiencies were derived and compared. An 

empirical equation of photocatalytic methanation rates was generalized to integrate the 

Arrhenius equation and light power-law.  In situ characterization of diffuse reflectance-

infrared spectroscopy was conducted to investigate the reaction mechanism. Temperature 

changes due to the photothermal effect were monitored using the wire thermocouple with 

varying light illumination powers and temperatures.   

Photoexcited Rh nanoparticles, supported by SiOx nanospheres, can significantly 

increase the selectivity of CH4.  Meanwhile, photo-illumination enhances the reaction 

kinetics, in which the photothermal effect should play a minimal role with temperature 

change around ~20 oC.  Heat and light can work synergistically to improve the reduction 

of CO2, which is a characteristic feature of hot electron driven reaction by metal.  Exponent 

n values of power-law increase with lower temperature and higher activation barrier energy 
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under dark.  Reaction orders of CO2 do not change much with or without light illumination, 

while H2 reaction orders increase to ~ 2.8 at a high light power.  It means the reaction 

mechanism under light illuminance is changed.  Derived rate equations and FTIR analysis 

demonstrated that the possible methanation paths go through hydrogen-assisted CO2 and 

CO* dissociation. The position of adsorbed CO* redshifts for photoexcited Rh, showing a 

reduced stretching frequency of C-O bond resulting from the back donation of the electron 

from Rh particles.  Hot electrons in Rh promote the activation of carbon-containing 

intermediates leading to an enhanced catalytic selectivity and activity.  The suitable 

adsorption strength of these intermediates is necessary for efficient hot electron injection.  

6.2. Research Significance 

This study shows the feasibility of developing efficient Rh-based photocatalyst by loading 

them on the dielectric antenna surfaces.  These findings can offer insights into the rational 

design and synthesis of composite materials for efficient light-harvesting.  It will also 

broadly impact developing non-plasmonic metal photocatalysts in academia and industries 

to catalyze chemical transformations through hot electron-mediated reaction pathways.   

Firstly, this study has demonstrated that hot electrons from photoexcited rhodium 

nanoparticles with sizes below 5 nm can inject into the antibonding orbitals of specific 

molecules to promote the chemical bonds cleavage selectively.  Electron-mediated reaction 

pathways provide a specific channel to improve the production of the desired product, 

which can not be achieved in thermo-catalysis.  For example, in Chapter 4, elevating 

operating temperatures could not further improve the selectivity of azoxybenzene from 

nitrobenzene reduction since the intermediates might not be stable at high reaction 
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temperatures.  This finding provides a potential solution for achieving a unity selectivity 

rather than complicated catalyst design and synthesis.  It is especially essential for the 

production of temperature-sensitive products or semi-hydrogenated products.  

Secondly, photocatalysis on rhodium nanoparticles can significantly reduce the 

operating reaction temperatures and enhance the kinetics by several orders of magnitudes, 

as demonstrated by the catalysis of CO2 hydrogenation in Chapter 5.  Illuminating the light 

at a light power intensity of 1.5 W cm-2 can reduce the thermal temperatures by two 

hundred degrees and enhance the kinetics by 300 times than that of dark conditions.  It 

means photo-illumination enables the reduction of electric energy consumption and 

catalyst cost to achieve the desired production rate.  The significant enhancement in 

reaction kinetics can increase production efficiency and reduce production costs.  The 

lowered temperature can avoid catalyst particle sintering at the high reaction temperature, 

elongate the catalytic stability and durability, and reduce reactor maintenance costs in the 

industry. 

Thirdly, thermal energy, and photon energy can work synergistically to promote 

the reactions.  Increasing the operating temperature and light intensity can synergistically 

accelerate the reaction kinetics of alcohol oxidation in Chapter 3 and CO2 hydrogenation 

in Chapter 5.  It might because elevating the operating temperature has a high possibility 

of populating more hot electrons and vibrational states to higher energy levels, increasing 

the probability of gaining enough vibrational energy to overcome the activation energy 

barrier of bond dissociation.  This finding makes it possible to easily modify current 

infrastructure in the industry for photocatalysts without the necessity of introducing a 

cooling system to maintain the temperature.    
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Lastly, this study investigates the reaction mechanisms by deriving the kinetic 

reaction equations to fit experimental results of partial pressure and conducted in situ 

infrared spectroscopy study; it helps understand the characteristic features of hot-electron 

driven paths.  Hot electron injection from Rh nanoparticles can activate the O-O bond in 

oxygen molecules (Chapter 3), O-N bond in nitrobenzene (Chapter 4), and O-C in carbonyl 

intermediates (Chapter 5). This finding is essential to understand other photocatalytic 

reactions that involve such chemical bonds.  For example, alcohol may go through 

oxidation and condensation to produce ester compounds instead of aldehyde products when 

using oxygen as the oxidants under an alkaline condition.  Besides, dry reforming reaction 

refers to CO2 reduction using the reductant of methane rather than hydrogen.  Even if these 

extended reactions have different reactants or desirable products, the hot electron-mediated 

bond activation proposed in the study can still provide insights into these catalytic reactions.   

6.3. Future Research  

There are some opportunities for future study.  (i) It is essential to explore other light 

antennas and earth-abundant metals.  The high refractive index of dielectric light antenna 

enables strong light absorption of the attached metal nanoparticles, further enhancing the 

photocatalytic performance.  The possible dielectric nanospheres include aluminum oxides 

and zirconium oxides, which have a higher refractive index than silica and high bandgap 

energy to avoid light energy loss.  The combination of the dielectric and plasmonic light 

antenna will be helpful further to enhance the light absorption enhancement of transition 

metals.  It is essential to explore other transition metals, such as iron, nickel, and cobalt, to 

reduce catalyst costs. 



 204 

(ii) In Chapter 2, it might need to further verify the conclusion of faster 

photocatalytic kinetics for SiOx nanospheres as the light antenna than that of rodlike silica 

nanoparticles.  It is challenging to eliminate the difference in optical absorption and 

catalysis in the dark between Rh/SiOx nanospheres and Rh/rodlike silica nanoparticles.   

(iii) In Chapter 3, it is essential to conduct additional experiments to verify further 

that the dominant oxygen species should be molecular under dark and atomic under light 

conditions.  Besides, it is also necessary to demonstrate the possibility of atomic oxygen 

desorption during photo-illumination.  The possible in situ characterization in the presence 

of oxygen gas include in situ investigations of XPS to testify the charge change of rhodium 

nanoparticles and Raman spectroscopy to monitor the chemical bonds, such as Rh-O bond. 

(iv) Reaction mechanism derivation based on deriving kinetic equations and 

infrared study in this dissertation refers to macroscopic levels and the steady-state results.  

Different reaction routes have a similar derived kinetic equation.  Fitting partial pressure 

dependence with derived equations fails to differentiate many reaction mechanisms, such 

as the example in Chapter 5.  It is not possible to differentiate carbonyl hydride or formyl 

species by deriving the kinetic equation.  Theoretical calculation and ultrafast 

measurements are essential to obtain information on a nanosecond or even femtosecond 

timescale and atomic levels for a deep understanding of photocatalytic mechanisms.   

The computational calculation based on density functional theory (DFT) is essential 

to provide information on the energy of various intermediates, transition states, and 

possible reaction routes with the lowest energy barrier.  Computational studies should help 

understand the steric configurations of the density of states of the adsorbate intermediates 

and calculate the localized density of states of intermediates, therefore demonstrating the 
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possibility of hot electron injection.   

The excited state of intermediates with photon illumination might be obtained by 

the time-dependent-DFT calculation method to further verify the hot-electron mediated 

reaction pathways.  Besides, it is essential to conduct ultrafast spectroscopy and 

microscopy characterizations to obtain various information.  We can use in situ ultrafast 

infrared spectroscopy or Raman spectroscopy to capture the short-lived intermediates, such 

as formyl species of HCO* or COH, time-resolved X-ray absorption reactions to obtain the 

information of electron dynamics, and time-resolved Kelvin probe force microscopy to 

map the potential change due to electron transfer with photo-illumination.   

(v) It is still debated that the improved catalytic performance for many reactions 

with the illumination of continuous visible light is attributed to the hot electron chemistry 

or photothermal effect.  The enhanced kinetics of CO2 hydrogenation by several orders of 

magnitudes in Chapter 5 relies on the multiple electronic transition at high light power 

intensity.  It is argued that the the photothermal effect at a nanoscale can not be avoided at 

high light power intensity.  Further studies are needed to clarify this question.  Using 

ultrafast femtosecond spectroscopy can differentiate the electro-electron and electron-

phonon processes, therefore differentiating the hot electron and photothermal effects.  In 

Chapter 5, thermocouple wire usage to monitor the temperature change is based on the 

average information of a millimeter level.  It will be essential to develop temperature-

sensitive molecules to monitor the temperature change at a nanoscale during photocatalytic 

reactions.   

(vi)  This study highlights the important of photo-illumination induced bond 

dissociation through the injection of hot electron from metal nanoparticles to unoccupied 
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orbitals of molecules.  Results in situ FITR study in CO2 hydrogenation did not observe 

obvious carbonyl intermediate desorption with the light irradiance.  However, the photo-

desorption phenomena can not be totally excluded.  Ultrafast in situ spectroscopy 

measurements (Raman and x-ray absorption) are necessary to conduct for the further 

clarification, including the desorption of atomic oxygen species in Chapter 3 and carbonyl 

species in Chapter 5.    

(vii) In Chapter 5, hydrocarbons and alcohols from CO2 hydrogenation are more 

valuable than C1 products (CH4 and CO).  Even if initial studies have shown the enhanced 

production rates of hydrocarbons and alcohols, a more efficient photocatalytic system is 

needed to enhance selectivity greatly.  Current results showed that the C-O bond could be 

cleaved by light illumination, making it possible for carbon-carbon coupling using other 

metals, such as iron, cobalt, and copper, which have a lower hydrogenation ability.  The 

rational catalyst designs will be able to achieve the selective production of C2+ products.  

Besides, it is meaningful to explore other industrially important reactions, such as dry 

reforming, hydrocarbon cracking, C-C coupling reactions, biomass conversion, methane 

oxidation by transition metals to extend the photocatalysis scope. 

Even if there are some critical findings for metallic photocatalysts, it is still a long 

way to apply them in practical applications in industries.  Some technical issues are 

challenging to be overcome.  For example, it requires further improving photon energy 

conversion efficiency through rational catalyst design and some instrument of collecting 

and concentrating solar energy, which helps reduce the electric energy consumption of 

light sources. 
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APPDENDIX A 

A. SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

A.1. Calculation of Apparent Quantum Efficiency 

Apparent quantum efficiency (AQE) is defined as the total number of produced methane 

molecules (nCH4) over the total numbers of photons absorbed (nphoton) by catalysts. Take an 

example of methane production rates at 330 oC and an incident light power density of 2.184 

W•cm−2.  Photocatalytic methane production rate (corrected by subtracting the rates under 

light from that under dark) at 330 oC is 2480.5 mol•gRh
−1•s−1 with using 7.2 mg 2.14 wt.% 

Rh/SiOx catalysts. Then, nCH4 produced in 1s is: 

𝑛𝑚𝑒𝑡ℎ𝑎𝑛𝑒 = 1 𝑠 ×
2480 𝑢𝑚𝑜𝑙

𝑔𝑅ℎ 𝑠
× 7.2 𝑚𝑔 × 2.14% ×

6.02 × 1023

𝑚𝑜𝑙
= 2.34 × 1017 

Calculation of nphoton is complex since the light source is not monochromatic light 

and the catalyst bed is as thin as ~0.7 mm, which cannot absorb all incident light intensity 

of 2.184 W•cm−2.  At the same time, Rh/SiOx catalysts have a strong reflectance 

phenomenon. It means 𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 = 𝐼𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 + 𝐼𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 + 𝐼𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 . The result 

measured by the power meter shows that 14% of incident light intensity is transmitted for 

Rh/SiOx NSs (i.e., 7 % for Rh/Al2O3 and 0 % for Rh/MSN, Figure A.1(A)). The sum of 

percentages of absorbed and reflectance light intensities over incident light intensity is 

86%.  We further use DRS and xenon light source spectra to find the portion of absorbed 

light intensity (Figure A.1(B-C)). Xenon light source spectra correspond to incident light 

intensity Ii, incident over scanning wavelength () or photon energy (Ei), in which Ei =1240 

eV/. DRS spectra of Rh/SiOx catalysts give information of F(R∞’). R∞’ is a 
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Figure A. 1 (A) Transmitted light percent through the catalyst bed (Rh/SiOx−NSs and 

Rh/Al2O3) with an inset sketch of the setup of measurement. (B) Kubelka-Munk intensity 

F(R∞) (black color), percent of the absorbed light (1-R∞) (red color), the intensity of 

incident light, and calculated absorbed light intensity over different photon energy. The 

multiply product between absorbed light (C) or normalized absorbed light (D) and photon 

energy over different photon energy. For Rh/MSN samples, all of the light should be 

absorbed or scattered because of the high thickness of the catalyst bed. The DRS spectra 

and a calculated result of absorbed light of 2.26 nm Rh/SiOx−NSs are used in (B-D). 
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parameter to describe reflectance or emittance measured against standard R∞. R∞ value is 

assumed as 1.  We will use R∞ instead of R∞’ in the following part. R∞ and F(R∞) are defined 

as:𝑅∞ =
𝐼𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒

𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
  𝐹(𝑅∞) =

(1−𝑅∞)2

2𝑅∞
. Therefore, 𝑅∞ over different photon energies can 

be calculated from DRS spectra. Meanwhile, we use enough catalysts to measure DRS 

spectra, in which there is no transmittance.  R∞ can reflect absorption light intensity as 

follows: 𝐼𝑖,𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝐼𝑖,𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 − 𝐼𝑖,𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 = (1 − 𝑅∞) × 𝐼𝑖,𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 . The values of 

(1-𝑅∞) and 𝐼𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛  over photon energy are shown in  Figure A.1(B).   

Integration is done to find the ratio of total photon energy (multiplication product 

of photon numbers and photon energy) of absorbed light over the incident light.  Total 

photon energy is calculated, 𝐸𝑡𝑜𝑡𝑎𝑙 = ∫ 𝐼𝑖
4.0 𝑒𝑉

1.5𝑒𝑉
𝐸𝑖𝑑𝐸𝑖 . Spectra of IiEi is obtained by 

calculation, as shown in Figure A.1(C).  The integral areas for incident and absorption light 

is 3.623 eV and 2.721 eV, respectively.  That means the percentage of absorbed light 

intensity by metal catalysts is 75.1%.  Based on the information mentioned before, we can 

calculate Iabsorption, 𝐼𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
2.18 𝑊

𝑐𝑚2 × 86% × 75.1% =
1.392 𝑊

𝑐𝑚2 . We can convert 

Iabsorption to actual total absorbed photon energy in 1s by considering illuminated areas of 

0.2826 cm2, 𝐼𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 1𝑠 ×
1.392 𝑊

𝑐𝑚2 × 0.2826𝑐𝑚2 ×
𝑒𝑉

1.6×10−19𝐽
= 2.489 × 1018 𝑒𝑉. 

Absorption spectra are normalized against the highest point at a photon energy of 

2.6216 eV To obtain the total absorbed photon number (Figure A.1(D)). Therefore,  

𝑇𝑜𝑡𝑎𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 = 2.489 × 1018  𝑒𝑉 = ∫ 𝑛𝐸𝑖
𝐸𝑖𝑑𝐸𝑖

4.0 𝑒𝑉

1.5 𝑒𝑉
 

= 𝑛2.6216 𝑒𝑉 ∫ 𝐼𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝐸𝑖𝑑𝐸𝑖
4.0 𝑒𝑉

1.5 𝑒𝑉
 = 𝑛2.6216 𝑒𝑉 × 3.516𝑒𝑉. 

Total photon number at 2.6216 eV is equal to 7.08× 1017.  Finally, the total photon number 
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is calculated: 

𝑛𝑡𝑜𝑡𝑎𝑙 = 𝑛2.6216 ∫ 𝐼𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛𝑑𝐸𝑖

4.0 𝑒𝑣

1.5 𝑒𝑉

 

= 7.08 × 1017 × 1.392 = 9.855 × 1017 

Finally, apparent quantum efficient is: 

𝐴𝑄𝐸 =
2.3 × 1017

9.855 × 1017
× 100% = 23.3% 

A.2. Estimation of Theoretical Temperature Rise  

The cylinder-shaped catalysts bed is assumed as a spherical shape with an equivalent radius 

R (0.1678 cm) since the temperature distribution can be considered uniform radially and 

axially, verified by heat transport limitation. It is assumed that all of the absorbed light is 

converted to heat to estimate temperature change over radius and time (∆𝑇(𝑟, 𝑡)). The 

governing equation for the time-dependent heat transfer can be resolved by Pennes’ bio-

heat generation model:1-3 

𝜌𝑚𝑒𝑑𝑖𝑢𝑚𝑐𝑚𝑒𝑑𝑖𝑢𝑚
𝜕∆𝑇

𝜕𝑡
= 𝛻(𝜆𝑚𝑒𝑑𝑖𝑢𝑚𝛻(∆𝑇)) + 𝑄𝑠 + 𝑄𝑝. 

In a spherical coordinate, the equation can be re-written as: 

1

𝜅𝑚𝑒𝑑𝑖𝑢𝑚

𝜕∆𝑇

𝜕𝑡
=

1

𝑟2

𝜕

𝜕𝑟
(𝑟2 𝜕∆𝑇

𝜕𝑟
) −

∆𝑇

𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛
+

𝑄𝑝

𝜆𝑚𝑒𝑑𝑖𝑢𝑚
. 

Here it involves photothermal heat generation per volume of catalyst bed (Qp, W•m−3), 

heat loss from convection (Qs, W•m-3), gas perfusion time constant (𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛 , s),  and 

thermal conductivity (𝜆𝑚𝑒𝑑𝑖𝑢𝑚  , W•m-1•K-1), mass density (𝜌𝑚𝑒𝑑𝑖𝑢𝑚 , g•m−3), heat capacity 
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(𝑐𝑚𝑒𝑑𝑖𝑢𝑚 , J•g−1•K−1) and thermal diffusivity ( 𝜅𝑚𝑒𝑑𝑖𝑢𝑚 =
𝜆𝑚𝑒𝑑𝑖𝑢𝑚

𝜌𝑚𝑒𝑑𝑖𝑢𝑚𝑐𝑚𝑒𝑑𝑖𝑢𝑚
 , m2•s−1) of 

combined medium (SiOx substrates and gas mixture). Perfusion time constant is obtained 

from 𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛 =
1

𝜌𝑁𝑃𝜔𝑁𝑃 
, where it includes the density of nanoparticles in the catalyst 

bed (𝜌NP, gNP•m−3) and gas flow rate per gram of nanoparticles (𝜔NP, m3•gNP
−1•s−1).  

Thermal properties of single-component are obtained from reference.4  The thermal 

conductivity of the combined medium is averaged based on the porosity of the pellet 𝜀, 

silica substrate thermal conductivity 𝜆𝑆𝑖𝑂2
 and averaged gas mixture thermal conductivity 

𝜆𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , which is 𝜆𝑚𝑒𝑑𝑖𝑢𝑚 = (1 − 𝜀) × 𝜆𝑆𝑖𝑂2
+ 𝜀 × 𝜆𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 .  Wilke equation is 

used to obtain the average thermal conductivity of gas mixture.5  The mass density of the 

combined medium is obtained by averaging the density of silica substrate and gas mixture 

based on a mole fraction.  The heat capacity of the combined medium is obtained by 

averaging silica substrate and gas mixture based on the mass fraction.  The mathematical 

resolution of maximum temperature evaluation (∆𝑇(0, ∞)) at r = 0 and infinite time is: 1, 2 

∆𝑇(0, ∞) =
𝑄𝑝𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛

𝜆𝑚𝑒𝑑𝑖𝑢𝑚
−

𝑄𝑝𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛

𝜆𝑚𝑒𝑑𝑖𝑢𝑚
((1 +

𝑅

√𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛

)𝑒
−𝑅

√𝜅𝑚𝑒𝑑𝑖𝑢𝑚𝜏𝑝𝑒𝑟𝑓𝑢𝑠𝑖𝑜𝑛
⁄

). 

Plugging parameters in Table A.1 gives a temperature rise of ~ 8 oC.  
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Table A. 1 Parameters for Calculation of Temperature Rise and Assessing Transport 

Limitation. 

Height of catalyst bed (m) 710-4 

Radius of reactor tube (Rtube, m) 310-3 

Density of nanoparticles in the catalyst bed (𝝆NP, g•cm-3) 7.610-3 

Gas flow rate per gram of nanoparticles (𝜔NP, cm3•gNP
-1•s-1) 1038 

Perfusion time constant (𝜏perfusion, s) 0.1272 

Volumetric heat generation rate (Qp, W•cm-3) 21.41 

Volume fraction of pores in catalyst bed (𝜀) 0.8 

Gas mixture thermal conductivity (𝜆𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒, W•m-1•K-1) 0.0875 

Combined medium thermal conductivity 𝜆𝑚𝑒𝑑𝑖𝑢𝑚or effective 

thermal conductivity of the catalyst pellet 𝜆𝑒𝑓𝑓  (W•m-1•K-1) 
0.3038 

Combined medium density (𝜌𝑚𝑒𝑑𝑖𝑢𝑚 , g•cm-3) 0.3540 

Combined medium specific heat capacity (𝑐𝑚𝑒𝑑𝑖𝑢𝑚 , J•g-1•K-1) 0.8869 

Radius of catalyst particle (Rp, m) 210-4 

Temperature (T, Ts, Tb, Tw, K) 603.15 

Volume or molar fraction of gas species (xAr, xH2, xCO2) 0.1518, 0.7857, 0.0625 

Reaction rate per volume of catalysts pellet (r, mol• m-3•s-1) 19.81 

Binary diffusivity of CO2 in H2 (DAB, m2•s-1) 2.3410-4 

Effective diffusivity (Deff, m
2•s-1) 1.210-4 

Surface concentration of the limiting reagent (Cs, mol•m-3) 2.555 

Total gas flow rates (u, m3•s-1) 9.7210-6 

Dynamic viscosity of the gas mixture (𝜂𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , g•m-1•s-1) 2.8310-2 

Density of the gas mixture (𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , g•m-3) 367 

Kinematic viscosity of the gas mixture (𝜐, m2•s-1) 7.7210-5 

Reynolds number (Re); Schmidt number (Sc); Sherwood number 

(Sh); Prandtl number (Pr); Nusselt number number (Nu) 

1.43;0.33;2.94;0.18; 

2.14 

Gas-particle mass transfer coefficient (k, m•s-1) 1.72 

Reaction enthalpy (∆𝐻,J•mol-1) 2.53105 

Activation energy (Ea, J•mol-1) 4.0104 

Thermal diffusivity of the gas mixture (𝜅𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , m2•s-1) 4.3310-4 

Specific heat capacity of gas mixture (𝑐𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , J•g-1•K-1) 1.915 

Gas-particle heat transfer coefficient (h, m•s-1) 1625 

Péclet number for the mass transfer (Pemass) and heat transfer 

(Peheat) 
1.44;0.25 

Axial thermal conductivity (𝜅𝑎𝑥𝑖𝑎𝑙, m
2•s-1) 5.4110-4 
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A.3. Assessment of Mass and Heat Transportation  

 

Figure A. 2 (A) CH4 production rates and CO2 consumption rates (the sum of CH4 and CO 

production rates) over gas space velocity and concertation (B) of CH4 and reacted CO2 in 

the effluent over the reciprocal space velocity for Rh/SiOx−NSs. The internal mass transfer 

should be neglected since the reaction rates are invariant with the space velocity. 

 

Internal and external transfer resistance that can affect the measurement of temperature and 

reaction kinetics are needed to be excluded.  We find that methanation rates and total CO2 

consumption rates are invariant with gas flow velocity and the concentration of CH4 and 

the total concentration of CH4 and CO in the effluent follows a linear relationship with gas 

velocity (Figure A.2). It means the external mass transport is negligible. We further use 

empirical Weisz-Prater6 and Mears7 criteria to theoretically assess if mass and heat 

transport is negligible to allow a deviation between the observed and intrinsic reaction rates 

and temperature by less than 5 %. The parameter that has been used for the calculation is 

listed in Table A.1.  The thermal properties of single components are obtained from 

reference.4 Extreme conditions are considered. 
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A.3.1. Internal Mass Transport 

Weisz-Prater parameter (CWP)6 is calculated to determine if internal mass transport limits 

the reaction. If internal mass transport is very fast, it should meet with the criterion: 𝐶𝑊𝑃 =

𝑟×𝑅𝑃
2

𝐷𝑒𝑓𝑓×𝐶𝑠
< 1/𝑛. Here it involves reaction rate per volume of catalysts pellet (r, mol• m-3•s-

1), particle radius (Rp, m), effective diffusivity (Deff, m
2•s-1), the surface concentration of 

the limiting reagent (Cs, mol•m-3) and reaction order (n). The effective diffusivity De of 

gas in the catalyst bed is then calculated based on the equation of 𝐷𝑒𝑓𝑓 =
𝐷𝐴𝐵𝜀𝜎𝑐

𝜏
, where 

includes binary diffusivity of CO2 in H2 (DAB, m2•s-1), pellet tortuosity ( 𝜏 ), pellet 

constriction factor  (𝜎𝑐) and pellet porosity (𝜀). DAB of CO2 in H2 in bulk is calculated based 

on the equation by Fuller et al. .8, 𝐷𝐴𝐵 =
10−7𝑇1.75[

1

𝑀𝐴
+

1

𝑀𝐵
]

1/2

𝑃(𝑉𝐴
1/3+𝑉𝐵

1/3)2 . It includes temperature (T, K), 

molecular mass (MA and MB, g•mol-1), pressure (P, atm) and atomic diffusion volume (VA 

and VB). Diffusion volumes of CO2 and H2 can be found in the reference. 8  Pellet tortuosity 

can be estimated based on pellet porosity by 𝜏 =
1

𝜀
. 9 CWP is 0.003 for the rapidest reaction 

rates below 1/n, which means internal mass transport limitation is considered negligible.   

A.3.2. External Mass Transport 

Mears criterion7 is used to determine if external mass transport for an nth order reaction can 

be neglected relative to the surface reaction: 
𝑟×𝑅𝑃

𝑘×𝐶𝑠
<

0.15

𝑛
. Here k refers to gas-particle mass 

transfer coefficient in unit of m•s-1. The calculation of k is based on the Sherwood number, 

Reynolds number and Schmidt number and their correlation reported by Wakao et al.,10 
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𝑆ℎ =
𝑘×𝑑𝑃

𝐷𝑒𝑓𝑓
 = 2 + 1.1 × 𝑅𝑒0.6𝑆𝑐1/3 = 2 + 1.1 × (

𝜀×𝒖×𝑑𝑃

(𝜋𝑅𝑡𝑢𝑏𝑒
2)×𝜐

)0.6(
𝜐

𝐷𝑒𝑓𝑓
)1.3. Here it involves 

total flow rates (u, m3•s-1), inner radius of reactor tube (Rtube, m), kinematic viscosity of 

the mixture (𝜐, m2•s-1). Other parameters are given above. The value of kinematic viscosity 

of the gas mixture is equal to the ratio of the dynamic viscosity of the gas mixture (𝜂𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , 

g•m-1•s-1) over density of the gas mixture (𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , g•m-3). The dynamic viscosity of the 

mixture is estimated based on equation proposed by Wilke et al.,5 𝜂𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = ∑
𝑥𝑖𝜂𝑖

∑ 𝑥𝑗𝜑𝑖𝑗𝑗

𝑁
𝑖=1  

and 𝜑𝑖𝑗 =
(1+(

𝜂𝑖
𝜂𝑗

)0.5(
𝑀𝑊𝑗

𝑀𝑊𝑖
)0.25)2

√8(1+
𝑀𝑊𝑗

𝑀𝑊𝑖
)

. It involves the dynamic viscosity (𝜂𝑖), molar fraction (xi), 

and molecular weight (𝑀𝑊𝑖) of each species. The calculated result of 
𝑟×𝑅𝑃

𝑘×𝐶𝑠
 is equal to 0.001, 

which is far below 0.15/n for an nth order reaction. It shows that the reaction of free of 

external mass transport. 

A.3.3. Internal Heat Transport 

Anderson criterion7 is used to determine whether internal heat transport limits the reaction, 

which means 
|∆𝐻|×𝑟×𝑅𝑃

2

𝜆𝑒𝑓𝑓×𝑇𝑠
<

𝑇𝑠×𝑅

𝐸𝑎
.   Here it involves reaction enthalpy (∆𝐻,J•mol-1), effective 

thermal conductivity of the catalyst pellet (𝜆𝑒𝑓𝑓 , W•m-1•K-1), absolute temperature at the 

catalyst surface  (Ts, K), ideal gas constant (R, J•mol-1•K-1), and activation energy (Ea, 

J•mol-1).  The effective thermal conductivity is averaged based on the porosity of the pellet 

( 𝜀 ), silica substrate thermal conductivity ( 𝜆𝑆𝑖𝑂2
) and averaged gas mixture thermal 

conductivity ( 𝜆𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒) , which is 𝜆𝑒𝑓𝑓 = (1 − 𝜀) × 𝜆𝑆𝑖𝑂2
+ 𝜀 × 𝜆𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 .  

𝜆𝑔𝑎𝑠 𝑚𝑖𝑥𝑡𝑢𝑟𝑒  is estimated based on Wilke equation.5   The calculated result of  
∆𝐻×𝑟×𝑅𝑃

2

𝜆𝑒𝑓𝑓×𝑇𝑠
 is 
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0.001, which is smaller than 0.13 calculated from 
𝑇𝑠×𝑅

𝐸𝑎
 . Therefore, internal heat transport 

inside the catalyst bed can be neglected. 

A.3.4. External Heat Transport 

Mears criterion7 is used to determine if external heat transport for an nth order reaction can 

be neglected relative to a surface reaction. The negligible external heat transport requires  

|∆𝐻|×𝑟×𝑅𝑃

ℎ×𝑇𝑏
<

0.15×𝑇𝑏×𝑅

𝐸𝑎
. Here h refers to gas-particle heat transfer coefficient in unit of m•s-

1 and the temperature of the gas bulk adjacent to the catalyst surface (Tb, K). The calculation 

of h is based on the Nusselt number number, Reynolds number and Prandtl number and 

their correlation reported by Ranz et al.11, 𝑁𝑢 =
ℎ×𝑑𝑃

𝜆𝑒𝑓𝑓
 =  2 + 1.1 × 𝑅𝑒0.6𝑃𝑟1/3 = 2 +

1.1 × (
𝒖×𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒×𝑑𝑃

(𝜋𝑅𝑡𝑢𝑏𝑒
2)×𝜂𝑚𝑖𝑥𝑡𝑢𝑟𝑒

)0.6(
𝜐

𝜅𝑚𝑖𝑥𝑡𝑢𝑟𝑒
)1.3 . Here it involves total flow rates (u, m3•s-1), the 

inner radius of reactor tube (Rtube, m
2), the kinematic viscosity of the gas mixture (𝜐, m2•s-

1), the dynamic viscosity of the gas mixture (𝜂𝑚𝑖𝑥𝑡𝑢𝑟𝑒, g•m-1•s-1), thermal diffusivity of the 

gas mixture (𝜅𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , m2•s-1), the average density of the gas mixture (𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒 , g•m-3), 

and the diameter of the catalyst particle (dP, m). The thermal diffusivity of the gas mixture 

is calculated as 𝜅𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
𝜆𝑒𝑓𝑓

𝜌𝑚𝑖𝑥𝑡𝑟𝑢𝑒𝐶 𝑚𝑖𝑥𝑡𝑢𝑟𝑒
, in which 𝐶 𝑚𝑖𝑥𝑡𝑢𝑟𝑒  (g•mol-1•K-1) is the average 

specific heat capacity of the gas mixture estimated based on the volume fraction (xi) of 

each component (𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒 =
∑ 𝜌𝑖𝑥𝑖𝐶𝑝,𝑖𝑖

𝜌𝑚𝑖𝑥𝑡𝑢𝑟𝑒
). The calculated result of 

|∆𝐻|×𝑟×𝑅𝑃

ℎ×𝑇𝑏
 is equal to 

0.001, which is lower than 0.019 from 
0.15×𝑇𝑏×𝑅

𝐸𝑎
. It shows that external heat transfer is 

negligible.  
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A.3.5. Radial Transport 

The radial transfer is significant when the ratio of the radius of the reactor tube over the 

radius of particle size is below 8.12  The ratio is estimated larger than 15 in our study. 

Therefore, radial dispersion is considered as negligible. To further assess the radial heat 

transfer, Mears criterion7 is used.  If the radial temperature distribution13 is uniform, it 

requires to meet with: 
|∆𝐻|×𝑟×(1−𝜀)×𝑅𝑡𝑢𝑏𝑒

2

𝜆𝑒𝑓𝑓×𝑇𝑤
<

0.4×𝑇𝑡𝑢𝑏𝑒×𝑅

𝐸𝑎
. Here it involves the inner radius 

(Rtube, m) and temperature (Ttube, K) of reactor tube.  The calculated value of left hand is 

0.049, which is a bit smaller than the value of right hand (0.050). It means the free of radial 

heat transfer and uniform temperature distribution.  

A.3.6. Axial Mass and Heat Transfer   

Axial dispersion is assessed by criteria proposed by Young et al.13  For negligible radial 

mass transfer, it requires 
𝑟×(1−𝜀)×𝑑𝑃

𝒖

𝜋𝑅𝑡𝑢𝑏𝑒
2×𝐶0

≪ 𝑃𝑒𝑚𝑎𝑠𝑠.13 Here it involves Péclet number for the 

mass transfer (Pemass), which can be estimated based on its correlation with Reynolds 

number and Schmidt number,14 
1

𝑃𝑒𝑚𝑎𝑠𝑠
=

0.3

𝑅𝑒×𝑆𝑐
+

0.5

1+
3.8

𝑅𝑒×𝑆𝑐

.  Pemass is three orders of 

magnitudes larger than the left side in the criterion. Therefore, axial mass transfer should 

be negligible. For negligible axial heat transfer, it requires 

|∆𝐻|×𝑟×(1−𝜀)×𝑑𝑃
𝒖

𝜋𝑅𝑡𝑢𝑏𝑒
2×(𝑇𝑤−𝑇𝑖𝑛𝑙𝑒𝑡)×𝜌𝑚𝑖𝑥𝑡𝑟𝑢𝑒×𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒

≪ 𝑃𝑒ℎ𝑒𝑎𝑡.13 Here it involves Péclet number for the 

heat transfer (Peheat), which is equal to 

𝒖

𝜋𝑅𝑡𝑢𝑏𝑒
2×𝑑𝑃

𝜅𝑎𝑥𝑖𝑎𝑙
. The axial thermal diffusivity (𝜅𝑎𝑥𝑖𝑎𝑙 , 

m2•s-1) is estimated based on correlation by Wakao et al,10 in which 𝜅𝑎𝑥𝑖𝑎𝑙 =
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𝜆𝑒𝑓𝑓

𝜀×𝜌𝑚𝑖𝑥𝑡𝑟𝑢𝑒𝐶𝑝,𝑚𝑖𝑥𝑡𝑢𝑟𝑒
. Peheat is two orders of magnitudes larger than the left side in the criterion. 

Therefore, axial heat transfer should be negligible.  

A.4. Reaction Mechanism Derivation 

Over 40 reaction kinetics are derived, shown in Table A.2 and Table A.3. The main reaction 

routes include five types: (A) CO2* →CO* →C*, (B) CO2* →CO* →HxCO*→CHx*, (C) 

CO2* →HCOO*→CO*→C*, (D) CO2* →HCOO*→CO*→HCO*→ C* or CHx* and (E) 

CO2* →HCOO*→CO*→H2CO*→ CHx*. The rate-determining steps are assumed, 

including direct dissociation of CO*, formation and hydrogenation of HCO* or H2CO*, 

and hydrogenation of C*, which involve one or two H* or without the help of H*.  

(1) Here it shows the derivation of B1b equation in Table A.2, which treat step 4 as 

rate-determining step (RDS), step 7 as an irreversible step, and other steps as quasi-

equilibrium, and assumes H*, HCO* as most abundance surface intermediates (MASI) 

with coverages (𝜃∗). The derivation is as follow: 

𝜃H∗ = (𝐾2𝑃H2
)

1

2 𝜃∗;𝜃CO∗ =
𝐾1𝑃CO2

𝜃O∗
𝜃∗2;𝜃HCO∗ =

𝐾3𝐾1𝑃CO2(𝐾2𝑃H2)
1
2

𝜃O∗
𝜃∗2;𝐾7𝜃O∗𝜃H∗ = 𝜃OH∗θ∗ 

2𝑣CH4
=

2𝑘4𝐾3𝐾1𝑃CO2
(𝐾2𝑃H2

)
1
2

𝜃O∗
𝜃∗3 = 𝑣8 = 𝑘8𝜃OH∗(𝐾1𝑃H2

)
1
2 𝜃∗ 

𝜃O∗ = (
2𝑘4𝐾3𝐾1𝑃CO2

𝑘8𝐾7(𝐾2𝑃H2)
1/2)1/2𝜃∗;𝜃HCO∗ =

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃CO2)1/2 (𝐾2𝑃H2)3/4

(2𝑘4)1/2 𝜃∗1
 

𝑣CH4
=

𝑘4𝐾3𝐾1𝑃CO2
(𝐾2𝑃H2

)
1
2

(
2𝑘4𝐾3𝐾1𝑃CO2

𝑘8𝐾7(𝐾2𝑃H2
)

1/2)1/2

𝜃∗2 =
(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃CO2

)1/2 (𝐾2𝑃H2
)

3
4

(2)1/2
𝜃∗2
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1 = 𝜃∗ + 𝜃CO∗ + 𝜃H∗;𝜃
∗ =

1

1+(𝐾2𝑃H2)
1
2 +

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃CO2
)1/2 (𝐾2𝑃H2

)3/4

(2𝑘4)1/2

 

𝑣CH4
=

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃CO2
)1/2 (𝐾2𝑃H2

)
3
4

(2)
1
2(1 + (𝐾2𝑃H2

)
1
2  +

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃CO2
)1/2 (𝐾2𝑃H2

)3/4

(2𝑘4)1/2 )2

 

 (2) For E6a equation, it assumes step 6 as RDS and other steps as quasi-equilibrium. 

H2CO* and CO* as MASI. Then,  

𝜃H∗ = (𝐾1𝑃H2
)

1

2 𝜃∗; 𝜃CO2∗ = 𝐾2𝑃CO2
𝜃∗; 𝜃H2O∗ =

𝑃H2O𝜃∗

𝐾8
; 

𝜃HCO2∗ =
𝐾3𝜃CO2∗𝜃H∗

𝜃∗
= 𝐾3(𝐾2𝑃CO2

)(𝐾1
0.5𝑃H2

0.5)𝜃∗ 

𝜃CO∗ =
𝐾4𝜃HCO2∗𝜃H∗

𝜃H2O∗
=

𝐾4 𝐾3𝐾8(𝐾2𝑃CO2)(𝐾1𝑃H2)

𝑃H2O
𝜃∗; 

𝜃H2CO∗ =
𝐾5𝜃CO∗𝜃H∗

2

𝜃∗2 =
 𝐾5𝐾3𝐾4𝐾8(𝐾2𝑃CO2

)(𝐾1
2𝑃H2

2)

𝑃H2O
𝜃∗ 

𝑣CH4
= 𝑘6𝜃H2CO∗𝜃H∗

2 =
𝑘6𝐾5𝐾3𝐾4𝐾8(𝐾2𝑃CO2

)(𝐾1𝑃H2
)3

𝑃H2O
𝜃∗3 

1 = 𝜃∗ + 𝜃CO∗ + 𝜃H2CO∗ 

𝜃∗ =
1

1 +
𝐾4 𝐾3𝐾8(𝐾2𝑃CO2

)(𝐾1𝑃H2
)

𝑃H2O
 +

 𝐾5𝐾3𝐾4𝐾8(𝐾2𝑃CO2
)(𝐾1

2𝑃H2

2)
𝑃H2O

 

𝑣CH4
=

𝑘6𝐾5𝐾3𝐾4𝐾8(𝐾2𝑃CO2)(𝐾1𝑃H2)3

𝑃H2O(1+
𝐾4 𝐾3𝐾8(𝐾2𝑃CO2

)(𝐾1𝑃H2
)

𝑃H2O
 +

 𝐾5𝐾3𝐾4𝐾8(𝐾2𝑃CO2
)(𝐾1

2𝑃H2
2)

𝑃H2O
)3

; 

Where, 𝑘 =
𝑘6𝐾3𝐾4𝐾5𝐾8𝐾2𝐾1

3

𝑃H2O
; 𝐾mix,1 =

𝐾1𝐾2𝐾3𝐾8𝐾4

𝑃H2O
; 𝐾mix,2 =

𝐾1
2𝐾2𝐾3𝐾8𝐾4𝐾5

𝑃H2O
. 

𝑣CH4
=

𝑘𝑃CO2
𝑃H2

3

(1 + 𝐾mix,1𝑃CO2
𝑃H2

 + 𝐾mix,2𝑃CO2
𝑃H2

2)3
 

𝑃CO2
1/3𝑃H2

1

𝑣CH4
1/3 =

1

𝑘1/3 +
𝐾mix,1𝑃CO2𝑃H2

𝑘1/3 +
𝐾mix,2𝑃CO2𝑃H2

2

𝑘1/3 . 
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Table A. 2 Summary of Possible Reaction Steps. 

A: CO2* →CO* →C* 

A1 A2 

  

B: CO2* →CO* →HxCO*→CHx* 

B1 B2 

  

B3 B4 
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Table A. 2 (Continued) 

 

B6 B5 

  

C: CO2* →HCOO*→CO*→C* 

C1 C2 

  

C3 C4 
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Table A. 2 (Continued) 

D: CO2* →HCOO*→CO*→HCO*→ C* or CHx* 

D1 D2 

 
 

D3 D4 

  

D5 D6 

 
 

D7 D8 

  

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO*  +  *

(5) HCO* 
 + *           C*+OH*

(3) HCOO* +*         CO*+OH*

(6) C* 
 + 2H*           CH2*  +  2*

(7)  CH2*+2H*           CH4* +2*

(8)  OH*+H*           H2O* +*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO*  +  *

(5) HCO* 
 + H*           CH*+OH*

(3) HCOO* +*         CO*+OH*

(6) CH* 
 + 3H*           CH4*  +  3*

(7)  OH*+H*           H2O* +*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO*  +  *

(5) HCO* 
 + 2H*          CH2*+OH*+*

(3) HCOO* +*         CO*+OH*

(6) CH2* 
 + 2H*           CH4*  +  2*

(7)  OH*+H*           H2O* +*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO* +*

(7) CH* 
 + 3H*           CH4*  +  3*

(3) HCOO* + H*         CO*+H2O*

(9)   H2O*           H2O +*

(6) C* 
 + H*          CH*+*

(8)  OH*+H*           H2O* +*

(5) HCO* 
 + *          C*+OH*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO*

(6) CH* 
 + H*           CH2*  +  *

(3) HCOO* + H*         CO*+H2O*

(7) CH2* 
 + 2H*           CH4*  +  2*

(9)   H2O*           H2O +*

(5) HCO* 
 + H*          CH*+OH*

(8)  OH*+H*           H2O* +*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO*

(6) C* 
 + H*           CH*  +  *

(3) HCOO* + H*         CO*+H2O*

(7) CH* 
 + 3H*           CH4*  +  3*

(8)   H2O*           H2O +*

(5) HCO* 
 + H*          C*+H2O

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + H*          HCO*+*

(6) CH* 
 + H*           CH2*  +  *

(3) HCOO* + H*         CO*+H2O*

(7) CH2* 
 + 2H*           CH4*  +  2*

(8)   H2O*           H2O +*

(5) HCO* 
 + 2H*        CH*+H2O*+*



 223 

Table A. 2 (Continued) 

E: CO2* →HCOO*→CO*→H2CO*→ CHx* 

E1 E2 

 
 

E3 E4 

 
 

E5 E6 

 
 

 

 

 

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + 2H*          H2CO*  + 2 *

(5) H2CO* 
 + *          C*+H2O*

(3) HCOO* +*         CO*+OH*

(7) CH2* 
 + 2H*           CH4*  +  2*

(8)  OH*+H*           H2O* +*

(6) C* 
 + 2H*           CH2*  +  2*

(9)   H2O*           H2O +*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + 2H*          H2CO*  + 2 *

(5) H2CO* 
 + H*          CH2*+OH*+*

(3) HCOO* +*         CO*+OH*

(6) CH2* 
 + 2H*           CH4*  +  2*

(7)  OH*+H*           H2O* +*

(2) CO2   + H*           HCOO*

(1) H2   + 2*           2H*

(4) CO* 
 + 2H*          H2CO*  + 2 *

(5) H2CO* 
 + 2H*          CH3*+OH*+*

(3) HCOO* +*         CO*+OH*

(6) CH3* 
 + H*           CH4*  +  *

(7)  OH*+H*           H2O* +*

(4) HCOO* +H*          CO* + H2O*

(1) H2   + 2*           2H*

(5) CO* 
 + 2H*         H2CO*  +  2*

(2) CO2   + *           CO2*

(6) H2CO*  +*           C*  +  H2O*

(9) H2O* 
           H2O +  *

(10) CO* 
           CO +  *

(3) CO2 *   + H*           HCOO* + *

(7) C* 
 + 2H*           CH2*

(8) CH2* 
 + 2H*           CH4*+2*
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Table A. 3 Summary of Derived Kinetic Equations Based on Table A. 2. 

A: CO2* →CO* →C* 

A1 

Step 3 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, O*, CO* 

as MASI. 

𝑣CH4
=

(
𝐾1𝐾2𝐾6𝑘3𝑘7

2
)0.5𝑃CO2

0.5 𝑃H2
0.5

[1+𝐾2
0.5𝑃H2

0.5+(
2𝐾1𝑘3

𝐾2𝐾6𝑘7
)0.5(

𝑃𝐶𝑂2
𝑃𝐻2

)0.5+(
𝐾1𝐾2𝐾6𝑘7

2𝑘3
)0.5𝑃CO2

0.5 𝑃H2
0.5]2

 (A1a) 

 

Step 4 as RDS, step 7 as irreversible, others as quasi-equilibrium; H* and CO* 

as MASI. 

𝑣CH4
=

(𝐾1𝐾3𝐾6
2𝑘4𝑘7

2)1/3𝑃CO2

1/3
𝑃H2

5/6.

[1+𝐾2
0.5𝑃H2

0.5+(
𝐾1

2𝐾6𝐾2
1/2𝑘7

2𝑘4𝐾3
)1/3𝑃CO2

2/3
𝑃H2

1/6
]2

 (A1b) 

A2 

Step 4 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, O*, and 

CO* as MASI. 

 

𝑣CH4
=

(2𝑘4𝐾1𝐾3𝑃CO2)
1
3(𝑘7𝐾6)

2
3𝐾2𝑃H2

[1+(𝐾2𝑃H2)
1
2 +(

2𝑘4 𝐾3𝐾1𝑃CO2
𝑘7𝐾6

)
1
3+

(𝐾1𝑃CO2
)2/3(𝑘7𝐾6)1/3

(2𝑘4 𝐾3)1/3 ]3

(A2) 

B: CO2* →CO* →HxCO*→CHx* 

B1 

Step 3 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, CO* as 

MASI. 

𝑣𝐶𝐻4
=

(𝑘3𝑘8𝐾7𝐾1𝑃𝐶𝑂2 )1/2(𝐾2𝑃𝐻2 )
3
4

(2)
1
2[1+(𝐾2𝑃𝐻2)

1
2 +

(𝑘8𝐾7𝐾1𝑃𝐶𝑂2
)1/2(𝐾2𝑃𝐻2

)

1
4

(2𝑘3)

1
2

]2

 (B1a) 

Step 4 as RDS, step 8 as irreversible, others as quasi-equilibrium; H* and 

HCO* as MASI. 

𝑣𝐶𝐻4
=

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃𝐶𝑂2 )1/2 (𝐾2𝑃𝐻2)
3
4

(2)
1
2[1+(𝐾2𝑃𝐻2)

1
2 +

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃𝐶𝑂2
)1/2 (𝐾2𝑃𝐻2

)3/4

(2𝑘4)1/2 ]2

 (B1b) 

B2 

Step 4 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, O*, CO*, 

HCO* as MASI. 

𝑣CH4
=

(𝑘8𝐾7𝑘4𝐾3𝐾1𝑃CO2)1/2 (𝐾2𝑃H2)1

(2)
1
2[1+(𝐾2𝑃H2)

1
2 +(

2𝑘4𝐾3𝐾1𝑃CO2
𝑘8𝐾7

)
1
2+𝐾7(

2𝑘4𝐾3𝐾1𝑃CO2
𝑘8𝐾7

)1/2(𝐾2𝑃H2)
1
2

(𝑘8𝐾7𝐾1𝑃CO2
)
1
2

(2𝑘4𝐾3)

1
2

 + 
 (𝑘8𝐾3𝐾7𝐾1𝑃CO2

𝐾2𝑃H2
)1/2

(2𝑘4)1/2 ]2

  

(B2) 
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Tabe A. 3 (Continued) 

B3 

Step 4 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, O*, OH*, 

CO*, HCO*as MASI. 

 
𝒗𝐂𝐇𝟒

= 
(𝒌𝟖𝑲𝟕𝒌𝟒𝑲𝟑𝑲𝟏𝑷𝐂𝐎𝟐

)𝟏/𝟐 (𝑲𝟐𝑷𝐇𝟐
)𝟏

(𝟐)
𝟏
𝟐[𝟏 + (𝑲𝟐𝑷𝐇𝟐

)
𝟏
𝟐  + (

𝟐𝒌𝟒𝑲𝟑𝑲𝟏𝑷𝐂𝐎𝟐

𝒌𝟖𝑲𝟕
)

𝟏
𝟐(𝑲𝟐𝑷𝐇𝟐

)
𝟏
𝟐 + (

𝟐𝒌𝟒𝑲𝟑𝑲𝟕𝑲𝟏𝑷𝑪𝑶𝟐

𝒌𝟖
)𝟏/𝟐𝑲𝟐𝑷𝑯𝟐

+
(𝒌𝟖𝑲𝟕𝑲𝟏𝑷𝐂𝐎𝟐

)𝟏/𝟐

(𝟐𝒌𝟒𝑲𝟑𝑲𝟐𝑷𝐇𝟐
)𝟏/𝟐  + 

 (𝒌𝟖𝑲𝟑𝑲𝟕𝑲𝟏𝑷𝐂𝐎𝟐
)𝟏/𝟐

(𝟐𝒌𝟒)𝟏/𝟐 ]𝟑

 

(B3) 

 

B4 

Step 3 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, CO* as 

MASI. 

𝑣𝐶𝐻4
=

(𝑘3𝑘8𝐾7𝐾1𝑃𝐶𝑂2)1/2(𝐾2𝑃𝐻2)
3
4

(2)
1
2[1+(𝐾2𝑃𝐻2 )

1
2 +

(𝑘8𝐾7𝐾1𝑃𝐶𝑂2
)1/2(𝐾2𝑃𝐻2

)

1
4

(2𝑘3)
1
2

]2

  (B4a) 

 

Step 4 as RDS, step 7 as irreversible, others as quasi-equilibrium; CO2* and 

H* as MASI. 

 

𝑣𝐶𝐻4
=

𝐾2(
𝐾1𝐾3𝐾6𝑘4𝑘7

2
)0.5𝑃𝐶𝑂2

0.5 𝑃𝐻2

[1+𝐾2
0.5𝑃𝐻2

0.5+(
𝐾1𝐾6𝑘7
2𝐾3𝑘4

)0.5𝑃𝐶𝑂2
0.5 ]2

  (B4b) 

Step 4 as RDS, step 7 as irreversible, others as quasi-equilibrium; CO2*, H2CO*, 

H* as MASI. 

𝑣𝐶𝐻4
=

𝐾2(
𝐾1𝐾3𝐾6𝑘4𝑘7

2
)0.5𝑃𝐶𝑂2

0.5 𝑃𝐻2

[1+𝐾2
0.5𝑃𝐻2

0.5+𝐾2𝐾1𝑃𝐻2 𝑃𝐶𝑂2+(
𝐾1𝐾6𝑘7
2𝐾3𝑘4

)0.5𝑃𝐶𝑂2
0.5 ]2

 (B4c) 

B5 

Step 3 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, O*, OH*, 

CO*as MASI 
𝑣CH4

=
(𝑘7𝐾6 𝑘3𝐾1𝑃CO2

)
1
2 (𝐾2𝑃H2

)
1

(2)
1
2[1 + (𝐾2𝑃𝐻2

)
1
2  + (

2𝑘3𝐾1𝑃𝐶𝑂2

𝑘7𝐾6
)

1
2 + 𝐾6(

2𝑘3𝐾2𝑃𝐻2
𝐾1𝑃𝐶𝑂2

𝑘7𝐾6
)

1
2  +  

(𝑘7𝐾6𝐾1𝑃𝐶𝑂2
)

1
2

(2𝑘3)
1
2

]3

 

(B5a) 

Step 4 as RDS, step 7 as irreversible, other steps as quasi-equilibrium. H*, O*, 

OH*, CO*, H2CO* as MASI. 
𝑣CH4

= 

(𝑘7𝐾6𝑘4𝐾3𝐾1𝑃𝐶𝑂2
)1/2 (𝐾2𝑃𝐻2

)5/4

(2)
1
2[1 + (𝐾2𝑃H2

)
1
2  + (

2𝑘4𝐾3𝐾1𝑃CO2

𝑘7𝐾6
)

1
2(𝐾2𝑃H2

)
1
4 + (

2𝑘4𝐾6𝐾3𝐾1𝑃CO2

𝑘7
)

1
2(𝐾2𝑃H2

)
3/4

 + 
(𝑘7𝐾6𝐾1𝑃CO2

)
1
2

(2𝑘4𝐾3)
1
2(𝐾2𝑃H2

)
1
4

+
 (𝑘7𝐾6𝐾3𝐾1𝑃CO2

)1/2(𝐾2𝑃H2
)3/4

(2𝑘4)1/2 ]2

 

(B5b) 
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Tabe A. 3 (Continued) 

B6 

Step 4 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, O*, OH*, 

CO*, H2CO*, as MASI. 

𝒗𝐂𝐇𝟒
= 

(𝒌𝟕𝑲𝟔𝒌𝟒𝑲𝟑𝑲𝟏𝑷𝑪𝑶𝟐
)𝟏/𝟐(𝑲𝟐𝑷𝑯𝟐

)𝟑/𝟐

(𝟐)
𝟏
𝟐[𝟏+(𝑲𝟐𝑷𝑯𝟐

)
𝟏
𝟐 +(

𝟐𝒌𝟒𝑲𝟑𝑲𝟏𝑷𝑪𝑶𝟐
𝒌𝟕𝑲𝟔

)
𝟏
𝟐(𝑲𝟐𝑷𝑯𝟐

)

𝟏
𝟐+(

𝟐𝒌𝟒𝑲𝟔𝑲𝟑𝑲𝟏𝑷𝑪𝑶𝟐
𝒌𝟕

)
𝟏
𝟐𝑲𝟐𝑷𝑯𝟐

+ 
(𝒌𝟕𝑲𝟔𝑲𝟏𝑷𝑪𝑶𝟐

)𝟏/𝟐

(𝟐𝒌𝟒𝑲𝟑𝑲𝟐𝑷𝑯𝟐
)𝟏/𝟐+

 (𝒌𝟕𝑲𝟔𝑲𝟑𝑲𝟏𝑷𝑪𝑶𝟐
𝑲𝟐𝑷𝑯𝟐

)𝟏/𝟐

(𝟐𝒌𝟒)𝟏/𝟐 ]𝟑

  

 (B6) 

 

 

C: CO2* →HCOO*→CO*→C*  

C1 

Step 4 as RDS, step 8 as irreversible step and other steps as quasi-equilibrium, H* 

and CO* as MASI. 

𝑣𝐶𝐻4
=

 (𝑘8𝑘4𝐾3𝐾2𝑃𝐶𝑂2 𝐾1𝑃𝐻2)1/2

(2)1/2[1+(𝐾1𝑃𝐻2)
1
2 +

(𝑘8𝐾3𝐾2𝑃𝐶𝑂2
𝐾1𝑃𝐻2

)1/2 

(2𝑘4)1/2 ]2

 (C1a) 

Step 5 as RDS, step 8 as irreversible step, others as quasi-equilibrium; H* and 

CO* as MASI. 

 

𝑣𝐶𝐻4
=

𝑘5𝑘8
2/3(𝐾7𝐾4𝐾3𝐾2𝑃𝐶𝑂2 )1/3(𝐾1𝑃𝐻2)5/6 

(2𝑘5)2/3[1+(𝐾1𝑃𝐻2)
1
2 +

𝑘8
1/2𝐾3𝐾2𝑃𝐶𝑂2

(𝐾1𝑃𝐻2
)

1
2 

(2𝑘4𝐾3𝐾2𝑃𝐶𝑂2
)

1
2

]2

 (C1b) 

 

C2 

Step 5 as RDS, step 8 as irreversible step, others as quasi-equilibrium; H* and 

CO* as MASI. 

𝑣CH4
=

(𝑘5𝐾7𝐾4𝐾2𝐾3𝑃𝐶𝑂2)1/3(𝑘8)2/3𝐾1𝑃H2

(2)
2
3[1+(𝐾1𝑃H2)

1
2 +

(𝑘8
1/2𝐾2𝐾3𝑃CO2

)2/3

(2𝑘5𝐾7𝐾4)1/3 ]3

  

 (C2) 

C3 

Step 5 as RDS, step 8 as irreversible step, others as quasi-equilibrium; H*, CO*, 

C* as MASI. 

 

𝑣𝐶𝐻4
= 

(𝑘5𝐾9𝐾2𝐾3𝐾4𝑃𝐶𝑂2 𝑘8)1/2(𝐾1𝑃𝐻2)
5
4

(2𝐾7𝑃𝐻2𝑂)
1
2[1+(𝐾1𝑃𝐻2)

1
2 +

𝐾9𝐾2𝐾3𝑃𝐶𝑂2
(𝐾1𝑃𝐻2

)1

𝑃𝐻2𝑂
+

(𝐾9𝐾2𝐾3𝐾4𝑃𝐶𝑂2
𝑃𝐻2𝑂𝑘8)1/2(𝐾1𝑃𝐻2

)

3
4

𝑃𝐻2𝑂(2𝑘5𝐾7
3)1/2

]2

  

  

(C3) 
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Tabe A. 3 (Continued) 

C4 

Step 5 as RDS, step 8 as irreversible step, others as quasi-equilibrium; H*, 

CO*, C* as MASI. 
𝒗𝐂𝐇𝟒

= 

(𝒌𝟓𝑲𝟗𝑲𝟐𝑲𝟑𝑲𝟒𝑷𝑪𝑶𝟐
𝒌𝟖)𝟏/𝟐(𝑲𝟏𝑷𝑯𝟐

)
𝟑
𝟐

(𝟐𝑲𝟕𝑷𝑯𝟐𝑶)
𝟏
𝟐[𝟏 + (𝑲𝟏𝑷𝐇𝟐

)
𝟏
𝟐  +

𝑲𝟗𝑲𝟐𝑲𝟑𝑷𝐂𝐎𝟐
(𝑲𝟏𝑷𝐇𝟐

)𝟏

𝑷𝐇𝟐𝐎
+

(𝑲𝟗𝑲𝟐𝑲𝟑𝑲𝟒𝑷𝐂𝐎𝟐
𝒌𝟖)𝟏/𝟐(𝑲𝟏𝑷𝐇𝟐

)
𝟏
𝟐

(𝟐𝒌𝟓𝑲𝟕𝑷𝐇𝟐𝐎)𝟏/𝟐 ]𝟑

 

(C4) 

 

 

D: CO2* →HCOO*→CO*→HCO*→ C* or CHx*  

D1 

Step 5 as RDS, step 8 as irreversible, others as quasi-equilibrium; CO*, HCO*, 

O* as MASI. 

𝑣𝐶𝐻4
= 

(𝐾2𝐾3𝐾4𝑘8𝑘5𝑃𝐶𝑂2
)

1
2(𝐾1𝑃𝐻2

)
3
4

(2)1/2[1+(
𝑘8𝐾3𝐾2𝑃𝐶𝑂2

2𝑘5𝐾4
)

1
2(𝐾1𝑃𝐻2

)
3
4 + (

𝐾2𝐾3𝐾4𝑘8𝑃𝐶𝑂2

2𝑘5
)

1
2(𝐾1𝑃𝐻2

)
3
4 + (

2𝑘5𝐾2𝐾3𝐾4𝑃𝐶𝑂2

𝑘8𝐾7
2 )

1
2(𝐾1𝑃𝐻2

)
−1
4 ]2

 

(D1) 

D2 

Step 6 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, HCO*, 

OH* as MASI. 
𝑣CH4

= 

(𝑘6𝑘8)2/3(𝐾5𝐾4𝐾3𝐾2𝑃𝐶𝑂2 )1/3𝐾1𝑃𝐻2

(2)
1
3[1+(𝐾2𝑃𝐻2)

1
2 +

(𝑘8)1/3(𝐾4𝐾3𝐾2𝑃𝐶𝑂2
)2/3(𝐾1𝑃𝐻2

)
1
2

(2𝑘6𝐾5)1/3 +(
2𝑘6𝐾5𝐾4𝐾3𝐾2𝑃𝐶𝑂2

𝑘8
)1/3(𝐾1𝑃𝐻2)1/2]2

 (D2) 

D3 

Step 5 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, HCO*, 

OH* as MASI. 
𝑣CH4

= 

(𝑘5𝑘7𝐾3𝐾2𝑃CO2
)1/2(𝐾1𝑃H2

)1

(2)
1
2[1 + (𝐾1𝑃𝐻2

)
1
2  + (

2𝑘5𝐾3𝐾2𝑃CO2
(𝐾1𝑃H2

)1

𝑘7
)

1
2 +

(𝑘7𝐾3𝐾2𝑃CO2
)1/2(𝐾1𝑃H2

)1/2

(2𝑘5)
1
2

]2

 

(D3) 

D4 

Step 5 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, HCO*, 

OH* as MASI. 
𝑣CH4

= 

(𝑘5𝑘7𝐾3𝐾2𝑃CO2
)1/2 (𝐾1𝑃H2

)5/4

(2)
1
2[1 + (𝐾1𝑃𝐻2

)
1
2  +

(𝑘7𝐾3𝐾2𝑃CO2
)1/2 (𝐾1𝑃H2

)1/4

(2𝑘5)
1
2

+ (
2𝑘5𝐾3𝐾2𝑃CO2

𝑘7
)

1
2(𝐾1𝑃H2

)
3
4]3

 

(D4) 
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D5 

Step 5 as RDS, others as quasi-equilibrium; H*, CO* as MASI 

𝒗𝐂𝐇𝟒
=

𝒌𝟓𝑲𝟗𝑲𝟒𝑲𝟑(𝑲𝟐𝑷𝐂𝐎𝟐
)(𝑲𝟏𝑷𝐇𝟐

)𝟑/𝟐

𝑷𝐇𝟐𝐎[𝟏 + 𝑲𝟏
𝟎.𝟓𝑷𝐇𝟐

𝟎.𝟓 +
𝑲𝟗𝑲𝟑(𝑲𝟐𝑷𝐂𝐎𝟐

)(𝑲𝟏𝑷𝐇𝟐
)

𝑷𝐇𝟐𝐎
]𝟐

 

(D5a) 

Step 6 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, CO* and 

HCO* as MASI. 
𝑣CH4

= 

(𝑘6𝑘8𝐾5𝐾9𝐾4𝐾3𝐾2𝑃CO2
)1/2(𝐾1𝑃H2

)7/4

(𝑃H2O)
1
2[1 + 𝐾1

0.5𝑃H2

0.5 +
𝐾9𝐾3(𝐾2𝑃CO2

)(𝐾1𝑃H2
)

𝑃H2O
+

𝐾9𝐾4𝐾3(𝐾2𝑃CO2
)(𝐾1𝑃H2

)
3
2

𝑃H2O
]2

 

(D5b) 

D6 

Step 5 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, CO* and 

HCO* as MASI. 
𝑣CH4

=
(𝑘6𝑘8𝐾5𝐾9𝐾4𝐾3𝐾2𝑃𝐶𝑂2

)
1
2(𝐾1𝑃𝐻2

)2

(𝑃𝐻2𝑂)
1
2[1 + 𝐾1

0.5𝑃𝐻2

0.5 +
𝐾3𝐾9(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)

𝑃𝐻2𝑂
+

𝐾4𝐾3𝐾9(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)3/2

𝑃𝐻2𝑂
]2

 

(D6) 

D7 

Step 5 as RDS, other steps quasi-equilibrium; H*, CO* and HCO* as MASI. 

𝑣𝐶𝐻4

=
𝑘5𝐾4𝐾3𝐾8(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)2

𝑃𝐻2𝑂[1 + 𝐾1
0.5𝑃𝐻2

0.5 +
𝐾8𝐾3(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)

𝑃𝐻2𝑂
+

𝐾4𝐾3𝐾8(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)3/2

𝑃𝐻2𝑂
]2

  

(D7a) 

Step 6 as RDS, other steps quasi-equilibrium; H*, CO*, C* as MASI. 

𝑣𝐶𝐻4
= 

𝑘6𝐾5𝐾4𝐾3𝐾8
2(𝐾2𝑃𝐶𝑂2)(𝐾1𝑃𝐻2)2.5

𝑃𝐻2𝑂
2[1+𝐾1

0.5𝑃𝐻2
0.5+

𝐾8𝐾3(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)

𝑃𝐻2𝑂
+

𝐾8𝐾4𝐾3(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)3/2

𝑃𝐻2𝑂
+

𝐾5𝐾4𝐾3𝐾8
2(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)2

𝑃𝐻2𝑂
2 ]2

 

(D7b) 

D8 

Step 5 as RDS, others as quasi-equilibrium; H*, CO* and HCO* as MASI  
𝑣𝐶𝐻4

= 

𝑘5𝐾8𝐾4𝐾3𝐾2𝑃𝐶𝑂2
(𝐾1𝑃𝐻2

)2.5

𝑃𝐻2𝑂[1 + (𝐾1𝑃𝐻2
)

1
2  +

𝐾8𝐾4𝐾3𝐾2𝑃𝐶𝑂2
(𝐾1𝑃𝐻2

)1.5

𝑃𝐻2𝑂
+

𝐾8𝐾3𝐾2𝑃𝐶𝑂2
(𝐾1𝑃𝐻2

)1

𝑃𝐻2𝑂
]3

 

(D8) 
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E: CO2* →HCOO*→CO*→H2CO*→ CHx*  

E1 

Step 4 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, OH* and 

CO* as MASI 

𝑣CH4
=

(𝑘4𝑘8𝐾3𝐾2𝑃𝐶𝑂2 )1/2(𝐾1𝑃𝐻2 )
3
2

(2)
1
2[1+(𝐾1𝑃H2)

1
2 +

(𝑘8𝐾3𝐾2𝑃CO2
𝐾1𝑃H2

)1/2

(2𝑘4)1/2 +(
2𝑘4𝐾3𝐾2𝑃CO2

𝑘8
)1/2]3

 (E1a) 

Step 5 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, H2CO*, 

OH* and CO* as MASI 

 𝑣CH4
= 

(𝑘5𝑘8𝐾4𝐾3𝐾2𝑃CO2)1/2𝐾1𝑃H2

(2)
1
2[1+(𝐾1𝑃H2)

1
2 +

(𝑘8𝐾4𝐾3𝐾2𝑃CO2
)1/2

(2𝑘5)1/2 𝐾1𝑃H2+(
2𝑘5𝐾4𝐾3𝐾2𝑃CO2

𝐾1𝑃H2
𝑘8

)1/2+
(𝑘8𝐾3𝐾2𝑃CO2

)1/2

(2𝑘5𝐾4)1/2 ]2

  

 (E1b) 

Step 6 as RDS, step 8 as irreversible, others as quasi-equilibrium; H*, H2CO*, 

OH* and CO* as MASI. 

𝑣CH4
= 

(𝑘6𝑘8𝐾9𝐾5𝐾4𝐾3𝐾2𝑃CO2)1/2(𝐾1𝑃H2)3/2

(2𝑃𝐻2𝑂)
1
2[1+(𝐾1𝑃𝐻2)

1
2 +

(𝐾4𝐾3𝐾2𝑃𝐶𝑂2
𝑘8𝑃𝐻2𝑂𝐾1𝑃𝐻2)1/2

(2𝑘6𝐾9𝐾5)1/2 +(
2𝑘6𝐾9𝐾5𝐾4𝐾3𝐾2𝑃𝐶𝑂2

𝑘8𝑃𝐻2𝑂
)

1
2(𝐾1𝑃𝐻2)

1
+

(𝑘8𝑃𝐻2𝑂𝐾3𝐾2𝑃𝐶𝑂2
)1/2

(2𝑘6𝐾9𝐾5𝐾4𝐾1𝑃𝐻2)1/2 ]3

  

 (E1c) 

 

E2 

Step 5 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, H2CO*, 

OH* and CO* as MASI 

𝑣CH4
= 

(𝑘5𝐾4𝑘7𝐾3𝐾2𝑃CO2
)

1
2(𝐾1𝑃H2

)1/4

(2)
1
2[1 + (𝐾1𝑃H2

)
1
2  +

(𝐾4𝑘7𝐾3𝐾2𝑃CO2
)1/2

(2𝑘5)1/2𝐾1𝑃H2

+ (
2𝑘5𝐾4𝐾3𝐾2𝑃CO2

𝑘7
)

1
2(𝐾1𝑃H2

)3/2 +
(𝑘7𝐾3𝐾2𝑃CO2

)1/2

(2𝑘5𝐾4)1/2𝐾1𝑃H2

]2

 

 (E2) 

E3 

Step 5 as RDS, step 7 as irreversible, others as quasi-equilibrium; H*, H2CO*, 

OH* and CO* as MASI 

 

𝑣CH4
= 

(𝑘5𝐾4𝑘7𝐾3𝐾2𝑃CO2
)

1
2(𝐾1𝑃H2

)1/2

(2)
1
2[1 + (𝐾1𝑃𝐻2

)
1
2  +

(𝐾4𝑘7𝐾3𝐾2𝑃𝐶𝑂2
)1/2(𝐾1𝑃𝐻2

)1/2

(2𝑘5)1/2 + (
2𝑘5𝐾4𝐾3𝐾2𝑃𝐶𝑂2

𝑘7
)

1
2(𝐾1𝑃𝐻2

)1 +
(𝑘7𝐾3𝐾2𝑃𝐶𝑂2

)1/2

(2𝑘5𝐾4)
1
2(𝐾1𝑃𝐻2

)1/2
]3

 

 (E3) 
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E4 

Step 6 as RDS, others as quasi-equilibrium; H*, H2CO* and CO* as MASI. 

𝒗𝑪𝑯𝟒
=

𝒌𝟔𝑲𝟑𝑲𝟒𝑲𝟔𝑲𝟖𝑲𝟐𝑷𝑪𝑶𝟐
(𝑲𝟏𝑷𝑯𝟐

)𝟐.𝟓

𝑷𝑯𝟐𝑶[𝟏 + (𝑲𝟏𝑷𝐇𝟐
)

𝟏
𝟐 +

 𝑲𝟏𝑲𝟑𝑲𝟖𝑲𝟐𝑷𝑪𝑶𝟐
𝑷𝑯𝟐

𝑷𝑯𝟐𝑶
+

𝑲𝟒𝑲𝟐𝑲𝟑𝑲𝟖𝑷𝑪𝑶𝟐
𝑲𝟏

𝟐𝑷𝑯𝟐

𝟐

𝑷𝑯𝟐𝑶
]𝟐

 

(E4) 

E5 

Step 5 as RDS, others as quasi-equilibrium; H*, CO2* and CO* as MASI. 

𝑣CH4
=

𝑘5𝐾4 𝐾3𝐾8(𝐾2𝑃CO2
)(𝐾1𝑃H2

)2

𝑃H2O[1 +
𝐾4 𝐾3𝐾8(𝐾2𝑃CO2

)(𝐾1𝑃H2
)

𝑃H2O
+ 𝐾2𝑃CO2

+ (𝐾1𝑃H2
)

1
2]3

 

(E5a) 

Step 6 as RDS, other steps as quasi-equilibrium; H*, H2CO * and CO* as MASI. 

 

𝑣𝐶𝐻4
= 

𝑘6𝐾9𝐾4𝐾3(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)2

𝑃𝐻2𝑂[1 + 𝐾1
0.5𝑃𝐻2

0.5 +
𝐾9𝐾4𝐾3(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)

𝑃𝐻2𝑂
+

𝐾9𝐾4𝐾3(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)2

𝑃𝐻2𝑂
]2

 

(E5b) 

 

Step 7 as RDS, other steps as quasi-equilibrium; H2CO * and CO* as MASI. 

 𝑣𝐶𝐻4
= 

𝑘7𝐾9
2𝐾6𝐾5𝐾4𝐾3(𝐾2𝑃CO2

)(𝐾1𝑃H2
)3

𝑃H2O
2[1 +

𝐾9𝐾4𝐾3(𝐾2𝑃CO2
)(𝐾1𝑃H2

)
𝑃H2O

+
𝐾5𝐾9𝐾4𝐾3(𝐾2𝑃CO2

)(𝐾1𝑃H2
)2

𝑃H2O
]3

 

(E5c) 

E6 

Step 6 as RDS and other steps as quasi-equilibrium; H2CO* and CO* as MASI. 

𝑣𝐶𝐻4
=

𝐾5𝐾2𝐾8𝐾4𝐾3𝑘6𝑃𝐶𝑂2

1 𝐾1
3𝑃𝐻2

3

𝑃𝐻2𝑂[1 +
𝐾4 𝐾3𝐾8(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)

𝑃𝐻2𝑂
+

 𝐾5𝐾3𝐾4𝐾8(𝐾2𝑃𝐶𝑂2
)(𝐾1

2𝑃𝐻2

2)
𝑃𝐻2𝑂

]3

 

(E6a) 

 

Step 6 as RDS, step 4 and 9 as irreversible, others as quasi-equilibrium; H2CO* 

and CO* as MASI. 

𝑣𝐶𝐻4
=

𝐾1
3𝐾2𝑘4𝑘6𝐾3𝐾5𝑃𝐶𝑂2  𝑃𝐻2

3

𝑃𝐻2𝑂[1+
𝑘4𝐾3(𝐾2𝑃𝐶𝑂2

)(𝐾1𝑃𝐻2
)1 

𝑘9+𝑘6𝐾5(𝐾1𝑃𝐻2
)2  +

𝑘4𝐾3𝐾5(𝐾2𝑃𝐶𝑂2
)(𝐾1𝑃𝐻2

)2 

𝑘9+𝑘6𝐾5(𝐾1𝑃𝐻2
)2 ]3

  (E6b) 

 

Step 6 as RDS, others as quasi-equilibrium; H* and CO2* as MASI. 

𝑣𝐶𝐻4
=

𝐾5𝐾2𝐾8𝐾4𝐾3𝑘6𝑃𝐶𝑂2

1 𝐾1
3𝑃𝐻2

3

𝑃𝐻2𝑂[1 + 𝐾1
0.5𝑃𝐻2

0.5 + 𝐾2𝑃𝐶𝑂2
]3

 

(E6c) 
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A.5. CO2 Hydrogenation to Methanol and C2+ Products  

Extra work was done to check the possibility of CO2 hydrogenation to methanol products 

by Cu/ZnO and C2+ products by FeCo-Al2O3-SiOx catalysts under the light promotion.  The 

results show that the methanol production rates are increased by around two times, while 

CO production rates are increased by ten times for the LED light condition compared to 

that of dark conditions by Cu/ZnO catalysts (Figure A.3).  Photoexcited FeCo catalysts 

increased the production rates of C2H4 and C2H6 as compared to that of dark conditions at 

different gas compositions.  

 

Figure A. 3  (A) Photograph pictures of the aged product (110 oC, 2 hours), air calcination 

at (350 oC, 4.5 hours) and hydrogenation reduction (20 % hydrogen, 250 oC, and 2.5 hours) 

for the synthesis of Cu/ZnO. (B, C) TEM images and (D) XRD patterns of calcination and 

reduction product of Cu/ZnO. (E) Catalytic results of CO2 hydrogenation. Specific amounts 

of metal nitrates dissolved in water were mixed and refluxed at 70 oC until the pH value 

reached 7 with the addition of potassium carbonates, followed by calcination and hydrogen 

reduction. The catalytic reaction conditions: 20 mg catalysts, 220 oC, 1 W cm-2, 2 ml min-

1 CO2 and 3 ml min H2, 1 atm. 
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Figure A. 4 TEM images of (A) before and after (B) reduced FeCo-Al2O3-SiOx NSs. (C, 

D) DRS and XRD spectra of fresh and spent catalysts. (E, F) Catalytic results of CO2 

hydrogenation. Metal nitrates and urea were refluxed at 110 oC for one hour and aged 

overnight, followed by hydrogen reduction at 750 oC for 7 hours. The catalytic reaction 

conditions: 10 mg catalysts, 400 oC, 2 W cm-2, total flow rates of 4 ml min-1, 4 atm. 
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