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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 imgect int
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 {oaitrrier chemistry has been repadrten
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 interestinglesolecu

is limited. In contrast, most transition metals, such as platignoup metals and early
transition metals, are industrially essential catalysts, but light absorption power in metal
nanopatrticles is low due to the absence of SPRs in the visibleadpange. Therefore, it

is intriguing to explore the potential of kodrrier catalytic chemistry on photoexcited non

plasmonic metal nanoparticles.

Upon the absorption of the same optical power, metal nanoparticles with a small
size usually exhibit aigph 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
thess, dielectric light antenna, i.e., sphericdica nanoparticleswith strong surface
scattering resonances near their surfaces, is introduced to support the metal catalyst
nanoparticles, enabling improved light absorption power in the metal nanopaatides

operation stability This thesis focuses aritrafinerhodium(Rh) nanoparticlegwith sizes



ranging from 1.7 nm to 4.2 nm) thexe widely usedsthermal catalystsn many important
industy reactions, especially for oxygeontaining species conwon, an oxyphilic

feature of Rh nanopatrticles.

Firstly, this dissertation conducted a comparative study to investigate the influence
of silica geometry on the light absorption of Rh nanoparticles. Both silica subsifates
nanospheres and rodlike nandpdes enhanced the light absorption of loaded Rh
nanoparticleswhich isdue to elongated light scattering paths (random scattering) and
enhanced electromagnetic field intensity (resonant scatteringjowever, silica
nanospheres support both resonanattecing and random light scattering modes,
exhibiting a highetight absorptionof Rh nanoparticleshan the usage of rodlike silica
nanoparticles. The light resonant scattering modes on highly symmetrical silica
nanospheres enable producing "hot spatgh a much higher electromagnetic field
intensity than incident light intensityThis study then investigated the effect of silica
geometries on photocatalytic performantée CQ hydrogenation was studied as a model
reaction. The Rh/silica nanosphesystem exhibited a faster photocatalytic kinetic than
the case of rodlike silica nanopartichige to the enhanced light power density around the
silica nanospheres. The results give a promise of expanding Rh nanoparticles from thermo

catalysis to photatalysis.

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 cmi?, accompanied by a reduced activation energy of 21 kJ.mdlhe derived



LangmuirHinshelwood rate equation was used to fit the oxygen partial pressurs.resul
Photaillumination promotes the cleavage of associatively adsorbed oxygen molecules into
adsorbed oxygen atoms, reducing the energy barrier. Besides, thewgipmated Rh
nanoparticles exhibited a higher photocatalytic performance because obtheajjoidal
stability and enhanced light absorption of sks@kd Rh particles. This part of the
dissertation shows the possibility of kelectron mediated reaction pathways towards a

desirable kinetic of alcohol oxidation.

Thirdly, it will be meaningil 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 nitrobenzeand 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 d reduced nitrobenzene intermediates to produce azoxybenzene. The selectivity
of nitrobenzene and production rates gradually increased with a higher number of light
photons. Photaillumination promotes tth 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 nanopatrticles to tune the reaction
selectivity in a liquid phase.

Lastly, it is challenging to modulate the seledyivif CHs from CQ; hydrogenation



because of the competitive CO production. This dissertation moves towards enhancing
both kinetic rates and selectivity of CFbr gaseous Cohydrogenation by photoexcited

Rh nanoparticles. Light illumination onto Rh/sdimanosphere particles resulted in the
selectivity of CHover 99% in contrast to ~70% under dark conditions at’G3ihd with

an absorbed light power intensity of 1.5 W-€&rfthe activation energy of GHbroduction

and CQ consumption gradually decreaseith 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 middisized Rh nanoparticle showed a better photocatalytic
performance than that of the largested Rh nanoparticles because of the balance in hot
electron production efficiency and intrinsic catalytic performance. Partial pressure
dependence and in situ iafed characterizations showed that the critical stable
intermediates for CiHproduction should be hydrogenated £&8pecies (HCOO* COOH*)
and hydrogenated CO* species (carbonyl hydride gE®%). The light illumination
exclusively enhanced the dissociat@CO, and CO* without apparent influence on CO*
desorption. Under high reaction temperature, light illumination preferred a faster CO*
conversion than Cg&dissociation, leading to high GHelectivity. This result was also
supported by higher methanatioates 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 baedtonating into antibonding orbitals of strongly adsorbed CO*
species. However, hoteetrons from silver nanoparticles with a weak COOH* or CO*

adsorption could not efficiently activate carkspecies and could not promote £0

Vi



hydrogenation kinetics.

This dissertation offers an avenue of enhancing light absorption ofszedl Rh
nanoparticles and expanding its usage from thermal catalysis to photocatalysis for driving
oxidation and reduction reactions. The reactants share a common feature apntainin
oxygen elements, a strong affinity with rhodium metal for efficient hot electron injection.
We studied the light power intensity and temperatependence, showing the accelerated
reaction kinetics by hot electrairiven pathways. Photexcited rhodiumnanoparticles
were believed to promote the cleavage of chemical bon@ RO, and GO to drive
chemical transformations. The findings offer insights into developing the scope-of non

plasmonic metal nanoparticles in photocatalytic reactions for induapplications.
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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. -Nl@smonic metals are
industrially important catalysts, intriguing more reseantérest in expanding their usage

for hot electrondriven reactions This thesis focuses on using rhodium nanopatrticles,
which are widely used thewrcatalystan industries, to photgatalytically drive chemical
reactionsf alcohol oxidationpitrobenzeneeduction,and carbon dioxideeduction The

light absorbance of quantized Rh nanoparticdesnhancedy loading them onto the
surfaces o$phericakilicananostructureas arefficient dielectric antenna to enhance local
electromagneticéld 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 intermedtasa strong affinity with Rh
nanoparticleslt can provide a channel of selectively activating adsorpateh as €D

bond in oxygen molecules for alcohol oxidationrONbond in nitrobenzene and@ in
carbonyl speciesowards desirable products along with accelerating reactionidsnet
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 €hapter Zpresentshe geometridaeffect of silica light
antenna on thRh light absorbancend photocatalytic performance, highlighting the usage
of silica nanospheres to support resonant light scatterings and enhance the optical
absorption of Rh particles. This dissertation then mows photecatalytically drive the

model reactions by using Rh/Si@anospheres hybrid catalysts. Chapter 3 investigja¢es
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oxidation reaction of alcoholsy using oxygen molecules as the oxidant, a sustainable way
to replace toxic oxidants of permangasaand dichromates. The cleavage @d®ond 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 Rh nanoparticles can activate specific intermediates,
therefore tuning the selectivity and kinetics for liquid and gaseous reactions. Chapter 4
presents theelectivecouplingreduction of nitrobenzerie azoxybenzene, predominating
over aniline produadn. Hot electrons on Rh nanoparticles promotedieavage ofN-O
bondand increase the concentration of reduced nitrobenzene intermediates, increasing the
coupling probability Finally, the dissertation moves forwardsG@@®, reduction to Chl

Hot electons on Rh nanoparticlesnableC-O activationin adsorbed C&® and CO*
moleculesand their hydrogenated derivatives. The dissertation also explores the effects of
illuminated light power density, operating temperature, metal types, and particle sizes on
photocatalytic methaation kinetics.This study highlights hot electrons on Aglasmonic

metals for visibldight-driven reactions.
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CHAPTER 1

1. INTRODUCTION

(Note: Part content of this chapter is adapted frdhe pre-peer reviewed version of the
following articlenXinyan Daj Yugang SurReduction of carbon dioxide on photoexcited
nanoparticles of VIl group metaldlanoscale2019, 11, 16723167320, which has been
publisked in final form atDOI:10.1039/CO9NR05971G his article may be used for non
commercial purpose®llowing the Royal Society of Chemisifgrms and Conditions for

the wse of SelArchived Versionsvith permissio.)

1.1. Generalntroduction taHeterogeneou€atalysis

Berzelius firstly recognized the catalysis phenoménd836.! Then Ostwal@originally
formulated that a catalyst enables changing the rate and energy barrier but not the
thermodynamics compared to noatalytic rection (Figure 1.1().®> 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 endurindrere conditions. Heterogeneous catalysts include
metal oxides, metal and metal alloys, carbides, nitrides, carbons, -orgdaic
frameworks, and metal salts. The famous solid catafysiducing companies include
BASF, Standard Oil, UOP, Synetix, SheRkzo, Johnson Matthey, Evonik Degussa
Nippon Shokubai, and Nikki ChemicalTypical industrial catalysts usually have multiple
compositions and phases or simple metal, in which the latter is easily assessed for the

catalytic structure. Metal catalystave been used to catalyze many industrially important



reactions, such as ammonia synthesis through the Haber processyayraatomobile
emission control, and hydrocarbon synthesis through the F3cbpsch process,
hydrocarbon cracking, and nitrouside (N:O) removal* 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 nanopartidsed heterogeneous
catalysts has significance in both industry and research academy. Somorjanankers

did pioneer works on developing and charactegiplatinum nanocatalysts with sizes of

1.7 nm b 7.1 nm for ethylene hydrogenation.The synthesis methods to prepare
nanoparticles with weltlefined shapes and sizes are wieleloped because of
nanomaterials’ development. It makiéspossible to investigate relationships between
various structuresgrystal facetsand 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 iatedying the
microscopi¢ mesoscopicand macroscopi dimensions The time scales rangigom
femtoseconds to hundreds of secqradsd length scalesangefrom the quantum level,
atomic level to macroscopic level. From the microscopic level, the reaction mechanism
of a heterogeneous catalytic reaction is usually very complicitednecessary reaction
steps includehe adsorption of reactants, surface diffusion, surface reactiompraddct
desorption (Figure 1(B)). Several types of reaction kinetic models were developed to
understand reaction mechanisms. A straightforward model is Langimshelwood
HougenWatson kinetics, which assumes the surface species that participate in the rate

determining step on ¢h surface are equilibrated with the reactants and profiucts.
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Figure 1.1 (A) Sketchfor noncatalytic and catalytic processtor a simple reaction in the

potential energy surfac@B) Schematic reaction steps of a chemiealction.

The LHHW Kkinetics 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 axisf a diatomic molecufeor desorption through the vibration along
the molecule and surfaté® needs to overcome energy bamiar the potential energy
surface through the adsorbate excitatidie process of gaining energy to cross over the
activation barrier by the energy transfer between adsorbates and metal catalysts involves
the thermal or electroamediated reactions (i.@nitiated by light photon absorption in
photocatalystsj** 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? 1° Adsorbates can aldme coupled with energetic electrons to populate into the

excited states forming transient negative ions, followed by relaxation to the ground states



for the accumulation of kinetic energy in the adsorbates and electron inelastically scattering
back into he metaP: ! Since thermal heat is possible to excite all of the adsorbates, which
Is in contrast with the hot electranediated path that excites specific adsorbates
electronmediated waygprovide reaction channels thateimpossible in thermallgriven

reactiors, 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 addregsonmental 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
electronmediated pathway. Fujishemand Honda reported the photocatalytic water
splitting in 1972'2 Since then, many studies have focused on semiconechased
configurations (e.g., titanium dioxide, zinc oxide, and cadmium selenide), which absorb
photon energy equal to or higher thaeitbbandgap energy for the production of electron
hole pairs. However, there are several intrinsic drawbdckéost semiconductors have

a large bandjap, requiring ultraviolet photons and limiting the full solar light usage. It
usually needs the parifation of metal ceatalysts as the active catalytic centers and
prolonging the lifetime, resulting in a stability concern at the interface. The chance of
electronhole recombination and the necessity of charge carriers moving to the surface
reduces the targe density of semiconductdfs. Unlike semiconductebased
photocatalysts, metals have unique features of high light absorptionsectgm for a

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

intermediates. @wnia and ceworkers reported pioneering work on using higtensity



(kilowatts) femtosecond lasers to photoexcite metals for hot eledtreen CO desorption
in 1990% In recent ten years, the studies on hot eleetiren reactions by metal
nanopaitles with using low light power intensity (< 10 W) become a rapidly emerging

area 6

1.21. PhysicaProcess

Drudebs fielectron gaso theory simply descr
different metal types can move freely in the safidtal!” A more realistic band theory
based on quantum mechanics was then developed, which separated the energytievels of
electron entity into a vast energy band with a gapween neighboring energy levéis.

The complicated band structures of metals can be understood by the electconpied
sp-bands and electrefilled d-bands (Figure 1.2(A)). When light photons with energy less
than the work function, it enables to produce eleepain, resulting in hetelectron 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 theef&tt The increased
electronic temperature of ndhermalized electrons in a 2 nm gold nanoparticle was

estimated as 1370 ¥, while the lattice remains cool.

The timescale and energy relaxation pathways are essential to understand hot
electrondrive reactions. Thaonthermal distribution of electrehole pairsresults from
intracband ép-band or conduction bandr interband ¢- to sp-bandor valence band to
conduction bangdelectron transition in the time range of100 fs(Figure1.2(B))2%2 It

drivesthe generationofsoal | ed fAhot electronso wi® h ene



The light absorption can be enhanced by localized surface plasmon resonance (LSPR) by
a collective resonant oscillation of free electrons in conduction baBdseral energy
relaxation channels existlf reactantmolecules 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 ustiallys electrons to the
antibonding orbitals of the adsorbatét inducesthe nuclear motion through Franck
Condontransition state regiofswith a coupling time of hundreds of femtosecontfs?’

to activate the adsorbates and trigger the correspgmrdiction onthe nanoparticle
surface?®3! Meanwhile, the movement of the excited electrons can quickly lose energy
through electrorelectroncollision (ee)?2 32 3electronlattice collisiors, and electron
scattering on the nanoparticle surface with a characteristic time scale of in the range of 100
fs to 1ps2¥2® The competition of the multiple relaxation pathways of the excited electrons
indicates that small metal nanoparticles exhibitisrong adsorption strength
(corresponding t@ prolonged residence time of adsorbates on the nanopatrticle surface)
towards adsorbate species favor hot electron injection because of the short electron travel
distanceg® At a longer relaxation time of piseconds, the electrdattice collisions lead

to a themal equilibrium between electrons and the lattice (ecated electrorphonon
collision with a characteristic tim&pn), resulting in a temperature rise of the nanopatrticles.
The following thermhbdissipation to the environment takes hundreds of picosecadgds (
eny).2l 2 The temperature increase influences the catalytic performance of the metal
nanoparticles, similar to the conventional therozahlysis’ Thereforechemical reactions
catalyzed on photoexcited metal nanopatrticles (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 thednterband (blue
arrow) and intreband (red arrow) transition. (Bpchematic illustration of the major
relaxation pathways of pho#xcited electrons in a metal nanoparticle covered with

adsorbate speciés.

thermal process with a characteristic tiofi&-ad9 and the coupling between adsorbates and
phonon (i.e., photothermal process with a characteristic timgnafy.> 3> Moreover,

strong adsorption of molecules and derivative species narrows the energy gap between the
highest occupiedholecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of the adsorbaté$ favoring the nosthermal process, i.e., the direct injection of

hot electrons into the LUMO of the adsorbate speci®gong adsorption of adsorbates
resultsin a high surface coverage on metal nanoparticles, eliminating surface scattering of
hot electrons and promoting hot electron injection into surface adsorBitesugh the
norrthermal hotelectron process can be enabled by using small size metal natepart

catalysts and tuning the adsorption strength, the photothermal process is inevitable since



the electrodattice collisions eventually produce heat in the metal nanoparticfés.

1.22. Pathways of HeElectron Injection

Metal catalystsadsorb reacant molecules and their derivatives with varying steric
configurations depending on the metal type and crystalline facets of the metal nanopatrticles
Thed-band theory is widely used to explain the molecular adsorption on metal sdffaces.

% The interation of s orbitals from the molecular with theband ord-band of metals

forms a deebying 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 amshdhetal

the dissociation energy barri&r.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 excidels svf 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 electr@diated reamn by Jain and caorkerg®

and Christopher Grodp (Figure 1.4): (i) For strong chemisorption, the orbital
hybridization between adsorbed molecules and metals produces a small-HOWIO

energy gap because of the strong interaction of raefsdrbatesenabling a direct
photoexcitation of the metaldsorbate complex at a resonate light wavelength; (ii) A small
fraction of excited heelectron with energy abo\e- level produced by energy relaxation

transfer to the LUMO orbital for activation; (iii) Catholically charged metal by the reducing



coupling to s-band coupling to d-band

A

isolated

adsorbate state

T 4

antibonding

Figure1.31 |  ustration of

transition metals.

- 7
* bondlng,,r
/7

t

A

-
o
-~

adsorbate projected DOS metal projected DOS

he adsorbatebs

or bi

agents create a qudsermi 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 itiinating a light wavelength above or

below the plasmon resonance, showing and a 100 milliwatts diffefefite participation

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

co-workerg! in detail and expandet the carbostarbon reaction in COreduction in

solutiorf?. For the second type, direct excitation of the matisorbate complex has less

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

requirement of strong metabksorbate interaction.

platinum nanoparticles with a size below 5 nanometres to resonantly ex€it@ Bond

Christopher et edportedusing

with specific photon energy to control the selectivity of CO oxidation pgv@r HO in
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Figure 1.4 Potential mechanisms of (A) direct excitation of a matidorbate complex for
strongly adsorbed molecules, (B) indirect excitation of a rastabrbate complex for
weakly adsorbed molecules, and (C) Catholically charged metal bsedluetants for

elevating Fermi level for excitation of the metalsorbate complex.

production of an Hrich atmospheré® The finding of direct excitation channel was
supported by the appearance of resonant deviation of quantum yield of CO oxidation fro
Pt absorption spectrum over illuminated light wavelengths. As for the indirect excitation,
Linic and coworkers reported the hot electrarediated ethylene epoxidation by silver
nanoparticled® The hot electron excited from the ground state was prdpist&ansfer

the Oz 2p* orbital producing transient negative iorrQocating in a vibrationally excited
potential energy surface, followed by relaxation to ground state and gaining vibrational
energy. Accelerated oxygen splitting finally promoted ethglepoxidation. Halas et &t.,
discovered hot electrons created from the plasmon decay on gold nanoparticles could
promote H dissociation at room temperaturebhese two processes might be equivalent

even if the concepts of direct and indirect exaitatof adsorbates were differentiat@d
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The direct excitation of metaldsorbate complexes induced by hot electron injection

happens before the thermalization of energetic electrons.

1.2.3. Factors of HoElectron Injection Efficiency

Several factors adict the hot electron injection efficiency. Light power intensity and light
wavelength affect the available kgiectron numbers and energies, summarized by Zhu
and ceworkers in the studies of plasmonic metal bgskedtocatalysts? Using
appropriate ligt antennae can improvehe light absorption power of small metal
nanoparticles, enhancing their photocatalytic activity. = For example, plasmonic
nanostructures and geometrically symmetric dielectric spheres represent twoligfpical
antennaelasseswhich rely on localized surface plasmon resonanic8BRs) and surface

light scattering resonances, respectively, to generate localized strong electric fields near
their surfacesBesides, thefécient hot electron injection requires the metahoparticles

to be small. Experimental studies using ultrafast spectroscopy characterizations have
demonstrated redad metal sizes sharply enhanced the eleattectron scattering on
metal sizes, resulting from the phenomenon of reduction of the Coulueraction
screening by the conductiaore electron&® A theoretical calculation shows that the
energy efficiency of heelectron production Hffnotelecrond decreases with increasing
nanoparticle sizes, following a relationshiEbfoteiectrons 1/ane.2° The largesized metal
nanoparticles have a small fraction of high energy electrons, limiting the ability to activate

adsorbate and catalytic activity.

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

nanoparticles. Thefare, integrating the metal nanopatrticle catalysts with light antennae

11



to provide enhanced local electric fields by concentrating the incident light represents
another promising research direction. The hot electron injection efficedscgepends

on thetime necessary for the hot electrons traveling from the metal nanopatrticles 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 disthhee a
travel time of the hot electrons, thus favoring the hot electron injediiesidesincreasing
adsorption strengths can prolotige residence time of surfacsorbates on the metal
surfaces,increasingthe 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 adsorbatessanelal surfaces.

1.2.4. Plasmonic MetaBasedPhotocatalysis

Group IB metal (Au, Ag, Cu) nanoparticleave 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
adorbed on the interface. Plasmonic mdtased 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 plasntatéc me

to drive a wide range of c¢hemi“aand tMoaonrsefsodrs
Group?® The reported studies include (i) oxidation reactions of alcohols, amines, and

carbon monoxide; (ii) reduction reactions of alkenes, alkynes, aldehystesgk, nitre

12



compounds, and deoxygenation of epoxides; (iii) cadaybon and carbenitrogen
coupling reactions; (iv) polymerizatidf. The plasmonic metals have minimal catalytic
activity because otheir intrinsic electronic structures, resultingtireir wealer affinity
with many reactant moleculéisanother transition metals. They haveli®coupled with
other active catalytic metal components, such as palladiomnplatinumwhich have a
strong interaction with reactant moleculdstennareactorcomplexes wreproposed and
developed bythe Halas groud® However, exploring the photoaduced reaction by
metallic catalysts with intrinsic catalytic activity (i.& means they act as both the light

harvester and catalytic cenis always ignoretut essential in the field of photocatalysis.

1.3. Optical Absorptionof VIII Metalsand Hybridizing with Antenna

Different from the group 1B metal (Au, Ag, Cu) nanopatrticles, the nanoparticles of VIl
metals(such as Pt, Rh, Pd, and Rag) nhorplasmonic metaldo not exhibit strong optical
absorption in the visible spectral region since their surface plasmon resonances fall in the
deepultraviolet (UV) or neatUV region3' 4% Their optical absorption paav is very

weak The corresponding absorption spectra exhibit peakless features across both the
visible and neainfrared (NIR)region3! 33 5%8 The total light absorption spectra of metal

is the combination of intdpand (bound electron) and inband (free electron, surface
plasmon) transitionsZhu et al.*® obtained the bound electronic transitioduced light
absorption based on the frequency dependehéctric permittivity expressions proposed

by Kreibig and ceworkers® The expression irlves terms of free electronic and inter

band electronic transitiort8. Inter-band transition of bound electrons mainly contributes

to the optical absorption in smaiized metal particles in the visible rarf§eExperimental

results of ultrafast electnic dynamics in polycrystalline metal samples showed that the
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inelasticelectron lifetime decreases withhigher energy level above the Fermi lev&l.
The inelastic relaxation time ¢ifot electrons in Rh is around&fs when its energy is 2
eV higher han Fermi energy levelhich is shorter than that of plasmonic mefals and

Cu: 1535 fs; Ag: 215fs). 0

Integrating themetal nanoparticle catalysts with light antennae that can provide
enhanced local electric fields by concentrating the incidght is a promising strategy to
improve the lightabsorption power of theetalnanoparticles and enhance their photo
induced reaction kinetid®' 61 Plasmonic nanostructurés® % and geometrically
symmetric dielectric spher@s®*%” represent two typicadight antennae classeshich rely
on localized SPRs and light scattering to enhance the electric fields near their surfaces,
respectively.Besides, loading the smalized nanpatrticles ontdargersize supports (e.g.,
Al,03s, TiO,, and mesoporous Sipowders§h 4% 51 53.6%s0 enable addreag the issues
of smallsized metal catalysts, such as the aggregation of the small metal nanoparticles

under operation conditioresd 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 salled Whisperirg-Gallery resonatenodes (WGMs) or Fabry
Perot oscillation§® The refocusing effect of the curved surface was defined by Lord
Rayleigh 100 years ag8. When meeting with some requirements, such as the higher
refractive index of the resonator than thiath® surrounding environment, the optical rays
are internally reflected and focused at the interface between the dielectric material and air.
Therefore, the light ixperimenting witha closeetrajectory ray within the cavity and an

evanescent field irhe surrounding medfd. The oscillation of electromagnetic fields in

14



Figure 1.5 (A) lllustration of a light ray confined in a spherical WGM resonator by total
internal reflection. (B) FDTD simulation results of né@td intensity map in terms of
electric field intensity INE?) around a 255 nm silica nanosphere that are loaded with

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

the optical cavity enables enharg the electricfields by the enhanced lightatter
interaction locally. Therefore, the electromagnetic hot spots around the resonfzce su

are produced. To understand the process, we can take an example of a spherical resonator
with a refractive indexN and radius of placed in a vacuum for the light ray traversing

inside the resonator. The total internal reflection will occur, dinaf she light rays will

be trapped when the incidence angke larger than the critical angle farcsin(1N). If

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

very close t@/2, the rays will propagatedistance closer to the circumference, i.3,2

for one round. A constructive interference or resonance will occur wieem2/N, where
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nis an integer and is the incident light wavelength. Therefore, the resonance peak

position/=2paN/h depending on the integer numivecan be determined.

LorentzMie theory! 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 incidebeam. The optical resonators have been widely used for
ultrasensitive detection, such as harmonic generation, fluorescence erffi®R@man
scattering® and emission; functional photonic devices bio-sensor®, and nanoparticle
size detectioff. 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 resonasilica is one of the most use
materials to fabricate optical resonat6tddighest enhancement factor of electromagnetic
fields at the hot spots of silica WGM resonators over the incident electromagnetic fields
theoretically reaches up to®00°.5% 7 The power absorbed by the taenanoparticle £)
is in proportional to the squared local electromagnetic field interSjtyi.¢.,s = aEa&8°
Sun and cavorker$! recentlyreportedan 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 neafield enhancement mechanism, this thesis deals withrekpg the
nearfield enhancement to other metal nanoparticles, especially rhodium, to enhance light

absorption and improve photocatalytic activity.

1.4. RhodiumCatdysts

Rhodium, as one of the rarest elements, was discovered in 1803 by William Hyde
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Wollaston8 It has an electronic structure of partially filldegshell (Kr 4¢ 58') and unique
catalytic properties, playing an essential role in therniilyen®3catalysis in industry and
academy. Rhodium is famous for automotive tiweg convertor catalysts for the removal

of toxic emission gases, such as carbon monoxide and nitrogen oxide, sinc¢ 1979.
Besides, rhodium catalysts are used for the conversion of higher alcohols fronf%yngas
hydroformylation of alcohols to aldehyde pration & hydrogenation of carbon dioxidé,
carbonylatios of alcohols?® and oxidatiorf® Rhodium nanoparticle scan be synthesized
by chemical methods with wellefined shapes and sizes by a rational design using
stabilizers and solveft: °° The catajtic behavior of Rh is different from other VIII group
metals (such as Pt, Ru, Ir, and Pd) for reactions involving oxggetaining reactants or

intermediates (such a3 NGOy, andCOx).

Their difference in oxophilicit$®® (i.e., oxygen affinity) is wicial 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* > Specifically, for Row 5n the periodic table, thé-band
center andl-band top shift to the lower energy level in the order of Ru, Rh, Pd, and Ag. It
results in a strong met&l bond and NO dissociative adsorption for Ru and Rh, in contrast
to the NO molecular adsorption for Rthd NO dimerization on A¥. For CQ
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 6¥€r CO for Ru, Rh,
and Ni®® This thesis focus on using Rh photocatalysts to drive the conversion of exygen
containing species, including alcohol oxidation by oxygen molecules, nitrobenzene

reduction, and C&reduction, which has not been wstudied so far.

17



1.5.Research Objectige

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 lighexcited rhodium nanopatrticles for the corsien of oxophilic
compounds and explore the feéctron mediatedeaction mechanism, including the
cleavage of @ bond, GO bond, and ND bond to enhance the catalytic kinetics and
selectivity. This dissertation will guide how to boost the catalytizi#gf nonplasmonic
metals commonly used in thermocatalysis by rationally designing catalysts and solar
energy conversion and inspiring spectroscopic and computational studieselachan

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

GEOMETRIC SYMMETRY OF DIELECTRIC ANTENNA INFLUENCING LIGHT

ABSORPTION AND PHOTOCATALYSIS

(Note:Partoont ent of this chapter i s adapted fro
Devi Rasamani, GretcheHall, Rafaela Makrypodi, Yugang S@eometric symmetry of
dielectric antenna influencing light absorption in quantsized metal nanocrystals: A
comparative study, Frontiers in  Chemistry, 2018, 6, 494

doi.org/10.3389/fchem.2018.0049%ith the permissin from FrontiersPublisher)

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 arefficient modulation of the incident wavé&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 toofm 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)
satter 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 spectiumatdrial

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 typiaai@e 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 lightharvesting devicesuch as solar celfs®!! 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
scdtering and random scattering) on the surfaces of the silica nanoparticles. When the
silica nanoparticles are mixed with the ligdlisorbing active materials to form a composite

in a confined volumethe light scattering from the surface of the silica aparticles
elongates the light traveling path to benefit light absorption in the active matéfitidn

addition to the light scattered away from the surface of the silica nanoparticles, the light
scattering resonances on the surface of the siliocapaaticles also influence the optical
response of active materials attached to the silica nanopattidfe$he surface scattering
resonances usually create electrical fields much stronger than the incident light near the
surface of the silica nanopites, significantly enhance the light absorption of active

materials on the surface of the silica nanopartictés.

Herein, we study the influence of the geometry of silica hanoparticles on their light
scattering behavior as well as tbarresponding enhanced light absorption in quantum
sized rhodium nanoparticles attached to the silica nanoparticles. The rodlike silica
nanoparticles ¢(6iOx NPs) with different aspect ratios and silica nanospheres ($33)
are synthesized to act asldric 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 metahanoparticles, for example, the nanocrystal catalysts made of platinum group
metals (PMGSs), is beneficial for more efficiently exciting hot electrons in the quantum
sized metal nanocrystals to drive chemical transformatfon®hotocatalytic carbon
dioxide hydrogenation by Rr8iO«NPs and Rh/SIONSs 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 dilica Nanospherg

Silica nanospheres (SKIONSs) were prepared through a-gel process relying on
controlled hydrolysis and condensation of tetraethyl orthosilicate (TEOS, 98%,-Sigma
Aldrich).?? An appropriate amount (1.71)jrof TEOS was added to a solution containing
29.1 nm of absolute ethanol (Pharméaper), 3.21 rhof deionized (DI) water, and 1.96
mL of ammonia hydroxide (280 wt.% in water, Fisher Scientific). The reaction
proceeded for 2 h at a stirring rate of 600 rpm to complete the growth ofNSE
Changing thamount of water and TEOS could tune the size of the synthesizetNSg

The resultant SIONSs were collected through two cycles of centrifugation and washing

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

2.22. Synthesis oRodlike Silica Nanopatrticles

Rodlike silica nanorods {80« NPs) with different aspect ratios were synthesized and

purified based on the method reported in previous stddligdn a typical synthesis of r
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SiO« NPs with an aspect ratio of 0.8, 3 g of polyvinylpyidone (PVP, molecular weight
~55,000, SigmaAldrich) was first dissolved in 30 Inof 1-pentanol (99%, Acros Organics)
with assistance of sonication in a-B0 centrifuge tube. To this PVP solution was
sequentially added 0.51mof absolute ethanol, 1.2lmof DI water, and 0.3 hof 0.18 M
agueous sodium citrate dehydrate (Fisher Scientific). The solution was homogenized via
vortex for 30 s. 0.4 hnof ammonium hydroxide was then added to the solution followed
by vortex for 30 s. To the solution was finallgded 0.3 rhof TEOS. The solution was
then vortexed for 1 min and maintained still for 1.5 h, formu&y@ NPs with the aspect
ratio of 0.8. The length and radius (thus the aspect ratiep@sNPs could be tuned by
changing the amount of ethanol, etsodium citrate, ammonium hydroxide, TEOS, and
reaction time. The synthesize&iOx 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 agsisce of sonication for 2 h. The dispersion was centrifuged
at 800 rpm to remove larger rods in the sediment, leaving nearly-digpersed -SiOx

NPs in the supernatant.

The rodlike silica were scaled up for preparing the catalysts used in CO
hydrogenattn?*2* The chemical amounts are changed by usiB§ g of
polyvinylpyrrolidone 300 ml of 1-pentanal 30 ml of absolute ethano8.4 ml of DI water,
and2 ml of 0.18 M aqueous sodium citrate dehydr&&5ml of ammonium hydroxide
and3 ml of TEOS.The purified nanopatrticles were then coated by silica shell based on the
previous report$>?* The synthesis procedures were triplicated to collect enough rodlike
silica nanoparticles. The coated rodlike silica nanoparticles were used taherfalized

with functionalizel with (3-amniopropyl)triethoxysilanésee details in section 2.2.4).
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2.2.3. Synthesis duantumsized RhNanatrticles

Colloidal Rh nanparticles were synthesized through a polyol process involving sequential
reactions atwo different temperatures.in a typical synthesis, 0.238 g of potassium
bromide (KBr, Alfa Aesa), 0.088 g of PVP, 0.024 g of sodium hexachlororhodate (ll1)
dodecahydrate (NRhCk-12 HO, Alfa Aesa) were mixed with 7 Inof ethylene glycol

(EG, Fisher Santific) in a 20ml glass vial. Warming up the solution at 40°C for 1 h
dissolved the reagent powders completely. The solution was then heated up,tar@D°C
this temperature was maintained for 15 min to initiate nucleation. The reaction was heated
to 150°C and maintaineaif 1 h, facilitating the growth of colloidal Rh nanocrystals. The
resulting dispersion of Rh naparticles 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 vth 3 nl of acetone/water (9/1 in V/V). Repeating the centrifugatien/re
dispersion cycles for 5 times removed PVP and ions from the dispersion of the Rh

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

2.2.4. Functionalizatioof Silica Nanopatrticles

The  synthesized SiO nanoparticles were  functionalide with (3-
amniopropyl)triethoxysilang APTES, 98%, Acros Organics) to introduce positively
charged surfaces. An ethanolic dispersion of 2 nlig of silica nanoparticles was first
prepared withthe assistance of ultrasonicationTo 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 idispers

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 ovest &1°C. As for
r-SiOx NPs, the corresponding powders were calcined at 500°C for 3 h to burn off PVP
from the rSiO« NPs. An appropriate amount of the calcinat&i®« NPs were then added

to ethanol, forming a dispersion with a silica concentration ofyant. To 12 ni of the

r-SiOx NP dispersion was added 7 of aqueous solution of hydrochloric acid (37 wt.%,
Fisher Scientific). The dispersion wstgred continuouslypvernight at room temperature.
The pretreated fSiOx NPs were then collected by cehigation and washing with ethanol

for further surface modification with APTEShe APTESmodified silica nanoparticles
exhibited positively charged surfaces, to which metal nanocrystals with negatively charged
surfaces could be attached through stromgtebstatic attractior’s. To load 2 wt.% Rh
nanocrystals to the silica NPs, 20 ml 0.2 iR nanocrystals was slowly added to 10 m
aqueous dispersion of the silica nanoparticles with a concentration of 2l'thgnna
sonication bathConstantly stirring the dispersion of two types of nanoparticles at 600 rpm
for 15 min resulted in the attachment of Rk nanocrystals to the surfacé the silica
nanoparticles, forming compositeh/SiO«-NPs particles. The obtainedRh/SiO-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 wa tiyrcontrolling the
amount of metal nanocrystals and silica nanoparticles used in the synfhiesis.

synthesized catalysts were used for optical performance studies.

2.2.5. Catalyst Synthesis for @8ydrogenation

The hybrid catalysts synthesized by éhectrostatic interactions have low thermal stability

at high reaction temperatures. We then used @&itunreduction method to load small

35



sized Rh nanopatrticles on the surfaces of ARTUEStionalized +SiOx NPs and SiQSNs

for CO, hydrogenation catgsis. 40 mg APTESSIO« NSs or APTESodlike silica
powders were dispersed in 8 DI water via sonicationwhich was then mixed with a
solution of 35 mg sodium hexachlororhodate (Ill) dodecahydraissolved in7 m DI
water The mixture wastirred for2 hoursat room temperaturel5 m 3.3mghnl'* sodium
citrate (Alfa Aesar) was then introduced into the mixture. After stirring for 1 minuté, 5 m
0.7 mghnl'* sodium borohydride (Alfa Aesar) was dropwise addgdn injection pmp

at a speed of 18I A twhen the solutiomvas inanice water bath After the reactioraged
overnight, the product wascollected by centrifugatiorand washed with 50%/50%
water/ethanol for three time$he collected samples were dried at°60in theoven for

two hours.

2.2.6. Photocatalytic C{Hydrogenation

We conductedCO, hydrogenatiorby usinga fixed bed reactofHarrick, HYGMRA-5)
coupled with demperature controller kit (Harrick, ATR24-3). 7.5mgof hybridcatalysts

of Rh/SiQ-NSs and Rh-SiOx NPswere used to compare the geometric effect on the
photocatalytic performancel-low rates of gases (Airgas) were controlled by mass flow
controllers (Alicat). Catalysts were reduced untigmlqimin't10% H/Ar at 330 °C for 2
hoursbeforereactions.Visible light-driven reactionsvere conducted with a xenon light
source (Asahi Spectra, MAZ03). Lightpowerintensity was measured lan optical
energy meter console (Thorlabs, PM100D) coupled with a thermal sensor head (Thorlabs,
S305C) Effluent gasesvere analyzed by gas chromatography (Agilent) equipped with a

Carboxen 1010 Plot capillary column (Agilent).
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2.27. Material Characterizations

Transmission electron microscopy (TEM) images of metal nanocrystals were recorded on
a microscopeJEOL JEM1400). Scanning electron microscopy (SEM) images of silica
nanoparticles and silica/metal composite particles were characterized withenfisklon
microscope (FEI Quanta FEG 450) that was operated at an acceleration voltage of 20 kV.
Inductivdy coupled plasma atomic emission spectroscopy 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 ultavioletvisible (UVivis) spectrophotometer (Thermo Scientific, Evolution 220)

equipped with an integraug sphere.

2.3. Results and Discussion

2.3.1. Light Absorption of Rh/SiNanospheres

Silica nanoparticles with large enough sizes can always produce random scattering in the
visible spectral region regardless of their morphology, but generating resonant scattering
dependstrongly on their morphologyFor instance, theoretical modelingdazalculations

have shown that spherical SiQarticles of several microns support Faitgrot or
Whispering Gallery resonances, forming electrical fields near the Siffaces much
stronger than that of the incident lightvarying the size of the SiQparticles tunes the
resonant wavelengths and the enhancement of electrical fields near the particle surfaces.
Decreasing the size of silica spheres down to thensiclometer scale still supports
surface scattering resonances despite the broadness of the resonancerpealight

scattering resonances on the surfaces of silica nanospherasNSE&) significantly
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Figure 2.1 DRS spectra of (A) an aqueous dispersion oh&mparticlesand (B) a powder

of Rh/SIO«-NSs composite particles with 2 wt.% loading of Rh npadicles. A
representative TEM image of the Rh nanocrystals and a digital photograph of the aqueous
dispersion of the Rhan@atrticles are presented as insets of (A). The DRS spectrum of a
powder of the SiIQNSs is also plotted as reference (blue curve) inTBg representative

SEM images of th&iOx andRISiOx NS compositgarticles are shown in (B).

enhancsethe optical absorbance and change the spectral profile of absorption in quantum
sized Pt nanocrystals (with size <10 nm) that are attached to theesoffthe SIQNSs??

An aqueous dispersion ofugntumsized Rh nanocrystals with sizes of ~3 nm
exhibits a brown color anca peakless absorptiospectrum (Figure 2(A)). Rh
nan@articles that have negatively charged surfaces due to PVP surfactants can be
electrostatically attached to the surfaces of positively cha8gad\NSs forming Rh/SiQ-

NSs hybrid particlesStrong light absorption with wetlefined peaks at ~450 nm and ~670
nm isobserved from the Rh nanocrystals loaded to the B&3> with an average diameter

of 356 nm while bare SiONSsalmostdoes not have any absorbance (Figuré®))1The
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comparison of spectra between Rh/SNB andSiOx NSsreveals the absorption signal

originates from Rh narparticlesrather than the substrates.

The detailed mechanisms could be explaiaed clarified Light waves might be
confined inside SIQNSs when they nearly horizontally enter into the substraidse
interference of light wavesan increase or decrease electric field intensity around the
surface of substrates. It means SNIBs 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 absorptiofeatures in the visible rang&henthe light absorption
profile of Rh/SiQ-NS powders showlighest light absorptioat thespecific frequencies
correlating to resonant light scattering/sSiOx NSs The welldefined peaks result from
the light scatterig resonance on the surfaces of thex3Ss with the highest geometric

symmetry Rs).?!

The DRS spectrum of the Si®IS/Rh particles also show a neaero baseline
independent of the wavelength, which agrees with the feature of random scaftbeng.
compaisons indicate that both resonant scattering and random scattering of the dielectric
SiO« NSs are responsible for enhancing the light absorption in the quaitadRh
nanocrystals. The respective contribution of resonant scattering and raodtening to

the enhanced light absorption is not distinguished.

2.3.2. Synthesis dRodlike Silica Nanoparticles

Theoretical modeling and calculations indicate that the spherical geometry of dielectric

particles favors resonant scattering and redutiaggeometrical symmetry of the dielectric
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Figure 2.2 (A) Schematic illustration of the geometry efSi0; NPs with different aspect

ratios. The aspect ratio is defined by the ratio of the length (I) to the width (d)-oBix r

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

nanoparticles with different aspect ratios: (B) 0.8 (denoteeDa® $iG NPs) and (C) 1.4

(denoted as-1.4 SiGQ NPs). (D, E) SEM images of thedr8 SiQ NPs (D and 1.4 SiQ

NPs (E) covered with Rh naparticles.

4C



particles weakens resonant scatteffthd o verify the importance of spherical symmetry

of the silica nanoparticles on resonant scattearsgt of silica nanopatrticles with reduced
geometrical symmetry are synthesized by controlling the aspect ratio of the rodlike
particles. The silica nanopanies start nucleation at nanosized wateh emulsion
droplets followed by anisotropic growth along the direction away from emulsion droplets,
forming rodlike nanoparticles with one flat end and one rounded egdr@2.2) These

rodlike silica nanopaitles (FSiOx NPs) exhibit a geometric symmetry Gfv, and their

geometric aspect ratio is determined by the lateral dimenstamsglar to theSiOx NSs,

these SiOx NPs are also feasible to attract tngantumsized Rh nanocrystals to their
surfaces, foming Rh/SiOx composites.Figures2.2(D, E) show the SEM images of
baresilica and composite samples (insets) formed from 48 NPs with aspect ratios

of 0.8 and 1.4, respectively.

2.3.3. Comparison of DRSpectra

Same as the SjONSs, rodlike silica exhibit negligible absorption signal in the
corresponding DRS spectr@Figure 2.3(A)). The corresponding powders of these
composite particles exhibit strong optical absorptialthough their DSR spectra are
different from that of th&®HSiO-NSs composite particledt indicateghatr-SiOx NPs are

still capable of enhancing light absorption of Rtenanocrystals due thelight scattering

of the silica nanoparticles. The corresponding DRS spectra become essentially peakless,
implying the absencef resonant light scattering on th&iOx NSs with lowered geometric

symmetry of Cy v. The spectral differencdighlights the importance of geometric

symmetry of the silica nanopatrticles on determining their light scattering nitekanant
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Figure 2.3 (A) DRS spectra of powders of tharesilica nanoparticlesSiOx NSs, 0.8

SiO« NPs, and 1.4 SiO¢ NPs)and silica nanoparticles loadedth 2 wt.% loading of Rh
nanocrystals(B) The integrated values of the DRS spectra presented in (A) in the spectral
range of 300 nirBO0 nm, showing the dependence of light absorption in the Rh
nanocrystals on the geometraspect ratios of the supporting silica nanopatrticles. The
volcanashaped relationship highlights that the spherical silica nanoparticles with an aspect
ratio of 1 are more effective in enhancing light absorption in the Rh nanopatrticles than the

rodlike slica nanopatrticles.

scattering, which is responsible for the appearance ofdeélhed intense absorption peaks

in the DRS spectra, is very sensitive to the geometric symmetry of silica nanoparticles.
Only the SiQ NSs with the highest geometrical syntnyeof Rs 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 comgzhby integrating these DRS spectra

in the range of 30B00 nm, and the integrated values are shown in FigB@) as a
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function oftheaspect ratio of the supportigyO« NPs. The volcano shape with a maximum

at the aspect ratio of 1 (correspondingpbericalSiOx NPs) again highlights that tt80x

NSs are more effective in enhancing light absorption in the Rh nanocrystals thadiikee

silica nanoparticles regardless of the aspect ratios >1 oA<riore deviation of the aspect
ratioweakens the absorption peaks more, further confirming that high geometric symmetry
of the SIO« NSs is crucial to support strong resonant scattering on the dielectric silica
nanoparticles. Regardless of the aspect ratio of the silica nanoparticles, tineldsat
baselines of these DRS spectra remain essentially consistent, indicating that the random
scattering of the silica nanoparticles makes an approximately constant contribution to

enhaning the light absorption in the Rh ngperticles.

Resonant scatteng and randomscattering of Si© NSs makerougHy equal
contributions to enhance the lighbsorption in theRh nanocrystals at the resonance
frequencies. At the neresonancefrequencies, the random scattering dominates the
enhancement of light absorpi in theRh nanocrystals At the resonance frequencies, the
light absorption in the Rh naparticles enhanced by the resonant scattering ofSik
NSs is comparable to the absorption enhanced by the random scatt@&ieglight
absorption is dominatealy the enhancement originated from the random scattering at the

nonrresonance frequencies.

The DRS spectra shown in Figur28 consistently highlight that both resonant
scattering and random scattering of the silica nanopartialeenhanctie light absorption
in the quantunsized metal narparticles attached to the silica nanoparticle§he
occurrence of resonant scatterstgpngly 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 awitbcrease of their
geometric symmetry. In contragiie 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 nanopaiticeser to further highlight the
geometrical effect of light antenna on Rh light absorptidihe light scattering efficiency
of the dielectric silica nanoparticles also relies on the refractive imjlexthe surrounding
environmenf® 2’ A large difference of refractive indexes betwethe surrounitig

medium and the silica nanoparticlesita O 1.4 1.45 forthe solgel silica) promotes light

scattering. Therefore, the silica nanoparticles dispersed in wakgg.(= 1.33 at room
temperatue) exhibit a much lower light scatterindgiefency compared to the dry powder
of the silica nanoparticles in aing; = 1). The variation ofthe refractive index of the

surroundhg medium also influences the scattering resonfecpiencies of the SIONSs.

Figure 2.4 (A)compares the DRSpectra of aqueous dispersions of freestanding
Rh nangarticles and SiQ'Rh composite particles formed with varying silica nanoparticles,
which exhibit profiles different from the DRS spectra of toerespondindrh/SiOx dry
powders(Figure 2.3A).However,the light absorption in the Rh nanocrystals is always
enhanced when the Riangarticles are attached to the silica nanoparticles. The good
dispersion of the Rhan@articles in water and on the surfaces of the silica nanoparticles
ensures that the measdrDRS signals represent the accumulation of optical absorption of
individual Rh nanparticles withtheexclusion of possible interparticular coupling between
the adjacent Rh naparticles. As a result, thenhancement spectrum, i.e., enhancement

factor asa function of wavelength, enabled by the silica hanoparticles can be calculated by
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Figure 2.4 (A) DRS spectra of aqueous dispersions of adapersed Rh nanocrystals

(green dotted) anBh/SiOx composite particles formed fro8iOx NSs (black), 0.8 SiOx

NPs (blue), and-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 SiO«x NSs (black), 10.8 SiOx NPs (blue), and-t.4 SiO¢ NPs (red).

dividing the DRS spectrum of aispersion ofthe correspondindRh/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 tINSSIO

and the 1SiO¢ NPs with aspect ratios of 0.8 and 1.4, showing that the maximum

enhancement factor can reaet? around 750 nm for the Si@Ss. In the visible spectral

region (i.e., at o

>

450 nm), the

eOxhancen

NSs although it is lower for the- 8O« NPs. Since the light scattering efficiency of the dry

SiO« NSs intheair is much higher than that of the wet $NXIBs in solvents (e.g., ethanol,

water, etc.), the optical absorption power of the Rh pariles attached to the S{INSs
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could be enhanced by a higher factor wRmSiO«-NSs composite particles are used in
gas atmospheres. In order to achieve the maximum scaterivamnced light absorption in
guantumsized metal nanopatrticles, the synthesisioOk 8ISs has to be carefully controlled

to ensure the refractive index of the $XIBs to reach the possible maximum vt

2.34. Dependence dicatteringModes 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 minimumrgsn loss.
Regardless of the geometry of the silica nanoparticle antdmerandom scattering of the
incident light is always observed while the wave function is not altered. When the geometry
of the silica nanopatrticles exhibits a high enough symmiteynanoparticle antenna can

also support surface scattering resonances that generate new standing waves with wave
functions different from the incident lighEor example, light scattering resonances on the
surface ofSiOx NSs with the highest geometsgmmetry result in the formatiarf surface

Ahot spots, 0 at which the new el ectromagne:!
incident light.

Figure 2.5 skematicallyhighlights the dependence of scattering mode on the
geometry of the silica nanoparticldsis noteworthy that the illustrations are not simulated
results (i.e., the sketch is just fdemonstration rather than the actual fadSéhe highly
symmetricSiOx NSs support both resonastattering and random scattering while the
irregular shapedilica nanoparticles witlvery low geometricsymmetrysupport merely
random scatteringWhen lightabsorbing species are attached to the surface of the silica

nanopattcles, their optical absorption power can be enhanceablly random scattering
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Figure 2.5 Schematiccartoonshighlighting the difference of light scattering on silica
nanoparticles with different geometric symmetrigse., it is noted that the illustrations
are not simulated resulfs.(A) A SiOx NS with the highest geometric symmetry Rf
supports both stranresonant scattering, which generates new standing waves with
stronger electric fields near the surface of 8@ NS, and random scattering, which
scatters the incident light off the surface of 8i& NS in directions different from its
original propagation direction. (B) ASiOx NP with nonspherical shape, corresponding to

a geometric symmetrimuch lower than B, merely supports random scattering. The
influence of geometry 0%iOx NPs on the light scattering mode can be transferred to the
enhanced djral absorption of quantwsized metal nanocrystals attached toSHe NPs

as presented in Figur@sli 2.4. The red and blue colors denote high and low electric field

intensity, respectively.

and resonant scatteringhe DRS spectra of tHeh/SiOx composite particlesepresent the
typical examples highlighting that the optical absorption gqofantumsized metal
nanocrystalss significantly enhanced by light scattering (including both random scattering

and resonant sttaring) on the silica nanoparticle3.he randonscattering of light from
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the silica nanopatrticles propagates in directions different from that of the incident light,
elongating the propagation pathway of light in a material block made of silica/metal
conmposite particles. The longer light pathway allows more incident light to be absorbed by
the metal nanocrystals attachiedhe silica nanoparticles, resulting in an enhancement of
overall light absorption. It is worth pointing out that the random scagteloes not change

the spatial power density of the scattered light.

In contrast, resonari c at t er i ng of the incident I
surface ofSiOx NSs tosignificantly increase the local electrical fields (corresponding to
power density, whichenhance the optical (energy) absorption in the nmetabparticles
attached to the surfaad# the SiQ NSs. The mechanistic difference in enhancing light
absorption inquantumsized metal nanocrystals for random scattering and resonant
scattering might be more influential toward Aorear optical properties, for example,
photoexcited hot electron generation in the quangined metal nanocrystals The
understanding sheds light on designing composite materials with the dielectdc sili

nanoparticle antenna to promaite performance of applications.

2.35. Comparison oPhotocatalyti®®erformance

The synthesis of rodlike silica nanoparticles was scaled up for investigating the effect of
the geometry of a dielectric antenna on thetptetalytic 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 nanopartislevere loaded onto the surfaces of rodliaad

spherical silica nanoparticles through assitu 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 diswitaitf rodlike
silica nanopatrticles. TEM images and statistic histograms of size and size distributions of

Rh/r-SiO«NPs (B) and Rh/SIiGNSs (C) withaRh loading amount of 1.5 wt.% by rodlike

silicananoparticles
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The Rhnanoparticles supportda rodlike silica nanoparticlesave an averaged sipé

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 péicle 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/SiQ-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 restwddi@ring effects.

The DRS spectrum of RR8iO« NPsnanopatrticles exhitstpeakless absorption, which
attributed to random scattering effect$his result is in accordance with the results in
Figure 2.3. The resonance scattering effextble prodcing hot spots around the surfaces

of spherical silica substrates with a high electric field intensity and enhancinggithle

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

thus inducing improved photocatatyperformance of C&hydrogenation.

An amount of 7.5 mg of catalysts was used for. @§@drogenation. 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 sameuatsdor Rh/Si@-NSs and Rh/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, shown in Figure Z(B). The ratio of absorbed light

over incident light is estimated as their integral areas for each sample. Both,RR&O
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Figure 2.7 (A) powder DRS spectra &th/f-SiOx NPs andRh/SiO«-NSs hybrid catalysts.

(B) Spectra of the multiplication of light intensity times by photon energy for incident light
intensity andabsorbed light by hybrid catalysts. (C) Methanation rates eathlpy the
synthesized catalysts with using different monochromic light with and light power intensity
<50 mW cn?. Total flow rates are 560 mt*h The gas compositions are 35 il @02,

440 ml h H, and 85 ml HAr. The operating temperatuveasat 330°C.

(2.5556/3.6214 = 0.7) and R{IO, NPs (2.53976/3.6214 = 0.7) nanopatrticles absorb 70 %
incident light intensity. Therefore, the absorbed light intensity for-8iSs/Rh
(2.5556/3.6214 = 0.7and Rh/fSiOx NPs are almost equal based on the estimates. We

illuminated monochromic light intthe 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 cn?. The comparison of methanation rates without or with light for each sample
are summarized iRigure 2.7(C). Under dark, the samples of Rh/S\Ss and RhASIOx

NPs show very similar methanation rates because of ecasetiolled synthesis process.

With light illumination, the methanation rates of Rh/SiISs catalyst are higher than

those of R/r-SiO« 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 paer intensity, the methanation rates are greatly increased, while
CO production rates slightly increased, resulting in enhanceds€ldctivity and CQ
conversion. Under dark or at lower light power intensity, the difference of methanation
rates betweeRh/SiO«-NSs and RhiSIO« NPs is very similar. The increased light power
intensity leads to a more considerable difference in methanation rates between-Rh/SiO
NSs and RhiSIO« NPs particles. The methanation rate by Rh{SNSs catalyst is 2.6

times highethan that of the R8I0 NPs sample.

The results demonstrate silica nanospheres with asiigmetry geometry enalsle
to have better photmduced CQ hydrogenation performance of Rh nanopatrticles than the
counterpart of rodlike silica nanoparticléhe 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 injeain into adsorbed molecules and promote methanation kinetics and
selectivity (more discussion in Chapter Bdmittedly, it is very challengg to precisely

control the synthesis and reaction condsjomhich arestrictly the same for each sample.
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Figure 2.8 (A) Catalytic results by Rh-SiO« NPs and RISIOx-NSs hybrid catalysts for
CHs and CO production rates (A), and CH4 selectivity and €@hversion (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 conditidtihe are

sameasFigure 2.7.

Such deviations affect the comparison of catalytic results of rodlike silica nanoparticles
and silica nanosphere nanoparticlége need to conduct additional experiments for further
verify the enhanced photocatalytic performanasing highly symmetrical silica

nanospheres as the light antenna.

2.4. Summary

This studyhasdemonstrated thale light absorption of rhodium nanoparticles that have a
weak and peakless profile in the visible region can be enhanced by loading theheonto
surfaces of silica nanosphereBhe 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 itteasd the random light

53



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 nttedl the light absorption profiles of the
Rh/SiO: NSs hybrid nanoparticlesrethe product of intrinsic Rh absorption profile and
SiOx NSs scattering profile.If the metal nanoparticles have negligible light absorption
(even if it seems nqiossible) at specific light wavelengths, the mechanism of S&s
enhanced light absorption coulibt work Besides, this study also finds that the
geometrical symmetry of silica substrates is important for the appearance of the resonant
light scatteringput do not affect much on the random light scattering. The presence of "hot
spot” due to resonant light scatterings on ,SNBs enables the better photocatalytic
performance that rodlike SJNSs that are absent in resonant light scattering in theevisibl

range.
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CHAPTER 3

SELECTIVE AEROBIC OXIDATION OF ALCOHOLS BY HOT ELECTRONN

RHODIUM NANOPARTICLES

(Note: Content of this chapteriadapt ed f r om Xinyam D@, Kbnsalya at i on
Devi Rasamani, Siyu Wu, Yugang Stmablingselectiveaerobic oxidation ofalcohols to
aldehydes b¥yot electrons inquantumsized RmanocubesMaterials Today Energy2018,

10, 1522, doi.org/10.1016/mtener.2018.08.008 with permissiorfrom Elsevien

3.1. Introduction

The dissertation about photocatalyticHetéctron chemistry using Rh nanopatrticles 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 for®OH, -OH, or-H>O depending on the catalyst
features. Previous studies reported the hot electrons on platinum nanoparticles might
temporally retain in the molecules forming peroxide radicals as repgoifée:. oxyphilic
feature of Rh is stronger than that of Pt metalshich might affect the reaction ras.
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 ofcritical chemical reactions for many industrial processes (e.g., aldol reaction,
amidation and esterification.” Current practice primarily relies on the use of strong

oxidants (e.g., permanganate and dichromate), which are usually toxic and have to b

5%



removed from the products? 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 aldehydé&sTherefore, precisely controlling the dizing 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 oxidamsppropriate level,
benefiting the selective oxidatidh!? The toxicity and separation of the traditional
oxidants still remain as challenging problems. In contrast, using ambient oxygen alleviates
or even completely eliminates these remaininglehgkes despite its low oxidizing power

that cannot directly oxidize alcohols. Withe assistance of an appropriate catalyst, on
which oxygen molecules are adsorbed, the adsorbed oxygen can be converted to different
states with increased oxidizing power gromote the selective oxidation of alcohols to
aldehydes. For instance, the most recentfirsiciples modeling of selective oxidation of
propanol to propanol (i.epropionaldehydejndicates that the presence of dissociated
oxygen atoms on Pd surfacsignificantly benefits the selective alcotwlaldehyde

transformatiort.

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
overcomehigh activation energy barriet3!* Two pathways are possible.Two hot
electrons are simultaneously injected into the twdr® adsorption bonds, leading to the
detachment of a peroxide radical anionX® Another pathway is thatnty one hot
electra is injected into the antibonding orbital of the@bond to cleave the-@ 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 alauprdinate,
illustrating the potential energy lowers e adsorption changes from physisorption to
associative molecular chemisorption (i.e., perlike species, &% aq9 to dissociative
chemisorption (i.e., Q9 on Rh surface. (B) Possible pathways of injecting energetic hot

electrons, which are generdt| the Rh, to the surface adsorption bonds.

1 requires the simultaneous injection of two hot electrons into tRé Gonds of a single
adsorption oxygen molecul@he possibility is much lower than Pathway 1, which only
requires the injection of ondegetron. Therefore, hot electron injection prefers a transition
of oxygen adsorption frora peroxclike state to atoms At mild temperatures, oxygen

molecules adsorbed on Rh surface tend to be in an associative state close to the peroxo like

61



species (F agsormed 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 &Figose 3.1)!418
Thermal energy at elevated temperatures is commonly used to overcome th@activa
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-t@elOnds represents

an ideal strategy to specifically dissociate th&ddbonds, favoring the selective oxidation

of alcohols to aldehydes.

Herein, we report a selective injection of hot electrons generated in the quantum
sized Rh nangarticles with sizesof ~3 nm upon illumination of white light into the-O
bonds of adsorbed oxygen molecules to dissociate them into oxygen atoms. Hot electrons,
a type of energetic and fAmassl essoO react a
molecules but do nathange the chemical composition of the molecules. As a rdsailt,
involvement of hot electrons in a chemical reactian adjusthe potential energy surface
of the reaction intermediates to alter the activation energy barrier of theetatenining
steps In contrastthe chemistry of the overall reaction remains intdcthe use of the
guantumsized Rh nanparticles as catalyst benefits the ‘ebéctrondriven selective
oxidation in two folds. First, the small nanoparticles exhibit a large surdacdume
ratio, reducingexpensive PGM usagehile maintaining the high surface area for catalytic
reactions. Second, the small size of the Rh pariwles is crucial to transform the
absorbed photon energy to highergy hot electrons, which can be useghotocatalysis
with high efficiency. The hot electrons capable of driving chermazadtions are created

via the quantum optical transitions near thegRlticle surfaces, representing a quantum
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effect that can only be described by quantum mechdhi@he dominating presence of
such surface quantum transitions in small metal nanoparticles is the reason we call metal

nanoparticles with smasilzesdod enset(a<ll On anno)p aarst

The light absorption power in quantesized Rh nanop#cles is very weak due to
their small volume and low absorption coefficiefunlike plasmonic nanoparticles (e.g.,
Ag and Au) that efficiently absorb visible light due to their strong surface plasmon
resonances (SPR%)the Rh nanoparticles with smalizes do not support SPR in the
visible spectral regio® We recently found that placing small nanoparticles on spherical
silica particles with appropriate sizes can significantly enhéimeabsorption of visible
light in the loaded nanoparticles evéough the silica particles essentially do not absorb
the visible lightt*?® The enhancement of light absorption is ascribed to the strong
electrical fields near the surface of the dielectric silica particles, on which-Paboy or
Whispering Gallery rgonances concentrate scattered If§hitlotivated by the results, in
this study we have explored the feasibility of hot electron generation in the small Rh
nangarticles, which are anchored to the surface of silica spheres with a size of 400 nm.
The phao-excited hot electrons in the supported Rh manticles are injected into the
antibonding orbitals of the @ bonds to dissociate the adsorbed molecular oxygen,
forming adsorbed oxygen atoms on the Rh surfaces to promote the selective-talcohol
aldehyeé 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. llluminating the reaction system increases the reaction
rate signficantly while the high selectivity remains intact. Besides enhancing light

absorption in the Rh naparticles, the silica spheres also servelss support of the Rh
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nang@articlesto prevent them from being aggregated in the course of reactions, magntain

the colloidal stability of the catalyst.

3.2. ExperimentaVethods

3.2.1. Synthesis dkhodiumNangarticles

Colloidal RhNPswere synthesized through a polyol process involving sequential reactions
at two different temperaturés. 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), 024 g (0.04 mmol) of sodium
hexachlororhodate (I11) dodecahydréldesRhClk-12 HO, Alfa Aesa) were added to 1 m

of ethylene glycol (EG, Fisher) in a-2d glass vial at room temperature. Slightly heating
the mixture at 40C for onehour completely dissolved all powders in EG. The solution
was then heated to 9C and maintained at this temperature for 15 min to initiate the
nucleation of Rh narparticles resulting in a solution with a light brown color. The
temperaturef the reaction solution was further elevated to°C58nd maintained fasne

hour to grow the Rh nuclei, forming a dispersion of RRs with a dark brown color. To

the resultant dispersion was added|3fra mixure solvent of acetone/water (9/1¥iV)
followed by vortex mixing. The solution was then centrifuged at 13 400 rpm (revolutions
per minute) for 10 min. After the supernatesis discarded, 3 Inof acetone/water (9/1 in
V/V) was added to disperse the precipitated Rh NCs with the assistance of vortex mixing.
Repeating the centrifugation anddispersion for 5 times to remove the excess PVP and

KBr. The washed Rh Rs were dipersed 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 (Ss) were synthesized through controlled
hydrolysis of tetraethyl orthosilicate (TEOS, Sig#larich), as described by a Stéber
process? In brief, 1.7 nhof TEOS was added to a solution containing 18.1afrabsolute
ethanol (Pharmcéaper), 3.21 rhof deionized (DI) water, and 1.96|mf ammonia
hydroxide (28~30 wt.% in water, Fisher), which wastinuously stirred at 600 rpom. The
mixing triggered slow hydrolysis of TEQ&nd the reaction lasted 2 hours to complete the
growth of SiQ NSs. The synthesized SiOISs were collected through two-time
repetition of centrifugation and washing witth@nol. The SiQ@ NSs were then dried

overnight in an oven set at®) The dry powder was stored for further use.

To switch the surface charge of the SNCBs to be positive, the-ggnthesized Si©
NSs were then modified with {8minopropyl)triethoxysilane (APTES, Sigrddrich).?*
29 200 mg of SiQ NSs were first dispersed in 100 of ethanol (190 proof, Pharmco
Aaper) with the assistance of ultrasonication. To this ethanolic dispersion.SsQvas
added dropwise 1 hof APTES while the dispersion was maintained atG50 After
APTES was completely added, the reaction continuously proceeded four8 th
conjugate APTES to the surface of the S3s, forming APTESunctionalized SIQNSs
(APTESSIO« NSs). The APTESIO« NSs were washed with ethanol twice and collected

via centrifugation.The SiQ NSs were ovedlried at 60C for storage.

3.2.3. Attachment of RNPsto SiO, NSs

Mixing the RhNPsand the APTESnodifiedSiOx NSs led to an attachment of the RRs

to the surface of the SJONSs due to electrostatic attraction, forming RhiSi®brid
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structures. To load 2 wt.% R¥iPs to the SiQ NSs, 2 nh of suspension containing 41.2

Hg of Rh NPs (corresponding 0.2 mM in terms of Rh atoms) was slowly added tb 1 m
ethanolic dispersion of 2 mglhAPTESSIO« NSs placed in a sonicating bath. The
mixture was continuously sonicated for 30 minutes to facilitate the electrostatic interactions
between th negatively charged RhAN and the positively charged APTES8O« NSs. The
process formed a composite sample containing 2 wt.% Rh loading (i.e., 2 wt.% 8h/SiO
The samples with different loadings (0.5 wt.% to 2 wt.%) of Rh NCs were synthesized by
following the same procedure excdpt the use of different amounts of RHP&N The
synthesized Rh/SiChybrid particles were collected via centrifugation and dried in an oven

set 60C for 4 hours

3.2.4. SelectivéerobicOxidation ofBenzyl Alcohol

Theselective aerobic oxidation of benzyl alcohol (BzOH, Acros Organics) was performed
in the presence of the-agnthesized Rh/Sihybrid particles as catalysts. The activity of
the catalysts was compared between the dark condition and the conditionghitth i
illumination. In a typical test, 9 mg of the Rh/Siybrid particles were first dispersed in
1.5 m of benzotrifluoride (BTF, Alfa Aesar) witthe assistance of ultrasonication ina 4

ml transparent glass vial equipped with an ofmgn cap and a rulgb septum. The
dispersion was then bubbled with &./N> mixture gas for 30 minand the same gas
atmosphere was then maintained above the reaction solution. To the rehesotution

was quickly injecte@ m (0.029 mmol) of BzOH The following aevbic oxidation reaction
was performed at conditions by varying temperature, partial pressurg andintensity

of light irradiation. The optical illumination was provided by a 300 W xenon light source

(Asahi Spectra) with tunable output. In the cowsea reaction, 0.1 haliquots 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 um
pores to remove possible residuahoparticles. The cleaned supernatants were analyzed
with a gas chromatography (GC) instrument (Agilent) equipped withPa5 column. The
reaction temperature was controlled with a water bath throughout all reactimmove

the photothermal heat withe photeillumination.
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 JEM1400) was also usdd image nanoparticles. The diffuse reflectance
spectra (DRS) were collected kn ultravioletvisible (UViVis) spectrophotometer
(Thermo Scientific, Evolution 220) equipped with an integigasiphereThe DRS spectra

for aqueous and power samples weaskected.
3.3. Results
3.3.1. Characterization of the RHPs and Rh/SiQ Hybrid Particles

Monodisperse silica nanospheres (SN3s) are synthesized through controlled hydrolysis
of TOES by following the modified Stober procé®s.The reaction described in the
experimental section leads to the formation of uniform,$iSs with an average size of
400 nm and a standard deviatiainlessthan 5% (Figure 2(A and B)). The abundaiit
OH groups on the SIONS surface facilitate the conjugation of APTES to the,$iGs?*

This surface modification does not change the morphology and size of thie SQvhile

67



SiO, NSs
400 nm + 18 nm

400 450 500
Size (nm)
Rh NPs
3.01 nm + 0.45 nm

[ (200)
|

|
\ \ (220)

40

60 70

% Jtheta

Figure 3.2 (A, B) SEM image and statistic histogramtbésize distribution of bare SiO
nanospheres. The scale bar represents 1000 nm. (C, D, E) Typical TEM image (C), statistic
histogram othesize distribution (D)and XRD pattern (E) of the monodispersed FtsN

The scale bar represents 40 nm. (F, G, H) TEM image of an individual@Higbrid

particle with a Rh loading amount of 2 wt.% (F), 1.0 wt.% (@nhd 0.5 wt.% (H). The

scale bars represent 100 nm.
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the bonded APTES molecules expose thhliH> end groups to exhibit a zeta potential of

30 mV for the APTESSIO« NSs dispersed in water. The positively charged surfaces of
the APTESSIO« NSs are capable of adsorbing small nanopatrticles with negatively charged
surfaces through the strong electrostatic attraction. A polyol reduction of Rh(lll) species
(e.g., NaRhCk) results in the formation of Riengarticles (NPs) with an averagsizeof

3.01 nm and a standard deviation of 15% (Figu2€GE)). The dispersion athe RhNPs
exhibits a zeta potential .8.3 mV, which might originate from halide anions (e.g:, Br

or CI involved in the synthesis) adsorbed on the surfaces of th¢ARA® Mixing the
APTESSIO« NSs with positively charged surfaces and the Ra With negatively charged
surfaces leads to a s@ésembly process, in which the RR9$pontaneously &ch to the
surface of the SiONSs to form Rh/SiQhybrid particlesFigure3.2(F) presents a typical
TEM image of an individual Rh/SiChybrid particle with 2 wt.% Rh loading, clearly
showing that the small RhR$ are uniformly distributed on the surface of the,SWSs.

The uniform spatial distribution of the RHPhlis crucial to expose the most surfaces of the
anchored Rh NCs, benefig catalytic reactions. The surface coverage of the Rhdd

the SiQ NSs is easily tuned by varying the loading of the Fs KFigure3.2(G and H).

The optical absorption property of the Rh/gi@brid particles has been evaluated
with the diffuse reftctance spectroscopy (DRS) that excludes the light scattering to only
probe the absorptioaf metal nanoparticles Figure3.3(A) presents the DRS spectra of
aqueous dispersions of the Rh/gi@ybrid particles with varying loadings of RhPhl
These specirare different from that of the freestanding RPsNwhich exhibits a shoulder
like peak below 300 nm followed by a steep decrease in the visible spectral region (dotted

curve, Figure3.3(A)).
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Figure 3.3 (A) Diffuse reflecance spectra (DRS) of aqueous dispersions of Nifs
(dashdotted curve), Rh/Sitwybrid 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 FigugA) over

the range of 40800 nmas a function of the loading of Rh NCs attached to the SES.

(C) Enhancement spectra of RO« 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 correspondg amounts of the freestanding RHIPSNNPs, NSs, and SiOrepresent

nangarticles nanospheres, and silica, respectively.
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The absorption peak corresponds to the SPR of theARh Whe weak absorption
of visible light in the Rh Rs results in difficulty ¢ efficiently generate hot electrons using
the sunlight. When the RKNPs are attached to the SiQISs, their optical absorption is
significantly improved, in particular in the visible spectral region (see, solid blue curve
versus dotted brown curve foretlsame amousbf 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 Si@pon illumination of the sunlightHigher loading of Rh Rs

on the SiQ NSs gives a stronger absorption of visible light (Fig3:&8(B)).

Since the SiQNSs essentially do not absorb light (dahted black line, Figure
3.3(A)), the enhancement of optical absorption in thexSidpported Rh Rs can be
guantitatively compared by temhancement spectrum, i.e., a division of the DRS spectrum
of the Rh/SiQ hybrid particles against the DRS spectrum of the same amount of
freestanding Rh Rs. The enhancement spectra exhasimilar profile regardless of the
loading (0.5 wt.%2 wt.%) of the RINPs on the surface of the Si®ISs (Figure3.3(C),
highlighting that the enhancement of light absorption in the R il mainly due to the
unigque optical property of the SiIQISs. Tle high geometrical symmetry of the dielectric
SiO« NSs supports Fabilperot olWhispering Gallery resonances to generate electric fields
much stronger than the incident light near the surface of the N§89?° which enhance
the optical absorption power siall nanoparticles placed on the surface of the Ni&s.

The average enhancement faabbrall Rh NPs on the SiQ NSs can be as high as 5.5,
which is even higher than that achiewsingplasmonic nanoparticles as a light antefina.
The absorption er@mcement depends on thmountof the SiQ NSs and the dielectric

constant of the surrounding medidft>
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Figure 3.4 (A) DRS spectra of powder samples of Rh/Si@brid particles with different
loadings of Rh ®s: 0 (prisine SiG 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 R in the Rh/Si@hybrid particles

Although the pristine SIONSs barely absorb light, the DRS spectra ofgbeer
samplesRh/SiQc hybrid particles always exhibit peaks at 207, 227, 260, 311, 356, 468,
683, and 990 nm regardless of the loading of the Rh(Ri@sre3.4). The independence
of the number and positiaf the DRS speaks on the loadings of the RIs Mdicates that
the SiQ NSs are responsible for the broadband absorption with multiple peaks in the Rh
NPs. The SiQNSs act as light scatters and resonatoentenhanced electric field
particular waelength near the NS surface due to scattering resonances. The resonance

wavelengths can be approximately calculated from Mie theory by following:

_2mrngy

1=

. ,wherer is the radius of the SIONSs (i.e., 200 nm)m is the relative refractive

index of the SiQ NSs with respect to that of the surrounding medium (i.e., ~1.458 for silica
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inair),andci s i ntegers (1, 2, 3, e) . The corre
peaks in the UWisible region are 915.6 nne € 2), 610.5 nm¢ = 3), 458 nm £ = 4),

366 nm £=15), 305 nm = 6), 261 nm¢=7), 229 nm ¢ = 8), and 204 nmd=9), which

agree well with the DRS spectrahereforetheefficient generation of hot electrons in the

Rh NP catalyst can benefit from the strongly enhanced absorption of visible light by
anchoring the Rh Rs on SiQ NSs with an appropriate size. The inertness of the IS83

prevents the possible charge flow of hot electrons into theNs8S in the Rh/SiQsanples,

promoting the hot electron injection into the reactant molecules adsorbed tliss RB&h

advantages work synergistically to benefit the selective oxidation of alcohols.

3.3.2. Influence oPhoto-illumination onReactionKinetics

The aerobic oxlation of benzyl alcohol (BzOH) to benzaldehyde (BzAD) is used as a
model reaction to estimate the influence of pketoited hot electrons generated in the
guantumsized Rh NP catalyst on reaction rate and selectivity. A small amount of the
Rh/SiQ, catdyst 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 pseudborder reactin.

BzAD represents the only product of the oxidation reaction regardless of the reaction
conditions and the types of catalysts. Therefore, the convergjoaf (BzOH can be
described by the ratio of the concentration of BzAD to that of both BzAD anéi Bz@e
reaction solution

a= [ BzAD]/ ([ BzAD] +[ Bz®HQ) & [ BzAD] /|

where [BzOHj} represents the initial concentration of BzZOH. FigRiA) presents the
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Figure 3.5 (A) Time-dependent conversion efficiencg)(of benzyl alcohol usingiO

NSs in the dark (square®) Rh/SiQ hybrid particles in the dark (triangles) or with the
light (diamond}. (B) Digital photo of BTF dispersions of (left) freestanding RsNand

(right) Rh/SiQ hybrid particles The amount of the freestanding RP\wasthe same as

the Rh NPs supported orSiO¢ NSs, i.e., 1351g. (C) Time-dependent conversion
efficiency @) usingfreestanding Rh Rs asacatalyst in the dark (black squares) or in the
light (red halffilled diamonds) and(D) 1.5 wt.% Rh/SiQ hybrid particles in the dark
(green open triangd} and in the lightdpen bluaediamonds). The reactions were performed

at 30°C 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.% RhASi®brid particles.The

light powerdensity was 0.4 W c#.

74



time-dependent variation & for the reactions in the presence of different nanoparticles
(e.g., SIQ NSs and Rh/Siohybrid particles). The conversion efficiency of BzOH in the
presence of SIONSs is essentially undetectable in the dark while the formation of BzZAD
becomes detectable in the presence of the Rhl§i@id particles, indicating the catalytic
activity of the Rh NCs towards the selective aerobic oxidation of BzZOH. The conversion
of BzOHto-BzAD exhibits a linear relationship with the reaction tirje ¢onfirming a
pseudezerothorder reaction a low conversion efficiency (< 1%). The converapiof(
boththe reactions in the dark and in the white light (veifhower density of 0.4 W cK)
exhibits linear dependence on the reaction time when the RH$i@id particles are used
asacatalyst (diamonds versus triangles, FigaiegA)). The linear slope @dt) increases

by 3.87 times to 1.8131 10 2 h* for the reaction in the light compared to that (4 68

h 1) of the reaction in the dark, implying that timenselight absorption in the Rh B¢
supported on the SIONSs indeed significantly acceléea the oxidation reactionin
contrast, the freestanding RiP&Isuffer a severe aggregation in the reaction solainch
stick on the glass wallFigure 3.5(B)), leading to undetectable conversion in the dark
(Figure 3.5(C). Even though the conversiamcreases undehe illumination of white
light, the linear slope is only 4.3410“ h'%, much lower than those of the reaction with
the Rh/SiQ catalyst (Figure3.5(D)). SiO«-supported Rh Rs have a good dispersity
avoiding the severe aggregation of freestanding Rbk. Whe comparisons highlight the
SiOx NSs areessentiako not only enhance the light absorption in the RPs Mut also

maintain the high colloidal stability of the catalyst paés in the reaction solutions.

For the zerottorder reaction, the reaction rat§ €quals to the rate constakj,(

which can be described by rate of producing BzAD
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Figure 3.6 (A) Comparison of the reaction rates atywag temperatures (i.e., 30, 60°C,

and 78C) when the reactions were performed with (open columns) or without (solid
columns) light illumination 0f0.4 W cnf 2. The values of percentages represent the
differences originated from light illumination. Except the reaction temperature, other
reaction conditions are the samé~ggure 3.5(B) Relationships of logarithm reaction rate
constant (Ik) and the inversefaeaction temperature (Y. The linear fitting gives the
apparent activation energlfd) of the selective oxidation of BzOH to BzAD according to
Arrhenius equation. The valuesEfin the dark and in the bright conditions are 44.0 kJ

molt and 22.6 kdnol?, respectively

. @
Substitution of eq. (1) into eq. (2) results in

\ L/ da

U = Q== % [BzOH], (3)
in which da/dt represents the product of the linear slope shown in Figure 2A and [BzOH]

Is the initial concentration of BzZOH. For example, the reaction rates of the reaction with
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Figure 3.7 The reaction ratey, is linearly dependent adhe power density of the incident
light, which illuminated a reaction solution containing 1.6 gh BTF, 0.029 mmol of
BzOH, and 4.5 mg of 1.5 wt.% Rh/Si@ybrid particles. The reaction was performed at

30°C and with a pure oxygen atmosphere of 1 atm.

the Rh/SiQ catalyst are 2.68 10° M s in the dark and 1.01 108 M s in the white
light with power density of 0.4 W c#) showing a 287% increase associated with light

illumination.

According to Arrhenius equation, the reaction rate increases with temperature.
Figure3.5(A) compares the reaction rates at different temperatures, showing that a higher

temperature acceldes the reaction. The corresponding activation energy baggenf(

the aerobic oxidation of BzOH to BzAD is 44.0 kJ rhat the dark (FigureC), lower
than that using Ru/alumina as catalyst (51.4 kJ48l Under the light illumination, the
valueof Ea decreases by 21.4 kJ mdhat is equivalent to an increase of temperature by
2574 K. The comparison & shown in Figure3.6(B) indicates that photoenergy is more

efficient to accelerate the interesting chemical reactions than thermal enbgffi€ient
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coupling of photoenergy into the aerobic oxidation of BzOH is ascribed to the strong
absorptionpower of white light in the Rh Rs supported on the SIQISs. The reaction

rate exhibits an approximately linear dependence on the mt@msity of the incident light

(Figure 37), which represents a typical reaction mechanism driven by hot elettréhs.

The light absorbed in the RhPFN excites the free electrons to gain high enough kinetic
energy, which behave as hot electrons. ligacbf 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 baffieFhe lower activation energy

barrier is beneficial to accebe the reaction, in particular at low temperatures (Fig@e

The photeenhanced selective oxidation of alcohols to aldehydes was also observed with

the use of AtPd alloy nanoparticles as catalyst, which absorb light due to their strong
SPR* Theproposed mechanism indicates the roles of light, i.e., facilitating the cleavage

of the OTH bond for the insertion dHep and
of the metal alkoxy specié€s.Some DFT calculations suggest that the injection agte:-li

excited electron from metal catalyst to the reactant molecule adsorbed on the metal surface
facilitates the c 3% ahesegnechanibms camret egplaid theo o n d .
significant dependence of reaction rate on the pressure of oxygen, whictebawsitiely

observed in the selective aerobic oxidation of alcofofs.Such disagreement suggests

that the photeexcited hot electrons may primarily change the surface adsorption states of

oxygen on the metal catalysts to accelerate the overall reaatef} 4°42

3.3.3. Relationship dReactionRate withOxygen Rirtial Pressure

The adsorption behavior of oxygen (i.e., associative adsorption versus dissociative

adsorption) is influenced by the @artial pressureRp.), which can be reflected from the
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dependence of reaction rate Be. The aerobic oxidation of BzOH involves adsorption

of the reactant species (BzOH and oxygen) on active sites of thé&Hdlowed by an
irreversible, rateletermining surface reactido produce BzAD. As predicted in the first
principles microkinetic modeling, the radetermining reaction involving the adsorbed
atomic oxygen exhibits a much lower energy barrier than that involving the adsorbed
molecular oxygen. The adsorption statof oxygen can be determined by fitting the
reaction kinetics according to the LangmHinshelwood (H) mechanisni® 43 The L-

H reaction rate is given as the function of the concentrations of reactants in reaction

solution, i.e., [BzOH] and [&)sol,

. YK1K2[BzOH][05]¢s
U_[1+K1[BZOH]+K2[OZ]2{)I]2’ (4)

where g represents the rate coefficient alg and Kz are the adsorption equilibrium

constants for BzZOH andxrespectively. The value aofis taken as 1 or 0.5 for associative
molecular or dissociative atomacisorption of oxygen, respectively.

The solubility of Qin BTF at room temperature is small. At a constant temperature,
the concentration of £On BTF is proportional to its partial pressufy., according to
Ra o ul t dWMhenltha weaction kinetics etermined by the associative molecular
adsorption of oxygespeciegn = 1),the above assumptions can simpttie L-H rate law

as follows:

(=__YK1K2[BzOH]o[O2]so1 _ _ YK1K2[BzOH]o[O2]sol

=K-P,, (9

[1+K1[BZOH]O+K2[02]501]2 [1+K[BzOH]o]?

in whichK is a constant. In contrast, the dissociative adsorption of atomic oxygdhX)

leads to a simplification of the-H rate law as
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Figure 3.8 The LangmuifHinshelwood (H) reaction mechanism is used to fit the data,

1

givingv 0 O (eq. 5) for associative oxygen adsorption arfd— —+ J— 0 (eq

7) for dissociative oxygen adsorption. (A, B) Théllrate law in the dark agrees with that
described by eq. 5, indicating that the moledide oxygen adsorbed othe Rh NPs
involves in the reaction. (C, D) TheHL 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. Téwction solutions contained 1.5 of BTF,

0.029 mmol of BzOH, and 1.5 mg of 1.5 wt.% Rh/SIgbrid particles. The reactions

were performed at 2C. The light intensity was 1\ cm? and the total pressure ot/
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atmosphere was 1 atm with varyingtps pressures of ©

1 1 1
YK1K;[BzOHIo[0212 | _ al012, a'-PéZ (6)

117 112’
b+K2[02]§ol] [b+C'P%)2]

1 2
1+K1[Bon]0+K2[02]§01]

wherea, a ,, andc are constants determined by the initial concentration of BzZOH and the

solubility of & in BTF at a specific temperature. The linear form of eq. (6) is

1
by
R )

Figure3.8presents th dependence of reaction rate on the partial pressurgfof O
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) (FiguB8(A and B), indicating the aerobic oxidation of
BzOH o BzAD in the darkinvolves the associative adsorption of molecular oxygen on
the Rh NPs. The linear dependence of reaction raté@nvas also previously reported
for the electrochemically or thermally driven alcohol oxidation in liquid with the uBdé of
Pt, or Ru as catalyst&:3° In contrast, the rate law &q. (7) matches the reaction kinetics
under light illumination (Figur&.8(C and D), implying that the dissociative adsorption
of atomic oxygen involved in the ratketermining step. The comparison of reaction
kinetics shown in Figur8.8indicates that light absorption in the RliPNis capable of
transforming the molecular oxygen adsed on the Rh Rssurface to the more reactive
atomic oxygen. The light absorbed in the RPsNeads to the generation of hot electrons
carrying high kinetic energy. Injection of the hot electrons from the Rb td the
antibonding orbitals of the @ bonds adsorbed on the RhPNsurface drives the

dissociative transformation of adsorbed oxygefxperimental molecular beam study
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shows that an energy barrier for dissociative adsorption of oxygen on Rh can be as high as
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Figure 3.9 (A) Time-dependent conversion efficiencg)(of selective oxidation of BzOH

to BzAD usingRh/SiQ, hybrid particles as catalyst the dark (black squares) and in the

light (blue diamonds) for tens of hour§he reaction solutions contained 5ohBTF, 0.1

mmol of BzZOH,and50 mg of 2 wt.% Rh/SiQOparticlesunder an atmosphere of 1 atm pure

Oa.

The power density of light irradiation was4 W cm2. (B) Time-dependent linear

increase of conversion efficiency)(lasted 8 days in the dariithout deviation The

reaction solution contained 1.9 of BTF, 0.029 mmol of BzOH, 7 mg of 2 wt.% Rh/SIO

particlesin the ambient atmosphereC)(TEM image of the Rh/Sichybrid particles after

the catalytic reaction lasted 8 days. The scale baegepts 50 nm.
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0.7 eV (equivalent to a temperature of 8123Kyure 3.1)*8 It is challengingo achieve
dissociative adsorption of oxygen on the RPsNy only elevating temperature in the dark,
which is limited by the stability of reactants andveot. Therefore, the associative
adsorption of molecular oxygen represents the primary oxidant of the aerobic oxidation
reactions in the darland the adsorbed atomic oxygen seagthe primary oxidant for the
reaction in the light. The lighhducedswitch of adsorption of oxygen between the

molecular to atomic form is responsible for the significantly improved reaction kinetics.

3.4. Discussion

Photailluminating a reaction solution containing Rh/Siybrid particles enhances the
reaction rate fselective aerobic oxidation of BzOH to BzAD significantly compared to
that in the dark (Figur8.5(A)), confirming that the presence of the Rh/Sfarticles
enables an efficient coupling of phatenergy into the reactants (i.e., BzZOH or oxygen) to
aceelerate the reaction kinetics. The dependencetbfrate law on the partial pressure of
O pressureRo,) indicates the associative adsorption of oxygen (i.e., pdiksoadicals)

on the Rh NCs dominates the ralietermining step in the dark whilee ratedetermining

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 hettebns in the quantwsized Rh

Nps supported on the Si@pheres under illumination of visible light. The hot electrons

are then injected into the antibonding orbitals of th@®onds adsorbed on the Rh surface,

facilitating the cleavage of the-@ bond to produce O atoms adsorbed on the Rh surface.
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The switch of adsorbed perok&e radicals {O- O-) to adsorbed oxygen atoms, which
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Figure 3.10 Time-dependent conversion efficiencyg)(of 3-phenytl-propanol using the
Rh/S0y 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 cn?. Such a stark difference highlights the importance role béleatrons in
accelerating the oxidation reaction. (B) Relationships of logarithm reaction rate constant
(Ink) and the inverse of reaction temperaturd)(1/The linear fitting gives the apparent
activation energyH,) of the reaction according #rrhenius equation, i.e., 53.2 kJ riol

and 19.4 kJ mdl for the dark and bright conditions, respectively. The reactions were
performed at 20C and with an atmosphere of 1 atm pure O'he reaction solutions
contained 1.5 mof BTF, 0.022 mmol of gheryl-1-propanol, and 1.5 mg of 2 wt.%

Rh/SiQ, hybrid particles.

possess a higher oxidizing power, accelerates the aerobic oxidation of BzZOH to BzAD at
mild temperatures using the Rh/SiBybrid particles as catalyst. Despite the detailed

reactionmechanism on the surface of the RPsNs too complex to be concluded in current
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work,* the results presented in this work, for the first time, verify the role of phatived
hot electrons in the quantusized metal nanopatrticle catalyst, i.e., promgpthe cleavage
of adsorbed ©0 bonds to oxygen atoms and thus accelerating the corresponding oxidation
reaction. For instance, the oxidation of BzOH to BzAD on individual R& $upported
on the SiQ NSs exhibits a turnover frequency of 346undertheillumination of 1.2 W
cm2white light andPo, = 1 atm, whereas a lower turnover frequency of B#slobserved
in the dark.

The SiQ NSs of the Rh/SiOhybrid particles not only enhance the light absorption
in the supported Rh nanoparticles to gateerhot electrons but also prevent the Rh
nanoparticles from aggregation in the course of catalytic reactions. The improved colloidal
stability of the quantursized Rh NPs on the SiQ@QNSs is crucial to maintain the catalytic
activity of the Rh NPs for lorg reaction timdn the course of the selective oxidation of
BzOH to BzAD (Figure 3.9). In contrast, the freestanding RPNtend to severely
aggregate in BTF solvent (Figu85(B)), dramatically reducing their catalytic activity.
For example, the reactiaate of forming BzAD using the freestanding RBsNas catalyst
under photéllumination is even lower than that of the reaction using the Rh/®y0rid
particles as catalyst in the dark (Figur&5(D)). The enhanced colloidal stability of the
Rh/SiQ hybrid particles offers a promise to increase the concentration of catalyst from the
level presented in this model work (i.e., 120Irhgr 1.17 mM in terms of Rh atoms) to an
appropriate level to support a high reaction rate. The enhanced catalyity &mivards
selective aerobic oxidation of BzOH to BzAD and colloidal stability of the quasined
Rh NCs supported on Si®ISs makes the Rh/Sidybrid particles to be a new class of

catalyst for selective aerobic oxidation of many other primary alsptior example,

85



oxidation of 3phenytl-propanol to 3phenylpropyl aldehyde (Figu®10).

3.5. Summary

Selective aerobic oxidation of primary alcohols to aldehydes at low tempsrahae
ambient conditiosis essential for many valtiacreasing industrial processd$owever,

the low oxidizing power of the ambient oxygen representsigp@ficant challenge for
widely implemening this critical reaction. Herein, we report that the oxidizing power of
oxygenadsorbed on quantusized Rimanopatrticls is significantly enhanced upon photo
illumination to accelerate the oxidation reaction with a selectivity of 100%. Light
absorption in the Rmanoparticle anchored on large silica spheres leads to efficient
geneation of hot electrons in the Rianoparticls, which are injected into the-@ bonds
adsorbed on Rh surface to cleave them into adsorbed oxygen atoms with a much higher
oxidizing power. The silica (Si£) spheres enhance both the light absorption power an
colloidal stability of the small Rh nanrystas, making the Rh/SiChybrid particles as a
unique photocatalyst to readily promote the selective aerobic oxidation of alcohols to

aldehydes.

More supporting evidences of the formation metalgen bond usg XPS and
Raman characterizations during phdbomination is necessary to support the proposed
mechanisms for hot electratriven reaction. Besides, the photmduced desorption of
atomic oxygen species is not considered in this study, which migthtobe clarified by

additional experiments.
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CHAPTER 4

HOT ELECTRONS DRIVEN SELECTIVE NITROBENZENE REDUCTION TO

AZOXYBENZENE ON RHODIUM NANOPARTICLES

(Note: Content of this chapter is adapted fréine pre-peer reviewed version of the
following articlgiXinyan Daj Qilin Wei Thao Duong Yugang SunSelectivetransfer
coupling of nitrobenzene toazoxybenzene on Rtmnoparticle catalyst promoted by
photoexited hot electrons ChemNanoMat 2019, 5, 10001007.0, which has been
published in final form at https://doi.org/10.1002/cnma.201900182. This article may be
used for norcommercial purposes in accordance with Wiley Terms and Conditions for

Use ofSelfArchived Versionsvith permissior)

4.1. Introduction

Chapter 3 has concluded that the oxidation kinetics of alcohol is promoted by hot electron
on smalsized Rh nanoparticles. Tlae or 6-H in primarily alcohols react with O* with

light or Ox* 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 valueadded substances rather than water. Besides, one advantage of hot
election chemistry over thermally driven catalysis lies in the ability to control the electron
flow direction to specific molecules and then modulate the selectiWgtivated by this,
Chapter 4 reports using Rh photocatalysts to enhance the selectivikinatids 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 dtrattion under the basic

condition?

Azoxy-compounds are a group of chemicassentiafor organic dyes, polymer
actuators, liquid crystals, and fungicides due to their unique properti@gnscis
isomerization photochemistry and antifungal actiViy. The synthesis of azoxy
compounds usually involvesxidation of amines and dimerization of niror nitrose
compounds, in which harsh conditions (elggh reaction temperature, strong oxidants,
and corrosive acids) may be neces$arfyThe synthsisreactionsare frequently catalyzed
with homogenous catalysts, which require postthesis separation with molecular
selectivity!? 1*160n the other hand, many recent studies focus on heterogeneous catalysis
of reductive coupling of nitroarenes lrydrogendonor alcohol solvents through Harber
coupling pathwayslt exhibitsgreatpotential to (at least partially) overcome the challenges
of homogeneous catalysis to become a more environmentally benign amsdfectsie
strategy. However, the cotepe reduction of nitroarenes to amines competes with the
reductive coupling of nitroarenes to azesgmpounds in heterogeneous catalysis,
lowering the selectivity of forming azoxgompounds. Complex hybrid nanostructures
have been explored to act as teterogeneous catalysts to promote the selectivity of
synthesizingazoxy-compounds byaking advantage dahe synergiceffect of individual

components in the hybrid nanostructut&s?

A parallel strategy is selective photocatalysis of nitroarene tieduasing light
absorbing plasmonic metal nanoparticles and semiconductor nanocrystals as photocatalysts.
Typical examples reported itne literature include nanoparticles of gold (Au) and its

alloys2%2¢ copper (Cu) and its alloy$>?’ graphitic carbn nitride (GN4),?%?° and
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cadmium sulfide (CdS¥32 These light absorbers usually work together with metal co
catalysts on which nitroarenes are selectively adsorbed to enable the photocatalytic
chemical transformatio?f:*3 The photocatalysts absolight to excite electrons to higher
energy levels, generating hot electrons that can be shuttled by the metdhlysts to
specific chemical bonds of adsorbates. Such a sequential electron transfer leads to a
selective cleavage of these bonds, emgbthemical reactions with selectivity. The
integration of light absorbers and metalaadalysts complicates the synthesis processes
and raises possiblassue of longerm stability of composite photocatalysts associated
with the possible degradatiaf the lightabsorber/caatalystinterfaces:> 3¢ Therefore,

it is promising to develop singleomponent 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 enablegdight absorption of the

metal cecatalysts (such as ngulasmonic metals), which exhibit stromglsorption of
nitroarenes on their surfaces. Placing the metal nanoparticle catalysts on passive light
antennas that do not absorb light but can conaenénergy near their surfaces to enhance
the surface electric fields represents a strategy to boost the light absorption in small non
plasmonic metal nanoparticleBrevious studies demonstrated that dielectric silica)SiO
nanospheres with the highegtometrical symmetry are capable of generating enhanced
local electric fields due to the strong light scattering resonances near the surfaces of the
SiO« spheres’3° Herein, we report the use of the Si@anospheres (SKNSs, on the

order of several mdred nanometers) as light antennae to enhance visible light absorption
in small Rh nanparticles (Rh NPs, on the order of several hanometers) that have been

widely used to catalyze theeductionof nitroarenes®314% Therefore, loading the Rh
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nanocrysals on the SiQ nanospheres produces a new type of photocatalyst (i.e., Rh
NPs/SiQ-NSs) that is promising to drive selective reductive coupling of nitrobenzene to
azoxybenzene undeahe illumination of visible light. The larger size of the SiO
nanosphers helps prevent the much smaller Rh nanocrystals from aggregation, increasing

the stability of the Rh catalyst.
4.2. ExperimentaVethod
4.2.1. Synthesis arsurfaceFunctionalization of Si@QNanospheres

A modified Stober method was used to synthesifleidal SiOc nanospheres (SiIISs)*

42 In a typical synthesis, a mixture of ethanol (260 @90 proof, Pharmedape,
deionized (DI) water (32.1 I and ammonia hydroxide (N kD, 19. 6 nh Fisher
Scientific)was addedo a 1000ml Erlenmeyer flask at room temperature €2. To this
mixture was added tetraethyl orthosilicate (TEOS, 1,/QigmaAldrich) to trigger the sal

gel reaction. The reaction proceeded 2oh asa magnetic stirring at a rate of 600
revolutions per minutérpm) was continuously applied. The resulting SNIBs 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 waithditienof ethanol
(30 n1). The centrifugation and reispersiorwere repeatedne more time. Centrifuging
the dispersion collected the solid of $Ss, which were then dried overnight in an oven

set at 60°C.

A silane agent of @mniopropytriethoxysilane(APTES, Acros Organs) was
used to introduce amine ending groups to the surfaces of -thathesized SIONSs3®

SiO« NSs (200 mg) were weighted and then dispersedtianol (00 ml) with the
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assistancef ultrasonication fod h. To the ethanolic dispersion of Si@Ss was added
APTES (1 nh) at 60°C. The mixture was incubated at ®Dfor 8 h understirring of 600
rpm, leading taconjugationof APTES to the Si@Qsurfaces. The APTEfinctionalized
SiOx NSs were collected vieentrifugation and washing with ethanol. The powders were

dried at 6C°C for four h in an oven.

4.2.2. Synthesief Rh Nanarticles/SiOx Nanospheres

Rh nanocrystalsvere directly synthesizedn the SiQ NSs via an in situ reductisrof
RhCk> ions in the presence of the SiRSs*® 44 For instance, APTESIOx NSs (40 mg)
were dispersed in DI water (8 wvith the assistanoaf ultrasonication for 15 min. To this
aqueous dispersion was added aqueous solution)(@fmodiumhexachlororhodaté!)
hydrate (NaRhCkA 1 20H3.8 mM, Alfa Aesar) as the dispersioas stirrecat 1000 rpm.
The stirring was maintainefdr two hous to reach an adsorption equilibriumRIiCk>
ions on the surfaces of tH&Ox NSsthroughthe electrostatic attractiobetween the
negatively charge®hCk* ions and the positively charged amine groups afueous
solution (15 nh of sodium citrate diydrate (NaCeHsO7A 2,8, 11.3 mM,Alfa Aesar)was
addedto the dispersion. In 1 mimn aqueous solution (5 Inof sodium borohydride
(NaBHs, 9.2 mM, Alfa Aesar) was gradually added at an injectionafé® mA 'h while
the reaction flaskvas placedn an ice/water bath. The color of the reaction solution
changed from pink to dark yellow as 2 MaBH; solutionwas added After the NaBH
solutionwas completely addedhe reaction solutiowas agedor two more hours. fe
magnetic stirring of 1000 rprwvas maintainedhroughout the entire synthesis. The

synthesis resulted in the decoration of thex®Ss with tiny Rh nanocrystals. The mass

96



percentage of the loaded Rh nanocrystals was 1.7 wt.%, corresponding tootlo@ tai
mass of Rh and the total mass of both Rh and.SiDe loading of Rh namparticles was
tunedby changing the amount of Rh€lions in the synthesis reactiofthe resulting Rh
NPs/SiIQ-NSs products were collected by centrifugation and washeu etfitanol and
water. The centrifugation/washing cyelas repeatetivo times. The clean RNPs/SiQ.-

NSs particles were then dried at®Din an oven fotwo h.

4.2.3. Characterization

Scanning electron microscopy (SEM) images and enéigpersive Xray (SEMEDX)
spectra were recorded usimgn FEI Quanta 450 FEG scanning electron microscope
equipped with a detector (MlaxN 50, Oxford Instrument) thatas operatedt 30 kV. A
transmission electron microscope (JEOL JEADO) wasoperatedat 120 kV to reord
transmission electron microscopy (TEM) images. Diffuse reflectance spectroscopy (DRS)
was characterizedby an ultravioletvisible (UV1Vis) spectrophotometer (Thermo
Scientific, Evolution 220) equipped with artegratingsphere. Zeta potentiaf colloidal
nanoparticlesvas measureavith a zeta potential analyzeMélvern Instruments Ltd.,

Zetasizer Nan&S). All characterizationsvere performect room temperature.

4.2.4. PhotocatalytiReduction ofNitrobenzene

Photaatalytic reactions were carried out using a xenon light source with tunable intensity
(Asahi Spectra, MAX303). The actual lighihtensitywas verifiedwith an optical energy
meter console (Thorlabs, PM100D) coupled with a thermal sensor head (TH88@b€)

In a typical photocatalytic reaction, 8 mg of 1.7 wt.% NPs/SiO.-NSshybrid particles

were dispersed with 1Insopropanol (IPA, Fisher Scientific) in ardl vial with the help
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of ultrasonication for 15 min. To this dispersion was added 0.8Alsolution of sodium
hydroxide (NaOH, 0.1 M Fisher Scientific), followed by purging of nitrogen for 10 min.
Nitrobenzene (41, 0.044 mmol, Fisher Scientifieyas then injectethto the sealed vial

for reduction reactions. Theial was placed in a watdrsath 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 wigh HP-5 column (Agilent Technologies) amgilent 1200
LC-6520B QTOF Mass Spectrometer (EKS). The detectable products included
azoxybenzene (AOB) and aniline (AN). The concentration of each product spesies
determinedby the calibration curve obtained from measuring a series of solutidhs wi
known concentrations by GC measuremenitse ®lectivity of each product speciess
calculatedaccording to the percentage of the amount of nitrobenzene for forming this
productwith respecto the total amount of nitrobenzene consumed in the pheaiytat
reaction. Since all product species were in the segaetion solutiontheir reaction

selectivitieswere calculateavith the measured concentratioi® of individual species:

a4 0
3A|AA@E@$?L" - pmmb

o—h

R
3A|Amamo%og z pmTmb

The concentration of acetone, i.e., thadation product of IPA, was determined with a
proton nuclear magnetic resonance spectrométeNMR, Bruker Avance 400). In a

typical measurement, the reaction solutionX80) was mixedwith deuterated chloroform

(CDClz, 300m, Acros Organics) solvent. Dimethyl sulfoxide (DMSO, 1) Acros

98



(B)

Count

X120

cps

0.0 0.3 27 3.0 3.3
E (keV)

> 3 4
E (keV)

2.440.7 nm
40/

20

I

. 0 1 2 3 4 5 6
i ‘ Diameter (nm)

100 nm
|

Figure 4.1 (A, B) SEM image and size distribution statistics of silica nanospheres before
the deposition of Rh nanocrystalC-E) SEM image C), EDX spectrum D), and TEM
image E) of a sample of RINPs/SiQ-NSs with 1.7 wt% loading of the Rh nanocrystals.
The inset of C) is the SEM image of one silica nanosphere {HS) covered with many

Rh nanoparticles (Rh NPs) that uniformly distribute on the surface of the IN3. (F) Size

distribution statistics of Rh nanoparticles loaded on,8ISs.
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Organics) was added to serve as an internal stanfastone concentrations in NMR test

tubes were theoalculated based on integral areas of protons by the following equation

Dl BXOBOQO £ EQ
Ol @ADO YO

Acetone concentrationsy 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/SiBlybrid Particles

The synthesis of Rh naparticles/SiQ. nanospheres (RNPs/SiQ-NSs) starts witha
synthesisof silica nanospheres via a modified Stober methwtiere TEOS was
controllablyhydrolyzed and condensed to form uniform partiéte®. Figure4.1(A and

B) presentscanning electron microscopy (SEM) images ofy3NSs with an average size
of 380 nm suitable for light scattering resonances invitible spectral region. The as
synthesized SiONSs exhibit negatively charged surfaces due to the abundant surface
OH groups® Conjugating (3aminopropyljriethoxyslane (APTES) to the SiQ NSs

changes their surfaces to be positively charged, exhibiting a zeta potential of +30 mV.

Soaking the APTESnodified SiQ NSs in an aqueous solution containing RACI
ions leads tefficient adsorption of the negatively charged RiCions to the surfaces of
the SiQ NSs due to the electrostatic attractiéhsddding NaBH; can quickly reduce the
adsorbed RhGt ions to form Rh nanarticles, which serve aseterogeneous nucleation
sites tofacilitate their continuous growth when more freestanding Rhiohs 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 opowders of SiIQNSs (dashed curve) and RHPs/SiQ-NSs

hybrid particles (solid curve).

nangarticles on the surfaces of the SiNSs The loadingf the Rh nanocrystals, i.e., the
weight percentage of the Rmanoparticle concerningthe RRNPs/SiO.-NSs hybrid
particles, is tuned by varying the concentration of BhGbns. Growing the Rh
nanocrystals on the surfaces of the, 9N3s does not chamghe spherical geometry of the
SiOx NSs(Figure4.1(C)), ensuring that the corresponding ligieiattering resonances still
exist in the RAINPs/SiQ-NSs. The successful loading of Rémnoparticlsis evidencedby
the appearance of Rh peaks in the eneliggersive Xray (EDX) spectrunfFigure4.1(D)).

ThestrongeDX peaks of Si and O correspond to the ,SNSs.

Transmission electron microscopy (TEM) analysis of the\Re/SiQ.-NSs reveals
that the Rh nanocrystalsiformly distribute on theurface of te SiQ  NSs and exhibit an
average size of 2.4 nm with a standard deviation of 0.{Figure4.1(Eand F)) The
good dispersity and small size of the Rhayarticles increase their surface aréagxpose

to the environmentenefitingapplications like catalysis. The light scattering resonances
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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 Won 2for 5 hours, highlighting thBPA conversiorto acetoneThe formation

rate of acetone was evaluated from quantitative analysis of the corresponding peak area
with the DMSO signal aaninternal reference. (B) Production rate of acetaagige) as

a function of the light power density (black square dofd)e teoretical production rate

of acetone (red circle dots) was also calculated from the production rates of AOB and AN

according to the reaction stoichiometry, ite.,

near the surfaces of the SiNSs significatly enhance the light absorption in the RRIN
supported on the SJINSs. Despite the weak and peaklabsorptionof visible light in

the freestanding RhP$,* the RRNPs/SiQ-NSs exhibit strong absorption of visible light
with distinctpeaks at ~480 nm and ~700 firigure 4.2solidcurve. In contrastthe SiQ

NSs show essentially no absorption of visible ligRigure 4.2 dashedcurve. The
positions of the absorption @les are consistent with those of the scattering resonance bands
in the SiQ NSs, highlighting that thetrongabsorption of visible light is solely in the Rh

nanocrystals while the SiONSs behave as light antenrfdae®® % The enhanced light
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absorptionn the SiQ-NS-supported Rh nanocrystals is beneficial to excite hot electrons
in the Rh NPs efficiently underthe illumination of visible light. Besides the surface
guantum effect of the small (i.e., 2.4 nm) RRXavorssurface scattering of hot eteans

out of the Rh s, minimizing the electrephonon transition to boost injection of hot
electrons into the molecules adsorbed on the surfaces of thé>RHT Nerefore, the Rh
NPs/SIQ-NSs represent a class of promising photocatalysts to drive chemical

transformations with the photxcited hot electrons.

4.3.2. PhotocatalytiBeduction ofNitrobenzene

Photocatalytic reduction of nitrobenzesaisedas a model reaction to evaluate the role of
hot electrons in chemical transformations since produazaxybenzene (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 becauaeHhspontaneously
deprotonates in a basic environmeartd theb-H cleavage occurs on a catalytic metal
surface?’ In a basic solution containing NaOH and iRinoparticls, the deprotonation is
favorable,andthe resulting H atoms are adsorbed on the surfaces of the Rbantiries

to hydrogenataitrobenzenanolecules. The deprotonated IPA becomes acetone that is
confirmed by*H-NMR analysis(Figure 4.3) The reduction of nitrobenzenmdergoes

two competitive pathways, i.e., the dirgetthwayl andthe couplingpathway llpresented

in Figure 44(A).2% 4850 The direct reduction route follows a series of elementary steps,
formingnitrosobenzene (NSB), phenylhydroxylamine (PHA), anidine (AN) at different
reducing degrees. The coupling reduction pathway involves condensation of NSB and

PHA intermediates and spontaneous dehydration, forming azoxybenzene (AOB). AOB is

10¢



-0 —

Nitrobenzene Nitrosobenzene

NHOH

sIENe

Phenylhydroxylamine Amhne

Azoxybenzene
(AOB)

.

(NSB) (PHA)
L |

Azobenzene
(AB)

N=N

@

Z
I}

High activation energy

(B) NO> Rh-

NPs/SiOx-NSs

Nitrobenzene

IPA/NaOH

Light

AN

Nitrobenzene

AOB

!.l

Light

Dark

GC signal

.

i ;rk

= — |

30 35

40 45 50 55 6.0

Rention time (min)

Figure 4.4 (A) Nitrobenzeneeduction via diectpathway | and coupling pathway IBY

GC signab of reducedhitrobenzene pragctsusingRh-NPs/SiQ-NSs catalyst in the dark

(blue curve) and with light illumination of 1.9 @2 (red). Insets are digital photosf

solutions aftethereaction Reaction conditions: 8 mg of RPs/SiQ-NSs catalyst, 4

of nitrobenzene, 1 ml of IPA, 0.5 ml of 0.1 M NaOH solution in IBAjtrogeratmosphere

The reaction time was 15 h for the dark & with light illumination, respectively.
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Table 4.1 Summary oConversion oNitrobenzer, ProductionRates of AOB\jog) and
AN (van), and Selectivity of AOB in théark and underPhoto-illumination. Reaction
Conditions were th&me asThose of Figure 4.6.

Light power
) . Nitrobenzene VAOB VAN AOB
Reaction  density _ . . . . o
Conversion mmol@ry &' mmolQry @' Selectivity

(W@n?)
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 upcavtikability of
energy to overcome the high activation barrier for AB\B conversion.In the presence
of the RRNPs/SiQ-NSs hybrid particles shown in Figure &. both AOB and AN are
formed in an IPA solution of nitrobenzene at room temperature in th€kigtke 44(B),
blue curve), indicating that IPA indeed deprotonatethersurfaces of the Rh nanocrystals
to reduce nitrobenzene.

The ®lectivity 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 (sE&perimental Section). He ratio of the concentration of
AN to that of AOB in the product is 1.4 (Figuret¥.corresponding to the selectivity of
AOB of only 58%(Table 4.1). Both the NSB and PHA intermediates are not detected in
aliquid solution, irdicating that they do not detach from the Rh surface but adsorb on the
Rh surface to undergo further reduction to AN (path 1) or coupling condensation reaction
to AOB (pathll). The low selectivity of AOB in the dark condition migh¢ ascribedo
the lowformation rate of both NSB and PHA intermediates that prevent them from being

closeenough on Rh surface to couple into AOBEhe analysiseveals that only 0.94 % of
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Figure 4.5 (A) Summary of concentrations of consumedatienzene and produced AOB
and AN in the dark conditiors¢lid blackbars) and under light illumination with a power
density o0%fredpatt@ned\bars)mReaction conditions were the aart®se of
Figure 44. (B) A typical massspectrometric urve of the reaction product that was
separated by HPLCThe strong signal at 199 (M/z) corresponding to azoxybenzene (AOB)
was observedrom the reaction under light, while no signal at this position was observed
from the reaction in theatk. (C) UV-Vis absorption spectra of solutions pftire
nitrobenzene, AOB, and ANespectively (D) UV-Vis absorption spectra of the solutions
after reaction in the dark (black curve) and under piihtmination (red curve). The
reaction solutions wer measured after the RIPs/SiQ-NSs catalyst was removed

through centrifugatiorReaction conditions were the same as those of Figure 4.6.
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nitrobenzene has been reduceden the reaction lastor 15 h in the dark (Table 4.1)n
contrast the reactiomate of nitrobenzene reduction significantly increases when a visible
light beam of 1.9 \@nr 2in power density and 1 ¢ sizeirradiateshe reaction solution.
The consumption of nitrobenzemereases by 20 times companeih the dark reaction

for the sameperiod (Figure 45(A)). The difference cabe visualizedrom the different
colorsof the reaction solutions, i.e., thed color of the illuminated solution versus the
graycolor of the urlluminated solution (inset photos, Figuré}. Theappearance of red
color originates from the high concentration of AOB in the reduction product, which is
confirmed by the dominating peak in the Gi@omatogram (Figure 4..red curve) with a
mass spectrometric peak at 199 m/z (Figuséd)), andstrongoptical absorption between

300 nm to 400 nm (Figure%{C andD)).

The production rate of AOBs 8.9 mmo@rn '@ normalized against the mass of
the Rhnanopatrticls in the reaction solutionwhich is 74 times highethan that of the
reaction in thedark (0.12 mmdBgrn *@ 1) (Table 4.1). Theroduction rate of AN only
increases by 17 timelsighlighting that photellumination can simultaneously improve the
selectivity and rate of producing AOB. The absence of N&B and PHA in the product
againindicates that the coupling reaction and the direct reduction of nitrobenzene to AN
occur on the surfaces of the Rh nanocrystals. Sinaediotionsare performedh a large
volume water bath, the temperature variation indumgdight absorption and chacal
reactions is minimized and negligible. Therefore, the difference in the production rate and
selectivity between the dark reaction and the piiatminated reaction originates from
the nonthermal effect, i.e., chemical transformations induced bgtgéxcited hot

electrons in the Rh napartides.
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Figure 4.6 Dependence of the production rates ¢f AOB and AN (A) and production
selectivity of AOB (B) on the light power densitynsets in (A) are the digital photos of
product solutions thatere obtainedrom the reactions of 5 hours undie illumination
of different light power densities.e., 0.6, 0.9, 1.2, 1.6, and 1.9@A 2. Reaction
conditions were the same as thosd-igfure4.6. The Rh-NPs/SiQ-NSs catalysts were

removed from the solutions via centrifugation.

4.3.3. Dependence dfumination Power Density

The dependence gfoduction rateon the illumination power density varies for different
products,as comparedin Figure 4.6(A). The production rate of AOBvfog) slightly
increases with the brightness of the light illumination as the light power density regaches
to 0.6 W 2. Furthe increasingthe light power density leads to a superlinearease

in vaog Up to 72 times higher at a power density of 1@/ than that of the dark reaction.
The production rate of ANvin) exhibits a very similar dependence on the light power

density althoughthe absolute value @in is always less than thatwfos. Thesuperlinear
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Figure 4.7 Comparison of the production rates of AOB and AN in the dark reactions at
different temperatures: 2% (black patternedbars) and 83C (red solid bars). The
numbers associated with individual bars are the productioncakadated from the GC
analysis labeledon the top of barsOther 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 photxcited hot electrons ireducingnitrobenzené?

As the power density of light illumination increases, the fast@easean the production

rate of AOB than that of AN boosts the selectivity of AOB of the overall nitrobenzene
reduction(Figure 4.6B)). The production selectivity of AOB @gneases monotonically

from 58% in the dark to 85% with a light illumination of 1.90n 2. The results indicate

that highly selective transfer coupling of hydrogenated nitrobenzene to AOB becomes
favorable by using the Sienanospheresupported Rh nanocrystals as a new type
photocatalyst upoillumination of strong enough light. The simultaneaogrovement

in both production rate and selectivity of AOB in{ab¢ctrondrivenphotocatalysis cannot
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Figure 4.8 (A) Reaction scheme of scavenging H atoms by & &-tetramethylpiperidine
N-oxyl (TEMPO) radicals that convert to hydroxylamine. (B) Comparison of the
production ratesvj of AOB and AN in the absence (solid bars) and in the preseasbdd

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 Figydre

be achievedby solely heating the reaction solution in the dark, which increases the

production rate of ANmore than the production rate of AQBigure4.7).

4.3.4. ReactiotMechanism

Nitrobenzene molecules and derivatives prefer to adsorb drhtherface by forming the
O-Rh bondsbecause ofhe strong affinity of Rh towards &.4¢ Therefore, the reduction

of nitrobenzene and its reduced intermediates (e.g., NSB, AOB) occurs via
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dissociation of &N bonds to produce adsorbed oxygen atoms on the Rh surface. The
adsorbed O atoms canlet combine each other to form @olecules or react with the
surface adsorbed H atoms to forrsCH The resulting @or HO quickly leaves the Rh
surface to regenerate the active Rh surface sites for adsaremgitrobenzene and
derivative molecules. nl the present photocatalysis, IPA molecules spontaneously
deprotonate botla-H andb-H on Rh surface to react with the adsorbed O atoms, forming
H-O molecules’ The IPA moleculesre transformedhto acetone. The concentrations

of acetone in all phototalytic reactions are consistent with the stoichiometric quantities
calculated from the corresponding reduction products of nitrober{Egnee4.4). This
guantitative consistency highlights the crucial role of surface H atoms in reducing
nitrobenzene ahexcludes the direct dissociation of nitrobenzene intar@ thereduced
products. Addition of 2 , 2 &-tetmeshglpiperidine Pxyl (TEMPO) that can compete
with the surface O atoms to quickly react with the surface adsorbed H atoms lowers the
producton rate of both AOB and AKFigure 48), confirming the importance of adsorbed

H atoms in the reduction of nitrobenzene. In this case, the surface O atorasethat
generatedrom the dissociation of nitrobenzene (and reduced intermediates) dagnot
sufficiently consumedby the surface adsorbed H atoms to regenerate the active Rh active
sites for readsorption of nitrobenzene, preventing a high rate of generating NSB @nd PH
intermediates. Consequently, the reaction rate of coupling NSB afnddPADB, as well

as the reaction rate of further reducing 2ktb 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 thaomhpetitive

reaction path | oforming AN. Therefore, reducing nitrobenzene to NSB andh\Rtith
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Figure 4.9 (A) Plausiblemechanisndescribing the role of hot electrons and chemical
transformations oa Rhnan@articleunder light illumination.(B) Energy diagranof the
Fermi level Er) of Rh (5.3 eV)as well as thdowest unoccupied molecular orbital

(LUMO) (- 2.91 eV) and the higlsé occupied molecular orbital (HOMO) {.75 eV) of

nitrobenzene molecules

high rateis critical toimproving both the production rate and selectivity of AOBince
the deprotonation of basic IPA on Rh surface is spontaneous, the surface O atoms can be
quickly consumed to regenerate active Rh surface sites fads@bing nitrobenzene

molecules in the absence apurposely added H atom scavenger (e.g., TEMP&.a
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result, the low production rate and selectivity of AOB in the dark regam®shown in
Figure4.6,is most likely ascribetb the slow dissociation of -® bonds of nitrobenzene
molecules, which limits the formation of NSB and PHA intermediatéss uhderstanding

Is consistent with the high activation barrier (i.e., 0.27 eV) for reducing nitrobenzene to
NSB and PIA.20 48 4952 When a visible light illuminates the reaction solution, the
production rate and selectivity of AOB are significanthhancedFigure4.9),indicating

an acceleration of the dissociation ofNCbonds in thenitial reduction ofnitrobenzene.
Light absorption in the SiENSssupported Rh namparticles excites hot electrons, which
caninteractstronglywith the electrophit nitro groups and thus facilitate the cleavage of
O-N bonds(Figure4.9(A)).*® 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 vacuutavel), respectivelyFigure4.9(B)).2°> The Fermi
energy level Er) of Rh is-5.3 eV (versus vacuum levépfalling between the energy
levels of LUMO and HOMO of nitrobenzene. Light absorption lifts the free electrons in
the Rh nanocrystals to enerlgyels higher than that of the LUMO of nitrobenzene. The
excited hotelectronsbecome feasible to inject into the LUMO orbitals of nitrobenzene
molecules adsorbed on the Rh surfaddée highelectrophilicity of N and O atoms leads
the injected hot eleains to localize in the antibonding orbitals of theNCbonds,
facilitating the cleavage of ‘@ bonds reduction of nitrobenzene to NSB. The O atoms
remaining on the Rh surfatieen quickly reactvith the surface adsorbed H atoms to open
the Rh active sitefor re-adsorbing nitrobenzene molecules. Therefore, the reduction of
nitrobenzene to NSB care acceleratednder photeallumination in the presence of Rh

NPs/SiQ-NSs photocatalyst. The formation rate of ARkhtermediate can alsbe
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spontaneously acceleratsihce thereductionof NSB to PHA is barrierless. As a result,
the productiomrate and selectivity of AORreimproved in photocatalysis. Improvement
in selectivity toward producing AOB, for exampleprin 58 % to 85 % when the light

power density is increased from 0 to 1.9 ? (Figure 4.9(B)).

4.4.Summary

In summary, the optical absorption of the nitrobenzene reduction catalyst, i.e., Rh
nang@articles with sizes of 2.4 nm, is enhancedlbgding them on the surfaces of silica
spheres with 380 nm in diameter, which exlsisitrong surface scattering resonances to
generate amplified local electric fields near the surfaces of theN&®®. The improved
optical absorption of visible light ebkes the RENPs/SiQ-NSs hybrid particles to be a
unique photocatalyst clagkat simultaneously serves adight absorber and provides
catalytically active sites for nitrobenzene reduction reactions. The light absorption in the
supported Rh Rs excitedree electrons to generate hot electrons, which are then injected
into the antibonding orbitals of 8 bonds of the adsorbed nitrobenzene molecules to
facilitate the ON cleavage. The cleavage ofNDbonds reduces nitrobenzene molecules

to NSB and leavesdsorbed 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 byadetaciment of HO molecules to refresh the catalytically active Rh sites for
adsorbing nitrobenzene molecules again. On the Rh suN&& can transform to PHA

and be in equilibrium with NSB*'8 The following reduction of PHA to AN (path 1),
which dependsmthe instant concentration of PHA, competes with the coupling reaction

of NSB and PHA to AOB (path 1), 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¢d than ,n whencleaving

O-N bonds is accelerated under phhamination. Such a difference in the increase of
production rate leads to an improvemernhiaselectivity of AOB, for example, from85%

to 85 % when the light power density is increased from 0 to o8&/
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CHAPTER 5

HOT ELECTRON DRIVEN SELECTIVE COQHYDROGENATION ON RHODIUM

NANOPARTICLES

(Note: Content of this chagt is adapted fronthe pre-peer reviewed version of the
following articlenXinyan Daj Yugang SurReduction of carbon dioxide on photoexcited
nanopatrticles of VIl group metaldlanoscale2019, 11, 16723167320, which has been
published in final form aDOI:10.1039/CO9NR05971G his article may be used for non
commercial purpose®llowing the Royal Society of Chemisifgrms and Conditions for

the wse of SelArchived Versionsvith permissior)

5.1 Introduction

Chapter 4 reports that both selectivity and kinetic of nitrobenzene reduction are enhanced
by a hotelectron driven pathway, which might specifically activate attached nitrobenzene
molecules to increase the possibility of condensation routes over therdataction 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 usirdgolggn 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 hotelectron mediated selectivity of reactions ia tias phase.

Reduction ofcarbon dioxide (Cg) into carborcontaining chemicals and fuels is

of great importancén our societyregardingindustrial sustainability and environmental
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Figure 5.1 Reduction potentials of CGQo 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 GO 2

protection®® Activating the inert linear C@molecules to receive electrons still represents
the grand challenge since they exhibit a formation Gibbs free ener@@4f4 kdmol 1.’
Reduction of C@molecules usually requires electrons to be at the high energy levels, i.e.,
-4.58~-2.6 V versus veuum or 0.08- - 1.9 versus NHE (normal hydrogen electrode)
(Figureb.1), which are abovthe conduction band of most semiconductors and Fermi level
of most metals: 2 This requirement limits the use of most semiconductors as catalysts to
mediate electron transfer to @@ecause the positions of the conduction bands of the
semiconductors limit the energy of electrons. Therefore, metal nanoparticles with
appropriate adsption strength toward COmolecules and derived species represent the
promising catalysts for CQreduction reaction (C£RR) because of the tunability in the
electron energy level of metdts® The Fermi level of metal nanoparticles can be lifted by

appling a biased potential to facilitate @RR, representing electrochemical §R®R
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Figure 5.2 Typical reaction pathways of C@eduction.

(eCQRR) that is extensively studied in the research comménityAlternatively, the
energy level of electrons in metal nanoparticles can be raised by exciting the nanoparticles
with the light of appropriate wavelengths® 12 Plasmonic or noplasmonic metals enable
exciting energetic hot electrons above Fermi energy levels to acéimibonding orbitals

of specific adsorbates, therefore promoting @@rogenatiort: 13

Transition metals, particularly the VIII group elements, ad€®b molecules and
their reduction derivatives with varying steric configurations dependingeométal type
and crystalline facets of the metanoparticles®?! Since the oxidation number of carbon

in COyis the highest, i.e., 4, the GRR can go through a series of complicatmentary
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steps to form various intermediate and prodpeicies adsorbed on metal surfaces, which
are summarized in Figure 52228 For example, dissociation of G@o the adsorbed
carbonyl intermediate (CO*) can proceed through various pathways: (i) direct dissociation
from different adsorption configuratis, e.g. h-C or h'-(C,0) (CQ- CO¥), (ii)
hydrogenrassisted dissociation via formate intermediates ACACOO*- CO¥*), (iii)
formation of bicarbonate intermediates tme hydroxytrich surface followed by a
conversion to CO* with the assistance of hydrofé@,- HOCOO* CO%*), and (iv) the
combination of (ii) and (iii), i.e., C® 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 Q@sorbs quickly to release CO gas,
referring to the reverse watgas shift reaction (rwWGSR). In contrast, strongly adsorbed
CO* can undergo deeper hydrogenation to form &kt methanol. Sabatier reaction, i.e.,
the formation of CHor methanation, repsents the widely studied reaction, which goes
through either intermediate carbide (C*) that is formed by directa€&sted, or H
assisted dissociation of either CO* or intermediate formyl (HCO*). The intermediate CH
species involved in Sabatier reactipossibly couple to form £, and GHs. Moreover,

C-C coupling is possikl by inserting CO* toreduce intermediates, forming £
hydrocarbons and oxygenates. Toeplexity of CQRR on a metal surface highlights the
importance of steric configurations afdsorbate 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 GRR.

Although the northermal hotelectron process can be promoted lsing small

size metal nanoparticles and tuning the adsorption strength, the photothermal process is
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Figure 5. 3 Hot-electrondriven processes of the elementary reactions involved in

photocatalytic C@RR onnanopatrticles of VIII group metals.

inevitable since the electrdattice collisions eventually produce heat in the metal
nanoparticles! 2° The hotelectrondriven process relies on the efficient injection of hot
electrons generated in metal nanopdes into the surface adsorbate (intermediate) species
involved in the CGRR. 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.sBible surface reactions involved in the 88 using H as

reducing agent that can be triggered by the hot electron injection include (i) activation of
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the reactant hydrogen moleculé®) through dissociation of +o form atomic hydrogen

(H*) (Figure5.3(A)), (ii) activation of the reactant GO@nolecules through cleavage of
C=0 bond to form important intermediates including CO* and HCO* (Figure 5.3(B)), (i)
further activation of the intermediates including the cleavage of C=0 bond of HCO* and
cleavage bthe M-CO adsorption bond to desorb CO* (Figure 5.3(C)), and (vi) desorption
of adsorbed hydrocarbon speciesH{Z) through cleavage of the M@ adsorption bond
(Figure 5.3(D)). Methanation of C®@ (Sabatier reaction, G@4H,- CHs+2H.0) is
kinetically challenging because thfe multi-steps process and competitive CO production
through reversewater gas shift (r'WGS, G®H>- CO+HO) pathways. Several
mechanisms of heatlectron driven methanation process are proposed in previous studies.
Hot electrons generated in a metal nanopatrticle can inject into a Feshbach resasigince (1
of H> molecules adsorbed on the metal surface, promotingliskociation to form
hydrogen atoms adsorbed to the metal surfRimure5.3(A)).2° The formation of te M-

H bond can be verified with diffuse reflectance infrared spectroscopy (DRIFT). For
instance, DRIFT measurements showed the existence -bf luan rWGSR using the
Au(CeQ) nanoparticles as a photocatal/sGarciaand Corma group®23* achieved a

high rate of methanation using Ni(SiI20s) photocatalysts, on which hetectron
driven H splitting occurred to form metal hydrides ¢N). The availability of concentrated
atomic hydrogen promotes GRR. Similar enhanced photocatalytic activity towards

methanation was also observed with the Pdf¢@atalyst®®

The excited hot electrons camjact into theadsorbed C®molecules to change
their steric configuration or even cleave the C=0 bond by localizing the injected hot

electrons to the antibonding orbitals of the C=0 b@fidure5.3B)).> 363 Li et al38



studied CORR using photoexted iron nanoparticles as catalysts, on which hot electron
injection changed the linear configuration of the weakly adsorbedn@ilecules to the

bent configuration of the negatively charged-€@olecules. Such configurational change
weakened the C=0 bdnto facilitate theformation of CO*3® The type of support, on
which the Fe nanopatrticle catalysts were loaded influencing the adsorption strength of CO*
on the Fe surface to determine the selectivity of the préfiii¢hen the bonding strength
between C@and the metal surface is high enough, the molecular orbitals pa@the
atomic orbitals of the surface metal will heavily hybridize to fol@(a-coordinated metal
complex with a narrow energy gap between the HOM® the LUMO® 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 GO herefore, the direct excitation is equivalent to

the injection of hot electrons generated in the metal nanopatrticles into the antibonding
orbitals of adsorbed COnolecules? Lee et al. ascribed themarkable enhancement of
photocatalytic methanation oruRand Rh nanoparticles to the formation of&, and
Rh-CO: complexes, which exhibited apparent optical absorption bands in the visible region
of 400500 nm*° llluminating the nanoparticles of Ru and Rh with visiligt enabled

the direct excitation oM-CO, complex, promoting C=0O cleavage and boosting the
CO:RR 2 In contrast, the CERRs using nanoparticles of Ni, Pt, and Cu as photocatalysts

were slowbecause of the difficulty in forming a strong®D, complex.

The cleavage of the C=0 bond of £@olecules usually forms two major
intermediate species adsorbed on the surface of metal catalysts, i.e., CO* and HCO*,

depending on the adsorption strengtivbC and the availability of hydrogef.Density
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functional theory (DFT) calculatiorshowed 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 ofases (LDOS) of adsorption interactions lie far below the
Fermi level, indicating the formation of strong-® bond (i.e., adsorption) is
thermodynamically spontaneotfs.The spontaneity excludes the role of hot electrons in
the adsorption process. In coagt, the LDOS of the C=@* antibonding bands observed

on the Cp,) and Of;) orbitals in CHO* and the LDOS of the antibonding@lbands
observed on the @) orbitals in CO* usually locate above the Fermi level, indicating that
only hot electrons with gh-enough energy can flow to these antibondiagds to activate

the corresponding bonds. Injection of hot electrons into the Z=&htibonding orbitals

of HCO* helps cleave the C=0 bond, promoting the de€p@duction in the presence of
hydrogen, i.e. CHO* CH* - CHx*- CHs*- CHs (top, Figure 5.3(C)). This process
represents the ratietermining step (RDS) of methanation. Injection of hot electrons into
the MC antibonding orbitals of CO* weakens the adsorption, promoting desorption of CO
and thus increasing the selectivity tonwar@O in the CERR 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 photocatalyfRRCO
using a metal nanoparticle atst. 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=0
antibonding bands at ~2 eV above the Fermi level while the LDOS of the antibonding Rh
C bands is much lower atl eV above the Fermi lev&. The high LDOS of the C=*
antibonding bands promotes the injection of hot electrons into the g£=dtibonding

orbitals rather than the RD antibonding orbitals, leading to high selectivity of £H



lllumination of ultraviolet light (~3 % sunlight) enhanced @3$¢lectivity over 98%
(a bit of decline with higher rate¥)whereas it can not guarantee a fully utilization of solar
energy (~ 44% of visible light) for a unity selectivity and accelerated reaction fdssgp
of large sizes of metal nanoparticles (5 nm~40 nm) in previous sttidfes®possibly
deteriorates hot electron production efficiency witleduced probability of electren
electron and electresurface collisioné? # Besides, photocatalytic meahisms of CQ@
methanation remain debat&tl*suggesting the necessity of an explicit understanding in
mechanisms. Here we use visible light to efficiently excite ssmadd rhodium
nanoparticles (1.71 nm to 4.20 nm) loadingtleadielectric antenna of silica nanosphere
nanoparticles (~400 nm) (i,8t can increase the electromagnetic field intensity and light
absorption in metéf) and achieve raover 99 % CH selectvity with several orders of
magnitude enhancement of rates. Light power intensity and operating temperatures
synergistically contribute to the favorability of @hbroduction possibly because of
enhanced multiple vibrational excitateaf adsorbates bydt electron transferKinetic
study and irsitu infrared spectra analysis reveal hot electron enables accelerating both
steps of hydrogen assistdssociation of C@(rate determining step of CO production)
and strongly adsorbed carbonyl species (rateraening step of Chproduction), while
the faster kinetic of the latter step under light guarantees a highalttivity. Our results
offer insightson how tuning light power intensity efficiently modulates selectivity and
reaction rates of COhydrogenation by smalsized metal nanoparticles. We anticipate
hot-electron mediated reaction will benefit industrial commercialization for visiihe-
driven CQ reduction in a facile way anexploreachieving a high selectivity of other

valueadded produst(alcohol and & products).
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5.2 ExperimentaMethod
5.2.1. Synthesis arfelinctionalization of SiQNanospheres

A modified Stéber method was used to synthesize ~ 400 ngm&i@sphere&. A mixture
of 29.10 nh absolute ethanol (Pharméaper), 3.21 rhdeionized (DI) waterand 1.96 mL
ammonia hydroxide (N kD, FisherScientifi) weremixedat room temperature. 1.7m
tetraethyl orthosilicate (TEOS, Sigma) wasoducednto the mixture stirred &00rpm.
The reaction proceeded for 2 hours. T3i€x NSs products were collected by twice
centrifugation and ethanol washing processes and dried in the ovetCab@€rnight. The
synthesized5iOx NSssurfaces were functionalized with-&nniopropyl)triethaysilane
(APTES, Sigma) to introduce positive charg&30 mgSiOx NSswas dispersed in 100Im
190 poof ethanolby a sonicationbath 1 m APTES was dropwise added into the
dispersionwvhen the temperature was elevate@0°C. The reactioastedfor 8 hours at
60 °C, followed by stirring at room temperature overnighP TESSiO, powders products

were collected by washing with ethanol and dried in oven.
5.2.2. Synthesis of Rh/SiENSs

TheRh/SiO-NSshybrid catalystsvith Rhloadingcontentof 2.14 wt.%were prepared via
an insitu reduction methodror 2.26 nnRh/SiO-NSs 40 mg APTESSIOx powders were
dispersed in 8 mDI water via sonication. Then 5 napdium hexachlororhodate (l11)
dodecahydratéNasRhCk A 1 20, Afa Aesar) dissolved in 7 hDI water was added into
the dispersed APTESIlica solution. The mixture wastirred for 2 hoursto allow
adsorption of Rh ions on the silica surfaces. 12 mghnl'* sodium citrate (N&CsHsO7 A

2H20, Alfa Aesar) was then introduced into the mixtureteAstirring for 1 minute, 5 m
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0.7mgAnl"* sodium borohydride (NaBKlAlfa Aesar) was dropwise addby an injection
pump at a speed of 30 A.hwhen the flask was imn ice water battto maintain a
temperature of 3C. The color changed from pink todwnish as more NaBHvas added.
After the reactioragedfor 2 hoursthe product wasollected by centrifugatioand washed
with 50%/50% water/ethanol for three timB$ particle size distributions were determined

by measuring the diameter oflaaist 200 particles for each sample via ImageJ software.

For 1.71 nm and 4.20 nm Rh/Si8SSs, the procedures of synthesizii@6 nm
Rh/SiO-NSsare modified with different amounts of sodium citrate, sodium borohydride,
and reaction temperaturéor 1.71nm Rh/SiO-NSs 15 m 1 mghnl'! NasCsHsO7 A sDH
wasused 1 m 3.5mghnl'* NaBH: was dropwise addealy an injection pump at a speed
of 15ml A when the flask was at room temperature. The loadimgent of Ridetected
by ICR-OESwas 1.66 wt.%.For 4.2 nmRh/SiQ-NSs 35 ml 1 mginl'! NasCeHs07 A
2H,0 wasused 1 nl 3.5mghnl’! NaBH; was addedby an injection pump at a speed of
15ml Awhen the flask was ianice water battio maintain a temperature o@. The

residual rhodium was detected IP-OES.The loadingcontent of Rh was 1.68 wt.%.
5.2.3. Synthesis of Rh/ADs Nanopatrticles

The procedure follows with the one of 2.26 nm Rh{SIN®Bs. r-Al.Oz powers were

purchased fromi\lfa Aesar
5.2.4. Synthesis of RWesoporousilica Nanopatrticles

Synthesis of rasoporoussilica nanoparticleYMSN) was modified based orby the
previous study® A mixture of 1.74 g NaOH, 10.2 gotassium phosphate monobasic

(KH2PQy, FisherScientific),and 1.3iters of DIH>O werewell-mixed. To the mixture was
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added 18.55 getrimonium bromide (CTAB, Chefimpex). The mixturevasstirred for

one hour until all of the CTAB was dissolved. 9.25 mL TEOS was added to the mixture
and stirredfor 12 hours at room temperature. The obtained pdas collected by
ethanol and then séispersed in 1 vol.% HCl/ethanol solution stirring for 12 hair60

°C. Several cycles dhecentrifuge by water and ethanol were used to wash the surfactant
out from the mesoporous silica nanoparticl®SN productswere further functionalized

by APTES. 140 mg of MSN was-tkspersed in 270 mL ethanol by a sonication bath. 0.7
mL APTES was dropwise added into the dispersion. The redested for three dayest

30°C. The APTESunctionalized MSN was washed twice cycles of centrifugation with
ethanol.Rh/MSN catalysts were synthesized by following the procedures of synthesizing

2.26 nmRh/SiQ-NSs

5.2.5. Synthesis of Ag/SiONanospheres

The procedurés modified based on that preparing2.26 nm Rh/Si@QNSs To the Si@-
NSs, the dispersion was added into 7 ml ahd&nl'? silver nitrate AgNOs, Sigma
Aldrich). 15ml 4 mghnl'* NasCeHsO7A D Masused. 5 ml 0.175gAnl't NaBH, was

addedby an injection pump at a speed offB0 Al tvhen the flask was at room temperature

5.2.6. Photocatalysis of G®lydrogenation

PhoteinducedCO, hydrogenation was conducted arfixed bed reactgHarrick, HVG
MRA-5) coupled witha quartz window(Figure 54). The operatingtemperature was
controlled by a temperature controller kit (Harrick, ADR4-3) with a thermocouple
embeddedehindthe reaction chamber. Cooling water and fan were running around the

reaction chamber to mitigate heating from the light illuminatidmg catalysts werput
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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 charfdrening a thickness of 0.7

mm height catalyst bed. Flow rates of gases (Airgas) were controlled by mass flow
controllers (Alicat). Catalysts were reduced untizmL{min'? 10% H,/Ar at 330 °C for 3

hours prior to reactiond/isible light-driven reactionsvere conducted with a xenon light
source (Asahi MAX303). Lightpowerintensity was measured lay optical energy meter
console (Thorlabs, PM100D) coupled with a thermal sensor head (Thorlab€;)SBgit

gases were analyzed by gas chromatography (Agilent) equipped with a Carboxen 1010 Plot
capillary column (Agilent). Only CO and Gkroducts were detected in this study. Moles

of remaining CQand produced CHand CO were quantified by pluggingethGC 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,enoles of product/(moles gfroduct + moles of
remaining CQ)) with CO. flow rates.After collecting each set of data, the catalysts were
re-reduced by hydrogen and tested by carbon dioxide hydrogenation & 88der dark

conditions to guarantee the catalytic activities were not obviously chahigedieviation
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of rates for each condition is very minimal, and the error bars are ignored without mention.
The error bars in experiments are referring to repeategriexgnts with different batches

of catalysts.

5.2.7. DRIFTFTIR Characterization

Catalyst samples were packed infee reaction chamber dPraying Mantis high
temperature reaction chamber (ZnSe windottarrick) in a spectrometeThermo
Scientific Nicolé iIS35 FFIR). Gases were flowed to the reactidmamber using Alicat

mass flow controllersSpectra were obtained by averagR@psequentially collected scans

at a resolution of 4 chh Catalysts were reduced und&rmLymin'! 10%H,/Ar at 330 °C

for 3 hours prior to reaction§pectra were obtained by subtracting the obtained adsorption

or hydrogenation spectra from the background with pure Ar gas/ér igas purging.

Light illumination can induce baseline changes, so the background spectra weredollect
under light illumination for 30 minutes. For G@dsorption, 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 33C.

5.2.8 TOF Calculation

The turnover frequency (TOF, molecul§s fatom?) is defined as the number of

molecules produced per time on each surface metal atom. The calculation égoétion

TOFis:4 | & , where it involvethe molar numér of CQ molecules

per unit time bulk of the mei®@D , molfs!), the proportion of Chi molecules in the

outflow (® ), the atomic mass of RiM, gfimol 1), the weight of the catalyst bw, g),
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dispersion of Rh¥) and loading amount of Rh dhe supportsdy. The calculation of
dispersiof® of RhisO —— ———, where it involvesthe volumes occupied by a Rh

atom in the bulk of the met@V, v ), the surface area occupied by a Rh atom on the surface
(a,v ), the mean particle &&(d, v), the atomic mass of RiM, 102.9 gfmol 1), the area
occupied by a surface Rh atom{.58v /atomfor Rh), the mass density of R ,12.4

gflcm3forRh)andAvogadr odNs. number

5.2.9 Absorbed Light Power and AQEalculation

The percentage of absorbed light power intensity over measured incident light power
intensity was calculated based on the relationsh: O

O O . The portion of transrtied light intensity was measured by a
customized setip. The spectra of absorbed light power intensify¢ded over different
photon energyH;) were calculated based on the DRS spectra. Integrating the spectra of the
multiplying product of absorbedrancident light intensity with specific photon energy
(labsoredEi OF lincidenEi ) Over photon energye() was calculated to obtain the total absorbed

or incident photon energy. The total portion of absorbed light power intensity was equal to
the ratio @ total absorbed photon energy over the total illuminated light photon energy.
Apparent guantum efficiency (AQEas obtained to dividinthe total number of produced
methane moleculesdns) overthetotal numbers gbhotons absorbedifnoton) by catalysts
Theabsorption spectraerenormalized(i.e. I normaiized absorbe8P€Ctrajagainst tahe highest

point ata photon energy of 2.6216/eTo obtainnpnoton The photon number at 2.6216 eV
(n2.6216ev) Was obtained by dividing the total absorbedrgg over the normalized photon

energy, which was the integral area of the spectiao@faized absorbda over E. The total
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photon number was then obtained by multiplymagrieev, and the integral area brmaiized

absorbedOVer B. More specifieexamples are shown in Appendix Al.

5.2.10. Theoreticalemperaturdrise under Light

The cylindershaped catalysts bed was assumed as a spherical shape with an equivalent
radiusR. The governing equation for the tirdependenheattransfercan beresolved by
P e n n e shéat denemtion model in a spherical coordifite. The maximum

temperature rise/as estimatee 8°C. More details are shown in Appendix2A

5.2.11. Mass and Heat Transport Limitation Assessment

Transport limitation assessmewds conducted to guarantee the measured reaction kinetics
are within a 5% error. The criteria WeiszPraterparameter Gwp)®? is used to assess
internal mass transport; Mears critefidis used to evaluate external mass transport;
Anderson criterio?? is used to assess internal heat transport; Mears criteisoused to

evaluate external heat transport. More details are shown in Appendix A.3.

5.2.12. Characterizations

A transmission electron microscope (TEM, JEOL JEADO) was used for charadizng

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 recordad bigravioletvisible (UVi

vis) spectrophotometer (Thermo Scientific, Evolution 220) equipped with an integrati

sphere to excludine scattering effect of nanopatrticles.



5.3. Results and Discussion

5.3.1. Material Characterization

We prepared several rhodium catalysts by asitin reduction method (see details in
Experimental Sectign which include Rh/Si©nanospheres (Rh/SIONSs, 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/AD; (Rh sizes of 2.13 nm). TEM imageasd statistic
histogram of size distributionare shown inFigure 5.5(AF). The Rh particles are

uniformly dispersed on all of the supports, showing a-a@tfitrolled synesthetic process.

Figure 5.5(G) presenth¢ diffuse reflectance ultraviolgtsible absorbance spectra
(DRS) of bare substrates and substrates supported by rhodium nanoparticles with varied
substrate types and Rh sizes. The bare 8i8s, MSN, and alumina substrates are
transparent irthe 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 nanopatrticles. Sampld’hd$iQ.- NSshybrid particles with
different Rh sizeshow distinct resonance absorption peaks at ~450 nm and ~700iim
resultedfrom resonance scattering effect by symmetrical dielectric substPates® The
Rh loading amount for 2.26 nm (2.14%) is a bit higher tharoftthe 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 diffat sizes and amounts have a different light
absorption intensity, thus leading to a different ability to leak confined electromagnetic

field confined in the nonspherical resonat®he irregularshaped substrates of28k and
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Figure 5.5 SEM image and size distribution of SI®Ss (B, C, D) TEM images of
Rh/SiQ hybrid nanoparticles with different Rh sizes (1.71 nm, 2.26amd 4.20 nm);E)
TEM images of Rh/AI0zand &) RhMSN nanoparticlesThe sze and size distributions
of Rh nanopatrticles are inset in imag@s) UV-vis diffuse reflectance spectra (DRS) of

Rh nanopatrticles loaded on SiNSs, AbOs, and MSN substrates, and pristine substrates.
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MSN only exhibit a broad feateless 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/SiO-NSs have a loweF(R) intensity, which is defined by 4 function
(F(R)=(1-R(H))/(R¥(Hb)); R(Hb) is reflectance), than other substrates. It should be attributed

to the larger sizes of S{ONSs (~400 nm) than MSN (~20 nm) aAtbOsz (~100 nm),
leading to the higher efficiency of light scattering rather than absorption. The following
study discusses the G@Qydrogenation kinetics based on the correction of incident light
power intensity to absorbed light intensity for a rational campa (see details in

Appendix Al).

5.3.2.Light Power Intensity Dependence

The catalytic performance was tested by &bfixl reactor using ~7 mg catalyst2.26 nm
Rh/SiQ-NSs to study the influence of light power intensity on the reaction kinetits an
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 poweintensity by seup and calculation. More detadse described in Appendix

Al. Figure 5.6(A) shows steaghtate kinetic results of COhydrogenation for 2.26 nm
Rh/SiQ- NSs overvaried absorbedight power intensityat anoperating temperaturef
330°C. The ratio of H to CQ is around 13, higher thahe theoretical stoichiometric
ratio of CQ methanation, while excess hydrogen usage is very typical for CO
hydrogenatior?® Two products of CO and Ghivere detected. GC signal intensity of CH
greatly increases witlight power intensity with a slight @mge in CO peak intensity. With

higher light power intensity, the production rate ofsGknificantly increaseshile CO
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Figure 5.6 (A) GC signals of Chand CO at 330C over different light poweintensity.
(B) CHs and CO production rates at 33D and CH selectivity. (C) natural logarithm C®
consumption rates and Gldroduction rates over reciprocal temperature at a light power

intensityof 1.5Wscnt 2.

production ratesre notaffeced very much (Figure 5.6(A)). At 1.5 Went? and 330°C,

CHaproduction rate increases by 60 times than that of dark condition, and CO production

ratesincrease lesthanfour times. Therefore, it leads to an enhancement afgeléctivity
to 99% with an absorbed light power intensity of 1.5ckW? from 71% under dark

conditions (Figure 5.6(B)). Activation energies of £Consumption rate and GH
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production rate were calculatédhsed orthe Arrhenius equation with or without light
illumination (Figure5.6(C)). Under dark conditions, the activation energies fop CO
consumption rate and Ghproduction rate ar82.1 kdmol*(0.85 eV} and115.8 kdmol?!
(1.20 eV}, respectively. Wh an absorbed light power intensity of 1.50Wf?2, the
activation energies for Gonsumption rate and GHbroduction rate decline by ~51%
and ~67%, respectively(Figure 5.6(C). It means the total COconsumption rate is
increased, while the selectivity of @Bydrogenation is exclusively increased. The change

of light power intensity is efficient in modulating the selectivity of<CH

The enhanced photocatalytic performance might be attributed totpbohal and
photocatalytic effects, as argued in previous stutdi€$.The coupling of electrophonon
and phonorenvironment enables producing heat and temperature rise, leading to a
phononactivated adsorbate path similar with theroadalysis. Eneetic 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)Y.he temperature risesbtained by subtracting the
temperature under dark conditions from the counterpart with light illuminaiomyst
linearly increase with the higher light power intensity anoinly up tol1°C at anincident
light power intensityof 2.0 Wicn 2 when thesetpoint of the temperature is 3%D (Figure
5.7(B)). It is noteworthy that we use a continudight 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 tisage of a pulse laser that

transiently produces a large amount of heat that accumulates oartbscaleseconds
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Figure 5.7 (A) Digital photograph of théhermocouple locatiowith a 0.3 mm diameter
thatisembedded undéine mesh suppartB) Photothermal effeanduced émperature rise

is calculated by subtracting the temperaturdkbfSiOc- NSsfrom the one forSiOx NSs
while feeding the reactant gasé®) heat power change from thermal controller under gas
flow inducedby light illumination with and without loading 2.26 nm Rh/Qi®Ss catalyst
while flowing the reactant gaseéD) Principal component analysis (PCA) result. The
catalyst amount is 7.2 mgnd the reactant gas flow rates arer88 't Ar, 35 mIA'R CO;,

and 440mIA 'R H..
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and affect reaction rat85.An almost linear temperature rise tendeséywith light power

intensity ‘O in this study meets with the thedoat expectations when we
assume the timéreaches to steadtate is not changed, i.e;)Y ————8The

fin
terms ofd& PAT & are the metal mass and specific heat capacity dgalme

respectively. This linear relationship is met when the temperature rise is low enough

without any influence on changing the heat capacity of the materials.

We also theoretically calculated the maximum temperature rise Rseng nhioe s 6
heat generation mod&P* to build up the heat transport when assuming all of the light was
converted to heatsée more details iAppendix A3.). The governing equation for the

time-dependent heat transfi@raspherical coordinatis:

y Y y

Here it involves the radius of the catalyst bedn(), photothermal heat generatipar

volume of catalyst bedQ,, WIm 3), gas perfusioriime constant(t , S) and
thermal conductivity_ , WIm K1), mass densit/ ,0Tm3), heat capacity
(® , Jg K- and thermal diffusivity { ——  mTs} of

combined medium (SiOsubstrates and gas mixturédt steady state, the analytical

solution is:

e .0 ol Y S
Vyrite o f 0 f p Q 8
_ _ T f

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 congime all
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 °C when the absorbed light power intensity is 1.5 WPcvery close to theneasured

result by a thermocoupleéSuch lowtemperature rise becaude thermal controllecould

reduce input heat power as a response of light illuminataingas perfusion to cool down

the catalyst bedThe heat power change is similahen the chamber is loaded with or
without a catalys{Figure 5.7(C). Fincipal component analysis used to analyze the
number of variables fdhe dataset of reaction ratessed on varied light power intensity

and operating temperature (more inforroatishown in the next section). The
photocatalytic rateshave two independent parametessipporing that variables of
temperature and light power intensity should be individually indepeiiBEentre 5.7(D).

It seemghe enhanced selective €@ydrogenation is mainly attributed to photocatalytic
rather than photothermal catalysidot electron driven process in metal enables selective
activation of important intermediates by hot electron injection into antibonding orbitals of
the adsorbates gendng on the availability and energy levels of unfilled states and
adsorption configurations. However, current evidence can not exclude the possibility of
temperature rise of metal nanopatrticles at a nanoscale and a shot time scale, which needs

additional experiments in the future.

5.3.3. Dependencef Photocatalysien Heat and.ight

Hot electron injection efficiency should be affected by both light power intensity and
operating temperatures. Previous studies reported that heat is able to agsiatttbe

kinetics of CQ hydrogenatior?® ¢ Chapter 3 in this dissertation also shows a positive
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Figure 5.8 (A) GC signals of Chland CO at 330C over different light poweintensity;
mapping of B) CHs production rates,G) CHs selectivity and ©) apparent quantum
efficiencies (AQE) over different light powertensityand reaction temperature. The light
power intensity refers to corrected absorbed light by catalysts. AQ&imsed as the ratio

of praduced CH over absorbed light photon numbémlet gas flow: 85mIA# Ar, 35

mlA# CO,, and 440mlIA # H..

role of heat on the photocatalysis of alcohol oxidation (see Chapter 3). However, elevating
temperature is not efficient in improving the seldtfiof nitrobenzene coupling reduction

by Rh photocatalyst in our study (see Chapter 4) or by Cu/graphene in the previotls study
Therefore, it is necessary to reveal a quantitative discussion of experimental studies and a

fundamental understanding ajtt 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 (02 Wicnt 2) and reaction temperatures (50

°C to 360°C). Figure 5.8 presents the obtained 3D maps of @étluction rates, CH
selectivity, CH apparent quantum efficiencies (AQE), and activation energies af CH
production and C®consumption. AQE is the number GHs produced with light over

the photon numbers absorbed by catalysts (see calculation details in Appendix Al). A
reduction in operatingemperature results in a higher enhancement in daite=n by light
illumination than dark conditions. oF examplea light power intensity ofl.5 Wicnr 2

results inan increment of 350 times in methanation rates af@9CH, selectivity of 97 %
compared to 35% under dark) and 133 times a’@1@s compared to 60 times at 380
Besides, an absorbed light poweeimity of1.5 Wicnt 2 reduced the thermal temperature

by 220°C and 240°C to obtain the same methanation rate with dark conditions. These
results show that phoiilumination 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 £ptroduction 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 reaches2@oat 360C atan
absorbed light powentensity of 1.3Wscnt 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 catafgtimpnce with
photaillumination is accompanied bheduced activation energies of &&@nsumption and

CHs production, which almost converge at the highest power intensity. Such a gradually
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Figure 5.9 (A) PhotocatalyticCHs production rate§.e., the total rates aseibtracted from
thermaly catalytic ratesover varied light poweintensityon 2.26 nm Rh/SiQOcatalysts
The exponenn values are derived from the slope of the fitted data points in thi®dog
figure. A linear to supelinear relationship indicates the single to multiple electronic
transitions.(B) Sketch of multiple cycles of excitation and @scitation of vibrational
modes of the adsorbate on metulting fromelectron injection from thehotoexcited

metal substras.

decreased tendency of activation energy with higher light power intensity should correlate
with the features of heglectron mediated reaction. It requires us to derive a quantitative
expression of photocatalytic methanation, dependin temperature and light power

density.

The quantitative description of reaction kinetics on temperature dependence relies
on the Arrhenius equatiok=Aexp(-Ea/RT). A light power law can describe the empirical
relationship of photocatalytic reactionnlkiics on light power intensityrigure 5.9(A)

presents the powdaw dependenca)( © I") of photocatalytic Cklrates ¢ )
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Figure 5.10 (A) n derived from power lavior different catalysts of Rh loading on SiO
NSs, AbO3 and mesoporous silica (MSNYyer varied operating temperatur@3) Effect

of reactant gas composition effdor 1.71 nm Rh/Si@ NSs on power law(C) Natural
logarithm of CH production rates by Rh/MSN, Rh/SiONSs and Rh/AbOs catalysts
under dark conditions over the reciprocal reaction tempergiDyeNatural logarithm of
CHs production rates by 1.71 nm Rh/SiQISs over the reciprocal reaction temperature
for different gadlow ratios of CQ and H. In (A and Q, a gas flow of 85nlA 'R Ar, 35
mIA " CO, and 440mlA ™R H. is cofed into the reactor. InBandD), the gas flow rates
are 85mIA'RAr, 35mIA'RCO, and 440mlA R H: for 1CQx:11.6 Hratios, and 26GnIA R

Ar, 7T0mIA'RCO, and 230mIA™R Ha for 1COx:11.6 Heratios respectively.
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for 2.26 nmRh/SiQ- NSscatalysts withalight powerdensity(l) and exponent valuen)
nvalues are derived from the slope of thellog plots. The meaning ofvalues physically

origin from the electronic transitions into the adsorbates to induce the cycles of excitation
deexcitation of adsorbates. Increasing the light power density resultsninadue from

nearly one to a value much higher than one, shothimghange from linear to sugérear
dependence of light power. Other catalysts used in this work have such transitions. This
phenomenon has been reported widely in the cases of femtoseconddased molecular
desorption, which describes it as dggmn induced bymultiple electronic transition
(DIMET) procesS? The transition of supdimear light power dependengghysically
origins from single electron to muyste electron transition for exciting adsorbates to
accumulate sufficient vibrationahergy higher tharthe activation barrier and initiate
reaction before relaxation to initial vibrational stat€ggre 5.9(B),%2° for the key
intermediates. In our study, the key intermediates to produce methane should be the
carbonyl (CO*) or hydrogeated carbonyl species {80%*). The high light power density
results in an exponentvalue much higher than ondhis transition of exponent valugs
powerlaw belongs to a typical feature of hot electobiven reactions on metdi$.A high
exponentn value (n > 1) means multiple excitatioaad deexcitationsof vibrational

modes of important adsorbed intermediates induced by energetic hot eféctrioris
favorable to obtain high CHproduction ratesvith orders of magnitudeat mild light
powerintensity and reaction temperatutdowever, it is noted that the temperature rise at

a nanoscale at high light power intensity needs further verification.

Besides, w observen values positively correlate with the reciprocal temperature

(& -) regardles®f Rh sizes (1.71 nm~4.20 npsubstrates (SIONSs,MSN and A}Os)
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Figure 5.11 Ratio of powerlaw exponent values fordifferent substratesncluding the

ratio of n values for SIQ-NSs system over the AD; system or MSN system.

and gas composition@~igure 5.10(A and B) The ordering inn values at constant
temperatures among different catalysts or gas flow compositions posdoedtate with
the order in activation energyFor example, lte activation energies derived frotme
Arrhenius equation are 78BJ A mtp116 kJ A fip &and 129kJ A midfidr Rh/ALQOs,
Rh/SiQd NSs, and Rh/MSN, respectivellyigure 5.10(C)). The descendinglering ofn
values at the studied temperatures BRI#AI2Os;, Rh/SiQi NSs, and Rh/MSN The
tendency agrees when changing the gas compositions (Figure 5.10(B and i®). T
activation energies for 1G£11.6 H ratios under the light powers of 1.27.09WA c¢'fn
are 57.761.7 kJ A m'p which are higher than the case BE0,:3.3 H, ratios with
activation enerigs in the range af2.6-26.1kJ A m'o Exponentn values are higher for
the latter case. Specificalljhd aveaged rat of exponentn values over the measured
temperatures between Si@Ss and AdOs (1.5+0.1), and SiONSs and MSN (0.8£0.1)

are very close to their activation energy ratio (1.5+0.1 fok SiSs and AdOs, 0.9+0.1 for
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SiO«NSs and MSN), respectivelfrigure 5.1}. The highesn value of > 11 is obtained
for Rh/MSN catalyst at 88C with the highest activation energyFitting these data points
in Figure 10(A) results in an empirical relationship between n values with operating

temperature and activation barrier under dark conditios—"—.

A microscopic understanding is necessary to explain thegetnye dependence,
light power dependencand their interactions on the photocatalytic methanation process.
The photeexcited hot electrons can transiently transfer into the LUMO orbital of the
adsorbates, CO* or }@0O*, forming the transient negative mnit results in a repulsive
force to push the nuclear motion, and then, the adsorbates of CQC@r*Hbbtain the
kinetic energy in the excited states. The relaxation of excited adsorbates into ground states
makes the system obtain vibrational energgoaganied by electron transfer to metal.
The conversion of photon energy absorbed by Rh particles to vibration energy in the

adsorbates a€O* or HkCO* enables a reduced energy barrier (Figure 5.8(D)).

A higher number of photons will excite more hot electrons in Rh nanopatrticles to
populate the antibonding orbitals of important intermediates to transient excited states
(accompanied by energy transfer from hot electrons to adsorbates). More energjpnelaxa
of transient excited states will excite the vibrational states of adsorbates to a higher energy
level in the ground state of the potential energy surfadeat is why the occurrence of

superlinear dependence on light power density (Figure 5.9(A)theoretical model of
&x - (00, energy quantum of vibrational stat@gs proposed fahe DIMET procesg?

showing the requisite of more heliectron scattering events to initiate the reaction with a
higher depth of potential energy surfaddowever, this simple model assumitige 0

energy level otheground statéor theinitial vibrational state of adsorbatesn not account
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Figure 5.12 Nonlinear surface fitted resuitf CHs production rates by Rh/S{ONSs @A),
Rh/AI0s (B) and Rh/MSN C) based on model equatian ¢ » oY

W && @ "Y & &vifh constants of, b, ¢, andd, reaction temperatur® and light

power density.

for temperatureglependence amvalues. BoseEinsteinstatistic reflectsthigh temperature
slightly populates excitedibrational states A revised temperaturdependingtwo-
temperature friction maa 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 barriereven by several orders of magnit&& Besides, elevating operating
temperatures can populate more hot electrons on a higher energy level. Therefore, thermal
heat can assist in enhancing the photocatalytic performance2dfyd@genation (Figure

8) and also probably reduce the requisite number of electronic transition events in initiating
the reaction as a result of operating temperatateanced reaction probability (Figure 9).

That might be the reason for an inverse relationship betwaedT 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 powedaw dependence.

To obtain the quantitative ieionship of heat and light on methanation kinetics,
the 3D mapping of CHproduction rates in the ndimear regime £0.4Wscnm 2 W) and
high temperature (178C) werefitted by nonlinear surface fitg & W -

@ Gt @ & & Pby Origin software Figure 5.13, wherea, b, ¢ andd areconstants
(aandd >0, andb andc < 0). The obtainedhon-linearfitting equations for 2.26 nm Rh/SiO

catalysts (R=0.996)(Figure 5.12(A))is:
O ppppr TO° T8
Since¢ — 0% (R®=0.994),0 P8t 1 p m andO =116 KJfmolY(Figure

5.10(Aand Q) & -2

09, and hekinetic rateequation can be yearitten as:

VI opp pnQT O ®
Wo @ Ww v 5 G 8.
A similar process is applied for Rh/&)s and Rh/MSN samples. For Rh48k, the

obtainednontlinearfitting equations (R=0.969)(Figure 5.13(B))s:
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0 Yy priQ 708 8
Since¢ — p& (R?*=0.957),0 p8t @ p mand O =76 KJmol?! (Figure
5.10(Aand C))¢ —— p&), and he above equation can bewsetten as:
0 oD pn'Qﬁ—8 "o POTO b 5 & O

For Rh/MSN, the obtainegbrlinearfitting equations (R=0.945)(Figure 5.12(C))

iss 0 XM pmQ 7O % T8 Since & — X8 (R=0.952),
0 p® U p T andO =129 KJmol?! (Figure 5.108 and C))¢ - X8,
and the above equation can be rewritten as: 0 o T
pn‘Qﬁ— " 8 CT @O v 5y O 88

The aboveanalysis demonstrates that the photocatalytic rat€3Hafproduction
can be generalized a® | w Q & T & 0o & T &)
0 § 'Y8* 0O

The empirically derived equation integrating tierhenius equation antight
power lawsquantitively reveals the relationship pliotocatalytic methanation ratéth
operating temperature and light power intensityie presence of light power dependence
term enables an increase of reaction kinetics by several magnitudes orders higlneat than t
of dark conditions, highlighting the advantage of photocatalysis by metallic nanopatrticles.
It enables us to explain how temperature and activation energy affect the-lpawer
dependence and final photocatalytic rates. An increase in activation eaedyy

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
powerlaw dependenceDecreasing the operating temperature or inangabe activation
energy will increase the contribution from the -kt#ctron contribution to methanation
kinetic while decreasing the effect of thermal catalyiseems, in our case, the positive
effect of increasing operating temperature on incnegttie reaction kinetics outperforms

its negative effect on decreasing the exponent value. Thera@fareasingoperating
reaction temperature and light power intensity synergistically promotgi€lds.Besides,

if we want to increase the photocatalytientribution, a lower operating temperature or
higher activation energy in the dark will be preferred. A hidghgs«might lead to higher

photocatalytic rates than that of low®igark, Which is discussed in the next section.

5.34. Substrate Effecaind Rh Particle Size Effect

The dfects ofdielectricsubstrate®f alumina, mesoporous silica, and silica nanospheres

on apparent quantum efficienayecompared andtudied.Previous studies have reported
thermally driven methanation rates Inetal catalysts supported on alumina substrates
have about one order of magnitude higher than the cases of silica sulf§titésThe

reason might be attributed to the ability of absorption and dissociatigmGl@ecules and
interactions between spprted metal and alumina substrat2$®’t 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.%, RbJAhtalyst has the
highest CH produdion 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 CH; production for different substrates of SiBSs, MSN and AlO3

to support Rh nanoparticles over varied lightvpo density and under varied reaction

temperature§200°C~330°C).

onmethanation kinetics. Figure 5.5 shows that®iSs 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 antenrfa.”® Irregular shaped MSN and Abs; substrates

supported Rh particles exhibit featureless absorption from random scattering (Chapter 2),

which might negatively affect the photocatalytic performance. Figure pré&8ents
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substrate effects on apparent quamtefficiency over different operating temperatures
(200°C~330°C). Theusage of Si@QNSs as substrates have minitpher AQEthan MSN

for all the studied operating temperatures and light power intengties outperforming

the performance dkl.O:s (i.e., one order of magnitude faster kinetidledark) at330°C.

It highlights the importance of SiONSs 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 highes
corresponds to a higher exponent valueBased on this expectation, it is reasonable that
Rh/SiQO-NSs has a higher activation energy might exhibit a higher photocatalyticf rate o
than Rh/AbOs 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 asdbsadtes without

sacrificing or even with better photocatalytic performance.

Previous studies reported metal particle sizes affectingh@@ogenation kinetics,
in which smalisized particle has more sluggish kinetics due to its strong CO* binding
strength and weak availability of H* on the surfaé&<* However, the possibility of
producing hot electrons with high energy is higher for smaller sized metal particle because
of the increased chance of electrsurface collision frequencdf; 2 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 influehBé particle sizes (1.71
nm, 2.26 nm, and 4.20 nm) on turn over frequdii€F) 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 efficienc\AQE) for
Rh/SiQ-NSs catalysts withdifferent Rh sizes (4.20 nm, 2.26 nand 1.71 nm) over
different light power density armperatingemperaturesA zoom out figue of TOF at 330

°C in dark conditions is inset in the corner (A).










































































































































































































































