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Abstract
The chemical industry depends on heterogeneousntitatalytic processes to
satisfythe everincreasingdemand for fuels and fertilizerbligh temperatures and high
pressures ra generally required to acceleratkemical transformations and operaie
practical rates. These harsh conditions, however, lead to huge energy consumption and
other side effects, such as the lifetime of catalysts and parasitic formatiorprdduycts.
Light is used as an alternative egerinput to drive chemical reactions on
semiconducting photocatalysts, but the slow reaction rates and insufficient control of
product selectivity hinderwide adapaton of photocatalysis. Plasmonic metal
nanoparticles have been recently proposed as dypevwof catalysts with photoactivities.
As already been widely used in thermocatalytic reactions, the strong light absorption
capabilityfrom excitation of localized surface plasmon resonance (L$®R)asmonic
catalystscould combine light and thermalergy to work cooperatively in enhancing
rates of chemical reaction$his dissertation summarizes our efforts aiming to design
plasmonic catalysts with high efficiency and high product selectivity. The catalytic
properties of synthesized rhodium (Rh) aothenium (Ru) catalysts are investigated in
two model reactions, carbon dioxide (g§@ydrogenation and ammonia (B)Hsynthesis.
Chapter 2 describes the development of sloyection polyol methods to
synthesize monodispersed Rh nanocubes with tunablarsizeesonant energyhe wide
size tunability of slowinjection methods allows for the resthift of resonant wavelength

of small Rh nanostructures, which are in the deep ultraviolet (UV) region, to more



accessible and practical ndd¥ and visible regionsby increasing the size of Rh
nanocubes.

Chapter 3 focuses on the product selectivity of plasmonic Rh nanocubes in CO

hydrogenation. Rh nanocubes supported abmminum oxide (AIOs) nanoparticles
equally produce methane (@Hand carbon monoxide (CO) iruge thermal coditions.
Under illumination of UV and blue light, the rate of GHbroduction is significantly
enhanced, and almost exclusive g#loduction is observed. This phegelectivity can
be attributed to selective activation of specific reactidarmediate by photgenerated
hot electrons among competing reaction pathways.

Chapter 4 describes the effects of catalyst support and morphology of plasmonic
Rh nanostructures on the catalytic activities in plasemmanced C@hydrogenation.
Significant improvemerg of reaction rates are observed by switching to reducible
titanium oxide (TiQ) support and shrinking the size of Rh nanostructures. The
enhancement of reaction rates by light can be partially attributed to local heating of
catalyst bed.

Chapte 5 focuses on the catalytic activities of -Based catalysts for NH
synthesis under light illumination. Pheémhanced Nkl production, which highly
depends on the size, support, and promoter of catalysts, is observed.

Chapter 6 discusses conclusion antuife directions of this project. Molecular
level insights of plasmeenhanced catalysis are highly desired for both fundamental

research and practical applications.
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Chapter 1 : Introduction
1.1 Importance of heterogeneous catalysis

Catdysis playsa crucial rolein almost every aspect of olife andevenin the
existence ofliving organisms.The core of catalysis igatalyst, which aagerates
chemical reactionby reducing the activation barrieithout being consumeduring the
reaction Most physiolodgcal activities, fromthe extraction ofchemical energy tdhe
duplication of living cells, are acceleratday biological catalystserzymes.Chemical
industriesalso heavily rely on catalytic processes to incréhseeactiorrates Based on
the phases of catalysts and reactants, catalytic processes can be categorized into
heterogeneous catalysis (catalysts and reactants in differaség)hand homogeneous
catalysis (catalysts and reactants in the same phase).

Heterogeneous catalysis generally employs solids as catalysts and liquids or gases
as reactants.The separation of catalysts and reactants in different phases
heterogeneous catalyssiows for continuous operatioof chemical reactions and easy
recycling of catalystsThese advantages of heterogeneous catalysifighly desired in
large-scale operation of chemical reactipae most of current industrial processes utilize
heterogeneous catalysi@ne of the most uecessfulemploymentsof heterogeneous
catalysis in chemical industryis ammonia (NH) synthesisthrough Habeir Bosch
procesg In Habei Bosch processnitrogen (N) and hydrogen (b pass through iron
(Fe) catalysts at high temperature (~580) and highpressure (~2D bar) to produce
NHs. Due to the low conversion of reactaatshigh temperatureNHs is separated from

the stream and unreacted &hd H are recirculated back to the reactor to increase th
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overall conversion of reactants. Bli$ further converted into fertilizers wupportthe
continuous growth ofvorld population®

Threeway catalyticconverters in automobile exhaust system is another important
example of heterogeneous catalysis. Combustion products from internal combustion
engines contain unburned hydrocarbons and toxic nitrogen okiMieg and carbon
monoxide (CO). These harmfulcompounds would be a significant environmental
concern if directly released into the atmosph&efore exiting the exhaust lin¢ghese
toxic compounds react on the surface of platinum/rhodiBtfRh)or palladium/rhodium
(Pd/Rh)catalysts and are convertatd nontoxic carbon dioxide (Cg€), water, and *
The deploymenbf threeway catalytic converters inutomobile exhaust systeia the
key to the reduced emission of harmful gasesl the improvement of air quality in
modern society

Products from &terogeneous catalysisuch as fuels and fertilizers, make
significantcontributions tahe sustainability md quality of thecontemporaryworld. The
researchefforts of heterogeneous catalysis have been devotdédetalesign of high
performance catalysts to increase the reaction rates with reduced amount of catalysts,
mitigate the generation of byprodugms®ss high stability for longerm operationand
allow for operation ofreactiors under mild conditions.” To achieve these goals, it is

critical to understand the fundamental principles of heterogeneous catalysis.

1.2 Fundamental principles of heterogeneous catalysis

Heterogeneous catalysis accelerates chemical reactions through the interactions

between catalysts and reactants/intermediates at theolid<or liquidsolid interfaces.
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As shown inFigure 1.1, surfacecatalyzed reactions involvéhree major steps: (i)
adsorption of reactant moleesl on exposed surfagacantsites of catalysts; (ii) surface
reaction of adsorbates, which includes the dissociation, migrainmhrecombinatiof
surface intermediatem the active sitegiii) desorption of product molecules for product
release and regeneration of surface vacant &iteshese steps, there is usually one
particular step that is much slower than all the otheps and determines the rate of the
overall reaction called the rateletermining step (RDS). The identificatiookthe RDS
and real active sitdsave proven to be difficultut extremely beneficial for the design of

heterogeneous catalysts.

a) Gas-phase b) ‘ ‘
uncatalyzed
3 €
2
)
c
[H)
s
'g Adsorption
o
o
catalyzed %

Reaction coordinate

Figure 1.1. (a) Potential energy diagrams of a -gdease uncatalyzed reaction (blue) and

a surfacecatalyzed reaction (red) through adsorption of reactants (i), surface reaction (ii),
and desorption of products (iii). (b) Illustration of elementary steps iedoinr surface
catalyzed chemical reactions. Figuradaptedvith permissiorfrom ref.8, © 2014 John

Wiley & Sons, Inc.



The stabilization of reaction intermediates through the bonding interactions
between intermediates and catalyst surfaces significantly reduces the activatopn ener
compared to gaghase uncatalyzed reactions. phsse uncatalyzed reactions generally
proceed through radical mechanisms, which reguiuge energy input to activate
reactants and generate free radidats. example, ncatalyzed\Hs synthesis requirethe
breaking of nitrogemitrogen triple bond with a bond strength of 945 kJ/mol to generate
active atomic NWith the help of optimal catalyste facilitate the dissociation of AN
such as Fand rutheniun(Ru), the activation energy can be reduced t60-kJ/mol®°
The activation energy of ggeshase uncatalyzed reverse wajas shift
(COz+H2Y C O +28), initiated by the generation of H radicals, was measured to be 320
kJ/mol! On the surface of cooper (Cu) and goldij&atalysts, the reaction proceeds via
alternative reaction pathways with reduced activation energies as small as 40'k¥mol.
The interactions between exposed catalyst surfaces and reaction intermediatesaopen n
reaction pathways that do not exist in-gasse uncatalyzed reactions, thus modifying
the potential energy diagram and activation energies. The reduced activation energies
allow reactions, which are only observable at extremely high temperatures phagas
to be operated at significantly reduced temperature with accelerated reaction rates.

Most of research efforts of heterogeneous catalysis in tH& chtury was
devoted to the discovery of catalysts with high activjtighile ahigh selectivity was
considered less important in most caséswever, mderstanding the origin of product
selectivity has attracted more and more interestee 22 century due to the expensive

waste disposalthe welldocumented negative environmental impaetsd the imited
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supply of feedstocks, such as fossil fudlee use of heterogeneous catalysis could also
form products that cannot be formed in -géimse reactions. As discussed earlier, the
reaction between Cand H in gas phase produces CO and water througérse water

gas shift process. By contrast, on properly designed Ru, Cu and metal oxide catalysts,
CO hydrogenation can form methane (§Hnethanol (CHOH), and even gasoliré!
Heterogeneous catalysts with higactivities and high selectivity towards targeted

products are the ultimate goaifthis research field

1.3 Structure of heterogeneous catalysts

Hetengeneous catalysts are generally composed of catalytically active patrticles,
supports, and promoters.cive particles provide suitable surface sites to interact with
reactants and intermediates. Catalyst supports offer high surface area and mechanical and
thermal stability for active particle®Rromoters are inactive foeactiors by themselves
but can ineract with active particles to modify their propertidhe general spatial
arrangement of active particle, support, and promistshown inFigure1.2. Thesethree
components function cooperatively to determine the activitiesjyet selectivity, and

stability of heterogeneous catalysts.



Active particle

\ Promoter
/

Support

Figure 1.2. Schematic illustration dfieterogeneous catalysts consisting of catalytically
active particles, support, and promoter.

1.3.1 Active particle

Catalytically a&tive particles are usually metals or metal oxid&iace reactions
only occur on the surface of active particles, their sizes@maally in the range of few
nanometers to maximize the exposed surface @@apared to the atarin bulk, atoms
on surface have lower coordination number with tendency to form chemical bonds with
gasphase molecules. These interactions stabilize surface intermediates and facilitate
chemical reactions. The strength of these interactions depends artdimediates, the
nature of catalyst materials, and the expose crystal facets of catalytically active particles.
Figure 1.3 shows the structure of a facentered cubicf¢c) Pt nangarticle with 561
atoms® Due to the higher coordination number and léasgling bonds of Patoms on
(111) facets than that on (D0€acets, intermdiates bind weaker to the Pt(111) facet
compared to the Pt(1DP@acet. This also results in that atolosated at theorners, steps,

and edges bond to intermediates stronger gbamslocatedon facets.



According to theBransted Evang Polanyi (BEP) principle the difference irthe
activation energy between two reactions of the same family is propartto the
difference of the enthalpy of reactioh® This principle inplies that fast
adsorption/activation of reactants requires strong bonding of the intermediate/product on
the catalyst surfac€n the contrary, strong bonding of products on the catalyst surface
covers most of the surface sites and hinders the adsowtticeactants for following
cycles of reactions. Therefore, tlogtimal bonding strengthof reactants on catalyst

surface is a compromise of rates of adsorption of reactants and desorption of products.

211
Corners

111
Steps/
edges

Facets

Figure 1.3. Schematicillustration of a Ptnangarticle consisting ob61 atoms. The
particle is enclosed by (100) and (111) facets connected by edges, which are equivalent to
the steps on (211) facetEgure adaptedvith permissiorfrom ref.8, © 2014 John Wiley

& Sons, Inc
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Figure 1.4. Transition state scaling relationship of the adsorption eneygl, (the

activation energyHa), and the reaction rateggr) . The reaction rate s
dependence on the adsorption enenghich is determined by the adsorption rate of

reactant (blue) in the wedlonding region (right side) and by the desorption rate of
product (black) in the stroAgonding region (left side).

The compromise of adsorption rate and desorption rate results wetlhkenown
Avol canod curve of c aRigarelydtOn the left sideiombe plote s, a
where reactants/intermediates bond strongly to the surface, the activation of reactants is
fast but the desorption of prodsas slow. The catalysturface is covered by products,
thus starving for vacant sites for following reaction. Therefore, the overall reaction rate is
determined by the rate of desorption of products. By contrast, on the right side of the plot
where readnts/intermediates bond weakly to the surface, the desorption of products is
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fast but the activation of reactants is slow. Consequently, the catalyst surface is almost
empty and the rate of adsorption of reactants dictates the overall reactidterate the

optimal catalyst for certain reactions should bond to reactants/intermediates neither too
strong nor too weak to balance the rate of adsorption and desorption. This could be done
by tuning the compositions, crystal facets, and special types of adtge(corners and
edges) of catalysts.

Conventional industrial catalysts are mainly prepared ke impregnation
method. Metal salts as catalyst precursor are dissolved in water or alcohols, which
supports are dipped irAfter evaporation of solventghe solid isfurther treated ¥
calcination and reduction at high temperaturetransform the metal salts into desired
form and composition, such as metallic nanoparticlHse catalytic nanoparticles
generated by the impregnation method usually have broad size distribution and lack
control of the shape and exposed crystal faceWith deeper understandings of the
mechanism of nanoparticle growth and rapid development of synthetic methods, the
control of the shape, size, and composition of metallic nanoparticles comes to an
unprecedented lelze Metal nanoparticles with wetiontrolled composition (single
metallic and multimetallic), size (from sumanometer to tens of nanometers), shape
(sphere, cube, wire, and plate), and exposed crystal facets have been synthesized with
high quality, unifomity, and reliability*¥'®* Some common morphologies of single

crystalline nanopatrticles witlec structure are shown Figurel1.5.



Single-Crystalline Palyhedra

ARG RS |

truncated cube cuboctahedron
actahedron tetrahedron
b
' ™

single-Crystalline Monpolyhedral Shapes

>0 4

nanoarads hexagonal plates triangular plates

\. »

Figure 1.5. Common morphologiesof singlecrystalline metal nanoparticlewith
polyhedral shapes (tognd nonpolyhedral shapes (bottom}igure adaptedwith
permissiorfrom ref.18, © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The successful syntheses of metal nanoparticles withdeélhed morphology
allow for investigations of structwgroperty relationships in heterogeneaeasalysis and
could also contribute to the preparation of industrial catalysis.exampleM. A. El-
Sayedand colleaguesnvestigated effects of the shape of Pt nanoparticles on their
catalytic activities in electrotransfer reactioR® Tetrahedral, cubic, and spherical Pt
nanoparticles with similar sizes (~6 nm) were obtained by modifying the reaction

conditions and capping agemtssyntheses. The tetrahedral nanoparticles are enclosed by
10



four (111) facets, while the cubic nanoparticles are enclosed by six (100) facets. The
spherical nanopatrticles have a mixture (100) and (111) fadetsauthors measured the
activation energy othe electrortransfer reaction between hexacyanoferrate (llI) and
thiosulfate ionson these Pt nanoparticles with different shapes and correlated the
activities with exposed crystal facets.was found that Pt tetrahedrons and cubes have
the smallest antiggest activation energy, respectively, and Pt spheres give intermediate
activation energy. The different activation energies indicate that Pt(111) facets are more
active than Pt(100) facets for this reaction.

G. A. Somorjai and cavorkers studied the fefcts of Pt nanoparticle size on their
catalytic activities in ethylene ¢82) hydrogenation and ethaf@:Hg) hydrogenolysig!
Pt nanopatrticles in the size range of b 711 nm were synthesized by reducing a Pt salt
in different solvents and at different temperatures, which are further supported on
mesoporous silicaThe catalytic activities are presented as turnover frequency (TOF),
which is defined as theumber of rewvlutions of the catalytic cyclen a single active site
per unit time with the unit of 3. The number of active sitewas measured by
stoichiometric chemisorption. They found that the activities #1sQiydrogenation was
insensitive to the size of Pt ngwticles, while the activities of 86 hydrogenolysis to
form CH; was sensitive to the size of Pt nanoparticles. Smaller nanoparticles showed
much higher TOF compared to bigger nanoparticles due to the different degree of carbon
deposition during th reation.

S. Linic and colleagues investigated the effects of silver (Ag) nanoparticle shape

on product selectivity in £ epoxidatior?® They found that Ag nanowires synthesized
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by a polyol reduction method showed higher selectivity towards the desired product
ethylene oxide, compared to splkal Ag nanoparticles prepared by an impregnation
method. The high selectivity towards ethylene oxide on Ag nanowires was attributed to
the higher proportion of exposed Ag(100) facets, supported by density functional theory
(DFT) calculations.

These examps manifest thereat successes amdntributions of controllable
synthesis of metal nanoparticlesthe identification of catalytically active and selective

sites and the preparation of heterogeneous catalysts with desired properties.

1.3.2 Catalyst support

Catalyst supports are generally high surfacea oxides, such as porous silicon
dioxide (SiQ), aluminum oxide (AdOz), titanium dioxide (TiQ) and zeolite High
surfacearea activated carbon is also used as catalyst supfuet.catalyst support
provides high surface area to accommodate active nanoparticles and improve their
thermal stability by preventing theggregation of active nanoparticles. The catalyst
support is also required to be chemically inert to resist the operation conditions of
reactons. Although supports were considered to play a passive role in catalytic processes,
evidences have shown that supports can strongly influence the activity and selectivity of
heterogeneous catalys®e dependence of catalytic properties on the suppaterials
could be due to the charge transfer between metal nanoparticles and supports and the
generation of special active sites at the metgport interfaceThe interactions between
metals and supports could also lead to veffer@nt catalytic behaers of supported

metal nanoparticles compared to bulk metal surfaces.
12



Bulk Au has been considered to be catalytically inactive for long ¥me.
However, gold nanoparticles or clusters supported on different metal owieles
reported to be highly activand selectivecatalysts for lowtemperature CO oxidation,
alkene epoxidation, and GQydrogenatiort* Although explicit mechanism of these
reactions on supported Au catalysts is still elusive, the interface between Au and oxide
supports is believed to play an important in catalyticctieas. The charge transfer
between Au clusters and Ti@ould induce net positive or negative charges on the Au
cluster, which helps activate reactants such as molecular oxygef® £ single atoms
supported on cerium oxide (CgQwas reported to be an actiead selectivecatalyst
preferential oxidation of CO (PROX) inoHich streamThe high selectivity towards CO
oxidationwasattributed to the unique property of singl®m catalysts that is unable to
dissociatively adsorb +and thus has a low reactivity toward ékidation2®

The properties of support materials also exert strofigeince on the activities of
Ru catalysts for NElsynthesisThe RDS of NH synthesis on Ru catalysts was identified
to be the dissociative adsorption of moleculas, Mhich requires the breaking of
nitrogennitrogen triple bond. Basic supports, such asgnesium oxide (MgO), can
donate electrons to Ru nanoparticles, thaisingtheir Fermi level. The raised Fermi
level leads to higher tendency to transfer electrons from Ru to thkeaing orbitals of
molecular N and facilitate the bond breaking. Th#ore, MgO supported Ru
nanoparticles have higher activities for NHynthesis than ADs supported Rh
nanoparticles.More recently, achemically and thermally stableleetride (an ionic

compound in which free electrons act as anions) with blgbtrordonating efficiency
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was employed as the support for Ru nanoparticles. Its activity gshithesis was ~50
times higher than MgO supported Ru nanopartities.

Zeolite can be used as catalyst support due to its mesa@pstaucture and as
catalyst for some reactions due to the presendewfs/Branstedacid sites. Zeolite is a
kind of aluminosilicate with ordered paus structures, which can be modifiedgth
various metal cations to achieve properties of interest. tBewditalysts are heavily used
industrial catalytic cracking of hydrocarbons to light olefins, which are catalyzed by their
acid sites. Transition metals, such as Fe and Cr, were used to modify zeolite to improve
their catalytic activities and the selectivtowards ethylene and propyleire catalytic
cracking®’

The catalyst support is a critical parameter determining the properties of catalysts.
Throwgh careful tuning of the properties of supports and designing the-sogabrt

interfaces, the performance of catalysts can be significafidgted

1.3.3 Promoter

Promoters are generally inactive for catalytic reactions but can interact with
catalyticdly active nanoparticles and alter their surface charge, structural stability, and
electronic structure to affect their catalytic properties. Promoters can be alkali metals,
alkaline earth metals, and halogens.

Trace amount of chlorine (glwas found to & an effective promoter for Ag
catalysts in @Hs epoxidation. The strong electronegativity of Cl created partially
positivecharged Ag atoms upon adsorption, which were found to be real active sites for

C2H4 epoxidatior?® Potassium (K) and Cu promoted Fe catalysts exhibited high activities
14



and stability inFischef Tropsch SynthesisThe addition of K and Cu prevented sintering
of Fe ranoparticles during the reduction of iron oxide precursor, which generated small
Fe nanoparticles with a high number of active sites. The promoters also stabilized the Fe

nanoparticles and improve the stability of the catalysts inteng operatiort®

1.4 Categories of heterogeneous catalysis

Most catalytic reactions require energy input to overcome the activation barrier
and proceect observable rates. Based on the source of energy, heterogeneous catalysis
can be classified into thremain categories: thermocatalysis, electrocatalysis, and

photocatalysis.

1.4.1 Thermocatalysis

Thermocatalysis uses thermal energy as the main energy input to drive catalytic
reactions, which is the mostly widelisedform of heterogeneous catalysis in chemical
industries.Figure 1.6 shows a simplified block diagramf industrial NH synthesis
process. M is separated from air and2Hs generated from natural gas via steam
reforming (CH+H0 Y C O + 3. HAfter purification of these feedstock, they are
introduced into the catalytic reactor operated at high temperature and high pressure. The
heterogeneous catalysts are heated to a high temperature to accelerate the reaction rate,
and a high presse is required to push the equilibrium towards the productiomak
NHs. After exiting the catalytic reactor, the reaction mixture is cooled to separate the
product as liquid Nkl while unreacted Nand H are recycled to mix with new

feedstocks and inease the efficiency of the procésSeveralotherindustrial processes
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are operated in a similar manner, including crude oil refinery and the production of

sulfuric acid.

Heterogeneous thermocatalysi|s achieved great successes in |aage

industrial processes. However, these reactions are usually operated at high temperatures

and high pressures, which demand a large energy input and suffer frortedong

stability issues. Using other types of egyesources, such as electricity and light, is under

active research.

4 )
Catalytic
N,
f : reactor
rom air
Stoichiometric ~500°C
mixture ~200 atm
g J
Separation
H2 of product
from CH, Recycle of
unreacted
gases
NH;

Figure 1.6. Block diagram of NH synthesiswith N2 and H as feedstocks and operated
at high pressure and elevated temperature.
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1.4.2 Electrocatalysis

In electrocatalysis, electricity is used as the energy inpaictelerate reaction
rates and can also drive energetically unfavorable reactiihs was synthesized from
N2 and H at atmospheci pressure in a solistate protohconductingelectrocatalytic
cell3® H, was oxidized into protons, which transport to through solid electrolyte to the
cathode and react withoNo form NHs. This device di not require a high pressure to
push the equilibrium, although a high temperature @70was required to increase the
conductivity of the solid electrolytéWater electrolgis for O> and H productionis
anotherapplication of electrocatalysisloble meals €.g, Pt and Ru) and transitionetal
hydroxidessulfides, and phosphatésg, cobalt oxides and molybdenum disulfideve
been found to be active catalysts forsttevo haltreactions’=3

Fuel cells &o rely on electrocatalysis to extract energy from chemicals with high
efficiency (low overpotential) and high rate (large electric current), although no external
electricity is requiredFigure 1.7 shows the typical structure af hydrogeroxygen fuel
cell. Carbon supported Pt catalysts are used for both cathode (oxygen reduction reaction,
ORR) and anode (hydrogen oxidation reaction, HOR) parts. Howevesc#neityand
stability issue of Pt prevent the wide atiipn of fuel ells. ORR requires the transfer of
four electrons to reduce moleculas @to H20, which is a kinetically sluggish reaction.
New types of electrocatalysts other than Pt have been designed for ORR, including
graphene supportedransition metal oxides, nitgendoped graphene and carbon
nanotubes, and metal allo¥’s® Deep understandings of the reaction mecharisuid

benefit the design of higherformance ORR electrocatalysts.
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Figure 1.7. Schematic illustration of a hydrogexygen fuel cell. H lose electrons on
anode catalyst, and-@ain electrons on cathode catalyst. The flow of electrons in the
external circuit powers external load.

1.4.3 Photocatalysis

Hetengeneousphotocatalysis relies on semiconducfirotocatalgts to absorb
light and exciteelectrorhole pairs. Eectrons and holethenseparate and transport in the
conduction band and valence batw the surface of photocatalysts and drive the
reductionand oxidation reaction, respectively. Due to the similarity of photocatalysis and
electrocatalysis, these two types of catalytic processes can be conmbsoede casesas

photoeletrochemical catalysis.
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Figure 1.8. Schematic energy diagrams of photocatalytic water splitting bystapétop)
and twaostep (bottom) photoexcitation systems. C.B., conductiband; V.B., valence
band; Eg, band gaprigure adaptedwith permissionfrom ref. 36. Copyright 2010
American Chemical Society.

As shown inFigure 1.8, photocatalytic water splitting througinestep and twe
step processes hasttracted great research interéstPhotedegradation of organic
pollutants exploiting the oxidizing power of pheg&cited holes is another active
research field’ TiO2-basd materials are the most commounged photocatalysts, due to
their high abundance, high phegtability, and nortoxicity.>® However, TiO2 only

responds to ultraviolet (UV) light due to its wide band gap (3.2 eV for anatase phase),
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thus limiting its performance under sunlight. Other semiconductors with esrbalhd
gaps, such as iron oxide g&B) and silicon (Si), are under investigatito replace TiQ
but generally suffer from stability issd&.Therefore, exploring new kinds of high

performance photactive catalysts is critical to drive chemliceactions with light.

1.5 Plasmon-enhanced catalysis

Plasmonianetalnanoparticles have been proposed asw type of photeactive
catalystsThey are characterized by strong lighatter interactions through excitations of
collective oscillations of @nduction electrons, called localized surface plasmon
resonances (LSPR¥)Due to he dfferent lightabsorption and reaction mechanism from

semiconductor photocatalysts, plasmonic metal nanoparticles are promising cttatysts

can workunder sunlight.

Electron cloud

Electric field

v

\
/ l Eleciric dipold
\ /
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Figure 1.9. Schematic illustratio of exciting LSPR in a plasmonic nanoparticle by light.
Conduction electrons oscillate around the nanoparticle under the force from
electronagnetic field and nuclekigureadapted from re#0.
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1.5.1 Fundamentals of plasmonics

Upon light irradiation on plasmonicmetal nanoparticles the electric field
displacs conduction electrons relative to the nucleiA restoring force arises
simultaneouslybecause of the Coulomb atttion between electrons and nuclei, which
results in resonant oscillation of the conduction electribrihe frequency of light
matchesthe intrinsic plasmonic frequencies of the nanopartic{€gure 1.9).*° The
creation of intenselectromagnetic field near the surface of plasmonic nanoparticles and
their strong light absorptiosapabilitiesinduced byLSPRs could contribute to many
applications,including optical devices, photovoltaics, surfas#ancedspectroscopy
and photocatalysi&3

The plasmonic properties of metal nanoparticles can be described by the Maxwell

equations and be solved numerically finite-difference timedomainor finite-element

methods. Experimentally, plasmonic properties can be probed by varidieddamptical
measurements, including UWs extinction spectroscopy, dafield scattering
spectroscopy and surfae@hanced smroscopy. The spatial distribution of the intense
electromagnetic field caused by excitations of LSPRs is highly anisotropic and decays
rapidly moving away from the plasmonic nanoparticle. This anisotropic field distribution
can be measured by electromncroscopybased methods, such as electron energy loss
spectroscopy andathodoluminescencepectroscopy, where the higimergy electron
beam is used as exciting souré&3he spatial distribution of LSRRduced field can

also be captured by numerical simulations.
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Figure 1.10. (a) Normalized extindgbn spectra of spherical Ag (38 nm, bljuau (25 nm
red), andCu (133 nm, green particles overlaid with he intensity of solar radiation
(black). (b)Normalized extinction spectra for Ag wir€90nm diameter and >30 aspect
ratio, green) cubes (79 nm edge lengthred),and spheres (38m diameter blue). (c)
Normdized extinction spectra for Aganocubes of edge length &Bange), 79 (red), and
129 nm (blue). The inset show a photograph of the three Ag nanbe samples
suspended in ethano{d) Spatial distribution of thd.SPRinduced enhancement of
electric fied intensity at theesonanwavelength (420 nm), fromimulatiors of a 75 nm
Ag nanocube(e) Spatial distribution of th& SPRinduced enhancement of electfield
intensity, fromsimulatiors of two 75 nm Ag nanocubes an edgeo-facet configuration
se@rated by 1 nmFigures adapted from ref44, Macmillan Publishers LtdNature
Materials copyright 2011.
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Plasmonic nanoparticles have distinctly differdight absorption behavior
compared to semiconducting materials. The light wavelength at which a semiconductor
starts absorbing is determined by its composition and associated band gapemhsitive
to its size untithe size is smaller than itBr exiton radiugthese small semiconductor
particles are called quantum ddt3By contrastas shown irFigure1.10, the absorption
of a dasmonic nanopatrticle strongly depends on its composition, shape, size, orientation
(to the polarization direction of light), spatial arrangement (of nanoparticle ensemble),
and surrounding medfd.Ag, Au, and Cu are the most widely investigated plasmonic
materials, due to their high electron density and high conductivity. Their plasmonic
properties can be tuned via changing their morphology to absorptiotevasid near
infrared light, which is particularly beneficial for sunligiitiven photocatalysisSharp
tips and nanogaps plasmonic nanoparticlesan efficiently concentrate electromagnetic
field, where the intensity can be up to a million times strotigan the incident field, to

enhance the optical response of materials near these plasmonic hot spots.

1.5.2 Fundamentals of plasmon-enhanced catalysis

The unique optical properties of plasmonic nanopartigdesmise potentials in
photainduced chemical extions. Plasmorenhanced catalysistilizes photeexcited
LSPRs to accelerate chemical reactiooscurring on the surface of plasmonic
nanoparticleslt has been successfully demonstrated for thidadion of organic dyes,
hydrogen dissociation, and redion of small molecule$* In some other reportshe
intense electromagnetic field from excitation of LSRPs has also been used to enhance

photocatalytic activities of nearby semiconductors, which is called plasmhanced
23



photocatalysi$:®? In plasmorenhanced photocatalysis, plasmonic nanoparticles act as
antenna to enhance light absorption of semiconductors, and chemical reactions occur on
the surfice of semiconductsydifferent from the scheme of plasmenhanced catalysis.
Unlike photocatalytic water splitting on semiconductors that drives energetically
unfavorable reactions, plasmenhanced catalysis discussed in this dissertation focuses

on increasing reaction tes withoutchange othemical equilibrium.

c) d)
Plasmon excitation Landau damping Carrier relaxation Thermal dissipation
t=0s t=1-100fs t=100fsto1ps t=100 psto10ns

W

Figure 1.11. Schematic representation of excitation and relaxation of LSPRs in metal
nanoparticles.(a) The excitation of LSPR deflects the light path (Poyntiregtor)
towards the nanoparticle, collecting light from an area larger its physicatsgotsn.(b)

After Landau damping, plasmons decay into hot electrons (red) and hot holes (blue) in a
nonthermal distribution(c) The hot carriers relax into a Ferirac distribution with a

high effective temperature through electalactron interactionqd) The energy of hot
carriers dissipates to the crystal lattice of metal nanoparticles and envirokigens
adaptedoy permissiorfrom ref. 53, Macmillan Publishers Ltd: Nature Nanotechnology,
copyright 2015.

Population Population Population
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Figure 1.11 shows the photphysical process of excitation @rrelaxation of
LSPR?>3 Uponthe excitation of LSPRs by incident photpirdense electromagnetic field
is created near the plasmonic naawdicle, which can interact strongly with light from an
area larger than its physical cressction. Then-phaseelectron oscillationshen relax
radiatively by reemission of photons (scattering) or a@diatively by Landau damping
to generate hot elgcns and holes (absorption). The lifetime of th&, nonthermal
distribution of hotcarriersis 1-100fs for extended metal surfaces and nieyup to s
for metal nanoparticles due to the reduced eleattentron collisions. In a longer
timescale, le hot carriers form a Ferrbirac distribution with a high effective
temperature up to 1000 K, followed by an even slogissipation of the energy of hot
carriers to the nanoparticle latti@nd surrounding environmenia electrorphonon
interactions

The excitation and relaxation of LSPRs can contritioteand interfere with
chemical reactionby several mechanisms. Firglhe intense electric field near plasmonic
nanoparticlesupon excitation of LSPR<an polarize chemical bonds in surface
intermediaés when the orientation of chemical bonds aligns properly with the oscillating
electricfield, thus facilitatingbond breaking and accelerating chemical reactidhss
mechanismis most possible when intense pulsed lasers are used as exciting sources.
Sewond, the energy of photexcitedhot electrongventually dissipates as thermal energy
to the crystal lattice, whiclocally heas up plasmonicnanoparticlesand adsorbed
reaction intermediatet® enhance the reaction rat&nce the reaction proceeds the

groundstate potential energy surface (PES) in this mechanism, the product selectivity of
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plasmorenhanced reactions would resempleonondriven thermocatalytic reactions.
Compared to conventional thermocatalysis that heats up all the reaction pthxuaal
heating effect of LSPRs can efficiently direct energy to catalytic nanoparticles, where
chemical reactions takplace, without heating unreactiveedia. This photothermal
process could reducthe energy input and ease the thermal managemecatalytic
reactors.Third, during the decay of LSPRphob-generated hot electrons can transfer
from the plasmonic nanoparticléeo unoccupiedantibonding orbitals of surface
adsorbatesThe addition of electrons in the afbnding orbitalcanexcite tke adsorbate

to a charged state amdeaken chemical bonds involved in the RDS of reactions, thus
accelerating reaction&igure1.12).*” The adsorbate will decay back to ground state and
dissipate its vibrational energy, if it does not have enough energy to overcome the
activation barrier in the chargethte PES. In high photon flux (high light intensity), the
groundstate adsorbate may be excited to the charge state zfare it has completely
dissipated its vibrational energy. The adsorbate in this case will have higher probability to
overcome the divation barrier in the chargestate PES, thus leading to a compelling
supetlinear dependence of reaction rates on light inteR$m.

A unique feature of the hot electron transfer mechanism of plasmioanced
catalysis is its capability to selectively activate certain reaction pathways and control the
product selectivityDuring the electron transfer process, the probability of certair anti
bonding orbital to accept the hot electron depends on its densitgtes $DOS) and the
energy matching between the abtinding orbital and the hot electron. Therefore, by

tuning the wavelength of incident light and the energy of generated hot electrons, it is
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Figure 1.12. Mechanisms of phonenand hotelectrondriven chemical reactions on
metals. &) Thermal activation for the diss@tion of a diatomic moleculen theground
state PES(b) Hot-electrondriven dissociation of a diatomimolecule.Addition of ahot
electronexcites the molecule to a chargadtePESand weakens chemical bonds) At
high photon flux, subsequent electron transéan occur before thenergy from last
excitation hadully dissipated,thus leading taa superlineadependence of the rate of
reaction on light intensity(d) Hot electrondriven reactions (topdn plasmonic metal
nanoparticles may activate specifieacton pathways that are inaccessilephonon
driven reactions (bottom)Figures adaptedby permissionfrom ref. 47, Macmillan
Publishers Ltd: Nature Materiaksppyright 2015.
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possible totransfer photeexcited hot electrons to specific abtnding orbitalsof
reaction intermediateand activate specific reaction pathwayhis mechanism offers a
promising strategy to selectively form desired products in competing reaction
pathways®>’ New reaction pathways may be opened by thisehettronmediated
mechanism that is completely inaccessible in phemediated thermocatalytic reactions

(Figurel.12d).

1.5.3 Rhodium nanoparticles for plasmon-enhanced catalysis

The excitation of LSPReequires themetal nanoparticléo have a negative real
part and a small imaginary part of complex dielectric function. Metals meet this
requirement in the UV, visible, and neafrared regions and are aldbe mostly
investigated material&\g and Au aréghe mostcommonly usegblasmonic materiajslue
to their small imaginary parts of complex dielectric functions and the consequent
advantage of low optical loé&However, Ag and Au have filled d bands, thus interacting
weakly with adsorbates. Consequently, they possess limited catalytic activities in
thermocatalysis, which is an obd# for their applications in plasmamnhanced
catalysis. Previous demonstrations of plasraohanced catalysis on Ag and Au
nanoparticles usually involved intense pulsed lasers as light sources or created plasmonic
hot spots from aggregated nanoparti¢fes >* *8These requirements for Agnd Au

based catalysts may prevent their wide éategm in plasmorenhanced catalysis.
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Figure 1.13. Simulated absorption ffiency (Qabs black drcles), surfaceaveraged

electric field enhancement(<|Ef>, blue triangles),and maximum electric field
enhancemenf|Efmax red squaresis functions of photon enerdgr hemispheres of 20
nm radiuson a sapphire substrate fag (a), Au (b),Rh (c), Pt (d), Ru (e), and Pd (f).
Figure adaptedwith permissionfrom ref. 59. Copyright 2013American Chemical

Society

Group VIII metals, suckas Rh, Pt, and Pd, have versatile catalytic activities and
are widely utilized in current industrial catalytic transformations. Although their
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plasmonic properties are inferior to Ag and Au, their excellent catalytic activities could
be important to plasonenhanced catalysigzigure 1.13 shows simulated plasmonic
properties of hemispherical nanoparticles made of different metals sit on a sapphire
substraté® The hemispherical nanoparticles are all with 20 nm radius to eliminate the
impact of nanoparticle morphology. The materials investigated are Ag, Au, Rh, Pt, Ru,
and Pd.

The quality of plasmonic properties can jastified by the aberption efficiency
(Qabd and surfacewveraged electric field enhancemérfEf>). Absorption efficiency,
defined as the ratio between absorption ceesgtion and physical crosgction, shows
how efficient light is absorbed by the plasmonic nanopartielefaceaveraged electric
field enhancement shows how efficiently light is concentratedr the sudce of
plasmonic nanoparticleS.he absorption efficiency ansurfaceaveraged electric field
enhancement are plotted versus photon energjgire1.13, which can be converted to
wavelength by: E(eV)=1240/a( nm) . For insta
nm, respectivelyAg and Au have excellent plasmonic properties, as seen by their large
absorption efficiency and high electric field enhancemieris worth noting that Rh has
the best plasmonic properties among the investigated group VIII metals, despite not on a
par with Ag and Au.Rhbased catalysts are also widely used in hydrogenation of
aromatics and carbon oxides, hydroformylation of ladee and CO oxidatioi?®* Rh
nanoparticles with excellent catalytic activities and plasmonic properties could be
promising candidates for plasmenhanced catalysi$his majority of this dissertation is

built onour work on plasmonic Rh nanoparticles.
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Chapter 2 : Size-Tunable Rhodium Nanostructures for
Wavelength-Tunable Ultraviolet Plasmonics

The content of this chapter is adapted from our publicatlam@scale Horizons,
2016, 1(1): 7580).5° We acknowledge our coauthondls. Angela BarredaMs. Yael
Gutiérez, Dr. Francisco Gonzdz, and Dr.Fernando Moreno at University of Cantabria,
for the simulations of optical properties of Rh nanostructuMsalso acknowledge our
coauthor, Dr. Henry Everitat Army Aviation & Missile RD&E Centerfor helpful

discussions about experimentalstyn

2.1 Introduction

As discussed in Chapter Rh nanostructures are promising candidates for
plasmorenhanced catalysis, thanks to their excellent catalytic activities and plasmonic
properties. In additionthey could exhibit plasmonic behaviors iretV region, which
could be used as substrates for suratieanced Raman spectroscopy under UV
excitation (UMSERS). UMSERS have unique advantages over SERS under visible and
nearinfrared laser excitationdMost of biomolecules absorb UV light, whichould
enable labefree detections of bimolecules with UYSERS. Furthermore, Raman signal
and fluorescent signal are better spectrally separated in the UV region. This better
spectral separation in the UV region allows larger Raman shift window and ssggre
noise from fluorescenc®.

Au, Ag, and Cuarethe mostly investigated plasmonic materials, but teaynot
show plasmonic behaviors in the UV region, due to the onset of theirbeuter

transitions in the visible regiol®”"* and G&%’* have been studied fafV plasmonis
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and are attractive because of their wide availability and compatibility with
complementary metabxidel semiconducto(CMOS) processing. However, Al and Ga
nanostructures suffer from fast oxidation aerobic and aqueous environments, which
changes the size and shape of the metal nanostructures as well as deteriorates their
plasmonic properties, especially for applications where direct surface contact is
necessary. A stable, noble metal with UV plasio@ffects is needed to serve as the UV
counterpart to Au and promote research into UV plasmonics.

In 2003, Z.Tian and ceworkersemployed rough Rh and Ru electrodes as SERS
substrates under UV excitation, which tise first observation ofUV-SERS from
transition metal electrodés A 325 nm HeCd laser was used as exciting SOUSERS
signals were observed from pyridine, a commonly used model analyte with large Raman
scatteringcrosssection, under UV excitation on rough Rh and Ru electroslee were
not observedon Ag and Au electroded-ollowing experiments usinghiocyanateas
analyte to present analytes wittigularRaman scattering crosection further validated
the feasibility of UVSERS on Rh electrode

In 2006, Y. Xia and colleagues reported the synthafsigh multipods with sharp
tips.’® They found that these Rh multipogdsowed plasmonic resonances in the UV
region (=360 nm), as revealed by Wi extinction spectra. The Rh multipods were
further used to fabricate SERS substrates ithercaptopyridineas a Raman reporter.
Although SERS signals were observed, a 785 nm-indared laser was used as the

excitation source, which did not exploit the UV plasmonic properties of Rh multipods.
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We recently employed similar Rh multipods SERS substrate a quantitative
spectroscopicstudy and observe@nhancedphotodegradation ofp-aminothiophenol
(PATP) upon irradiation of UV laser, all in good agreement with numerical
simulations’”"® Although these Rh multipods exhibit UV plasmonic effeatsost
synthetic methods produce polydispers&tures of tripods and tetrapods whose sizes are
difficult to adjust controllablypreventing plasmonic properties from being tailored for
specific application$®’” ® Hence, new synthetic methods are needed that controllably
produce monodispersed Rh nanostructures with LSPRs in experimentally accessible
UVA and UVB regions (286400 nm, 4.4 3.1 eV).

In this project we developunseeded (no prgynthesized Rh seedslded) and
seeded (prsynthesized Rh seeds added) slojgction polyol methods to synthesize
sizetunable, monodisperddRh nanocubes (NCs) with wavelengtimable LSPRs in the
UV region. The size of Rh NCs is tuned by the amount of Rh precursor addet) d
synthesis. The plasmonic properties of the Rh nanocubes are studied byisUV
extinction spectroscopy and correlated with numerical modelsigg finite element
based methods. These stm@able Rh NCs are used to fabricate SERS substrates and
acceerated photochemical decomposition of PATP are observed. The sample whose
LSPRs are most resonant with the UV laser wavelength exhibits the fastest

decomposition rate.
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2.2 Experimental methods
2.2.1 Slow-injection synthesis of Rh nanocubes

The sbw-injection polyol methods usa twochannel syringe pump to control the
addition rate of Rh precursor. The experiment setup is showigime 2.1. The hotplate
is equipped with an external thermocouple directly immersed in an oil Hatn.
thermocouple head should be placed close to the reactor (glass vial) to ensure accurate

temperature control during synthesis.

For the unseeded slewjection method,0.45 mmol potassium bromide (KBr,
Acros 54 mg and2 ml ethylene glycol (EGJ. T. B&er) were added t@a 20 mlglass
vial (cleaned wit detergent and deionized waterd dried in a vacuum oven at 80)
equipped with a Teflolwoated magnetic stir bar. The colorless solution was heated in an
oil bath held at 160C for 40 min with looselyplaced cap. Meanwhile, 0.045 mmol
rhodium(lll) chloride hydrate (Rhe@kH20, 38% Rh, Acros12 mg and 0.225 mmol
polyvinylpyrrolidone (PVP, in terms of repeating un¥. W. a 55,,@0m@g Al dr i
were separately dissolved in 2 BG at room temperature. These two solutions were
injected simultaneously into theeated KBr solutioy a twechannésyringe pump at a
rate of 1 mih. After injection, the reaction mixtukgas held al60°C for another 10 min
and then cooled to room temperature. 27 nm Rh NCs were obtained with this amount of
Rh precursor and smaller NCs could be synthesized by reducing the amoRht of

precursowhile keepng all other conditions identical.
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Figure 2.1. A photograph of the experimental setup for sloyection synthesis of Rh
nanocubes.

For the seeded slemjection method, a typical synthesis directly used 0.4 ml of
the reaction mixture d7 nm Rh NCs as the seed solution. The seed solution was diluted
with 1.6 ml EG in a cleaned 20 ml glass vial with stirring hadted in an oil bath held at
160°C for 40 min with loosely placed cap. 0.045 mmol RhG10 (12 mg) was
dissolved in 2 ml EG0.225 mmol PVP (25 mg) and 0.45 mmol KBr (54 mg) were co
dissolved in another 2 ml EG. These two solutions were injected into the seed solution
simultaneously by the syringe pump at a rate of 1 ml/h. The reaction mixture was held at
the reaction temperatel for another 10 min and then cooled to room temperature. 59 nm
Rh NCs were synthesized in this case. Rh NCs with edge length between 27 and 59 nm

can be obtained by adjusting the ratio of Rh precursor and seeds. Seeded syntheses can be
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reproduced with Igh success rates when the atomic ratio of Rh between added Rh
precursor and Rh seeds is below 3.5. This atomic ratio corresponds to a size enlargement
of ~1.6 for each round of seeded synthesis (20 nm Rh NC seeds grow into 32 nm Rh
NCs). Rh NCs with edgeehgth up to 120 nm and narrow size distribution can be

synthesized by applying multiple rounds of seeded syntheses.

After synthesis, the Rh NC reaction mixtures were diluted with acetone to ~45 ml
and centrifuged at 12k rpm for 10 min. The colorless s#tanh was discarded and the
black precipitate was dispersed in ~5 ml deionized (DI) water (with sonication if needed).
The Rh NC dispersion was diluted with acetone again to ~45 ml and centrifuged at 12k
rpm for 10 min. The supernatant is discarded angtieipitate was usually treated with
this Dl-water/acetone washing step for another two times to remove excess PVP, KBr,
Cl, and EG. The black precipitate was finally dispersed in ~5 ml ethanol (200 proof,

anhydrous, KOPTEC) for further characterizations

2.2.2 Material Characterization

Scanning electron microscopy (SEM) images web¢éainedby using an FEI
XL30 FEGSEM.Samples for SEM were prepared by damating 56time dilutions of
Rh NCs in ethanol solutions on the shiny side of aluminum foils (dot +4*4 mm

squares) and drying in ambient condition.

Transmission electron micsoopy (TEM) and highesolution TEM (HRTEM)
images were collected ey FEI Tecnai &Twin operating at 200 kvVSamples for TEM

were prepared bylrop-coating 56time dilutionsof Rh NCs in ethanol solutions on
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carbon/formvaicoated Cu grids (carbon tye 01813F, Ted Pella) and drying in

ambient condition.

UV-vis exinction spectra were obtained aivarian Cary 50 spectrometer with a
Xeonflashlamp and &himadzu UV3600spetrometer with a Tungsten lamp (visible)
and a Deuterium lamp (UVUV-vis spectra were measured with quartz cuvettes and
ethanol dilutions of the Rh NC solutions to ensure an absorbance smaller than one. The
spectra of quartz cuvettes filled with ethamare taken as loground and subtracted

from thespectra of Rh NCs.

Raman spectroscopy was carried out ¢toaba Jobin Yvon LabRam ARAMIS
Atomic force microscopy (AFM) images were collected byDaital Instruments

Dimension 310@perating in tapping nue.

2.2.3 Sample preparation for SERS measurements

Si wafers(SQI, 100 nm oxide layer, singide polishedyvere cut into ~4>4 mm
substratesThe Si substrates were cleaned by sonicating in acetone (ACS, BDH) and
isopropanol (ACS, BDH) for 30 min, respeely. After sonication, the substrates were
rinsed with Diwater and dried in a vacuum oven at°810¢ L of 21, 39, an
Rh NCs dispersed in ethanol were dagated on theolished side ofi substrates and
dried in ambient condition, respectively. These substrates were rinsed with ethanol and
dried by air to leave a subonolayer of Rh NCs on theidace as UVSERS substrates.

Each substrateras subsequently immersed in inbof 5 mM PATP in ethanol solution

in a 2.0 mlEppendorftube (covered with aluminum foil to avoid light exposure). After
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reacted for 24 hthese samples were rinsed with ethaonoremove excess PATP not
attached to theurface ofRh NCs.The surface coverage of Rh NCs on Si substrates was
measurecbEM after SERS measurements

For control experimentsa cleaned Si substrate treated with the same procedure of
PATP coating and e#imol washing but without Rh NC deposition was prepared to
confirm the absence of specific bonding between PATP and Si substratat AATP
sample was prepared by dipating a cleaned Si substrate in 5 mM PATP solution and
dryingin ambient conditiorio obtain the intrinsic Raman signal from PATIe average

thickness of this PATP layer waseasuredy AFM.

2.3 Results and discussion
2.3.1 Plasmonic properties of small Rh nanoparticles

As discussed in Chapter Rh nanoparticlepossess excellent catatyactivities,
and numerous efforts have been devoted to controllable synthesis of Rh nanoparticles for
applications in catalysisSyntheses of small Rh NCtetrahedracosahedraand hollow
frames with sizes smaller than 15 nm have been reported, dihe fareferences for
smaller nanoparticles in cataly§i* We reproduce thgolyol synthesis of RINCs with
edge lengthof 3.5 nm® As shown inFigure 2.2a, these Rh NCs have slightnicated
corners and are mixed with some spherical nanoparticles:i®)spectrum of this Rh NC
sample measured in an ethanol solution shows increasing absorptiodesr#asing
light wavelength, but no peak is observed until the shorter wavelength etite of

spectrometer, 250 nnigure2.2b).
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Figure 2.2. (a) Representative TEM image of Rh NCs with edge length of 3.5 nm. (b)
UV-vis extinction spectrum of corresponding Rh NCs ine#imanol solutionFigures
adapted from Reb5 with permissiorfrom The Royal Society of Chemistry.

Numerical simulations of the optical properties of Rh NCs with edge lengths
smaller than 10 nm show that their resonant wavelengths locate in the deep UV region
(shorter than 250 nm or higher than 5 &gure 2.3), consistent with our experimental
observations. The deep UV resonance makes it hard for currently available lasers to
excite LSPRs of small Rh nanoparticles, which could be the reason for limited reports
regarding the plasmonic pregiies of Rh nanostructures. Since the resonant wavelength
of plasmonic nanoparticles rethifts with increasing particle siZzéRh nanostructures
larger thanl5 nm could show plasmonic properties in more experimentally accessible
near UV regionTherefore new synthetic methods are needed that controllably produce
larger, monodisperseRh nanostructures with LSPRs in UVA and UVB regions (280

400 nm, 4.4 3.1 eV).
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Figure 2.3. Simulated U\vis spectra of Rh NCs with edge length of 3 (black), 5 (red),
and 10 nm (blue) in ethanol solutions. The LSPR energies of dipolar modes of Rh NCs
smaller 10 nm are higher th&.8 eV.Figures adapted from Re&f5 with permission from

The Royal Society of Chemistry.

2.3.2 Morphology and optical properties of Rh nanocubes from
unseeded slow-injection methods

We choose cubic Rh nanoparticles as our target shape due to the following
considerations. First, the sharp corners of cubic nanolgarican concentrate light and
generate intense electromagnetic field more efficiently than the smooth surface of
spherical nanopatrticles. Secotide LSPRwavelength of cubic plasmonic nanoparticles

redshifts compared to spherical nanoparticles. Thil gase the tuning of resonant
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wavelength of Rh nanostructures into the near UV region. Third, the mechanism of shape
control for cubic Rh nanostructures is relatively well understood. The preferential
adsorption of bromide ion (Bron Rh(100) facets fddates the growth of cubic
nanoparticle§? & Therefore, we can focus on the tunability of sizes of Rh NCs and
associated LSPR energies.

To tune the size of Rh NCsit is important to understand the mechanism of
solutionbasedmetal nanoparticle synthesis.has been proposed that metal precursors,
usually in the form of metal salts, are first reduced to metal atoms. When the
concentration of metal atoms reaches saturation concentrateta) atoms have the
tencency to form precipitate but cannot nucleate due to surface tension. With further
increase of concentration to nucleation concentration, nuclei are generated in the reaction
mixture, which consumes metal atoms and lowers its concentration. Subsequeit growt
into larger nanoparticles will occur with following supply of metal atomishough
metal cations may directly deposit on the surface of existing nanopatrticles before being
reduced, the size of nanoparticles is grimarily determined by the ratio afenerated
seeds to supplied metarecursof® To prepare large Rh NCs, the concentration of
generated Rh atoms must be maintained at low supersaturation to minimize the formation
of seeds while injecting enough Rhecursoiinto the reaction mixture to grow those few
seeds to larger sizes

To solve the paradox of low supersaturation and high supply paRlinseeded
polyol method is developed to synthesize Rh NIB& Rh precursoRhCk, and polymer

stabilizer, plyvinylpyrrolidone (PVP), solutionsvereinjectedsimultaneously into a hot
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EG solutionat a slow rate by a twohannel syringe pump. The Rh precunsas reduced
immediately by EG upon addition into the hot reaction mixture, as observed from the
color change (colorless to brown). The slow injection rate ensured that the; Rhé&ich
droplet of the precursor solution was consumed before the next precursor droplet was
added, thereby maintaining a low concentration of Rh atoms throughout the synthesis.
Underthese conditions, small Rh seeds fatoring theaddition of thefirst few drops of

the Rhprecursor andsubsequentlyadded precursor deposits Rh atamnsthe surfacef
existing seeds rather théorming new seed®y controlling the injection timg¢ and thus

the total volume of precursor solution added to the reaction mixture, Rh NCs with edge
lengths between 10 and 27 nm were successfully synthesiZedll images of
monodispersgRh NCs with edge lengths of 15 nin=(20min), 21 nm {= 50 min) and

27 nm { = 120 min are shown irFigure 2.4b-d. Figure 2.5 shows the size distribution

and standard deviation (SD) of the Rh NCs from unseeded-isjegtion methods,
counted over 50 nanoparticles for eaample. The small SD of the NC sizam@ller

than 1.2nm) confirms its high size uniformityThese Rh NCs have slightly concave
surfaces as observed by TEM, consistent with the growth mechanism in which Rh atoms
first deposit on the corners of the seeds #ien migrate to the edges and fates.

The optical properties of these Rh NCs are studied byvisvVextinction
spectroscopy and comparedth numerical simulationgFigure 2.4a, €). The UWis
extinction spectra were measured, and the LSPR peaks for 15, 21, and 27 nm Rh NCs
dispersed in ethanol were found at 4.51 eV @@, 4.23 eV (293 nm) and 3.96 eV

(313nm), respectivelyThe resonant energy increasingly+sifted with increasingize,
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Figure 2.4. UV-vis extinction spectra (a: experimental; e: theoretical) of monodisperse
Rh NCs in ethanol, with corresponding TEM images from unseededirgestion
methods of average edge lengths of 15 (b)(c}, and 27 nm (d), respectivelyhe scale

is 50 nm.Figuresreproducedrom Ref.65 with permission from The Royal Society of
Chemistry.

in good agreement with predictions from atinelement electromagnetics simulation in
which a linearly polarized plane wave illuminated a perfect structured Rh NC immersed
in ethanol. The spectral extinction cresection was calculated as the sum of the

absorption and scattering spectral cresstons
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Figure 2.5. Edge length distributionral standard deviation (SD) of Rh NCs with edge
length of 15 (a), 21 (b), 27 nm (c), respectivelyigures adapted from Re®5 with
permission from The Royal Society of Chemistry.

2.3.3 Morphology and optical properties of Rh nanocubes from

seeded slow-injection methods

To redshift the LSPR of Rh NCs to lower UV energies, even larger Rh NCs must
be synthesized. Orepproach tesynthesizdarger NCswould be to continue incremg

the amount of Rh precursor in the unseeded method, but this would be unnecessarily

time-consuming since the amount of precursor required, and thus the time required,

grows cubically with edge length. Moreover, the prolonged time could affect the shape

control of nanoparticles due to parasitic side reactions or the dilutiohef magents.

Instead, a more timefficient, seeded method was developed to obtain larger RFNCs.

The reaction mixture containing 27 nm Rh NCs was directly used as a seed solution

without any posskynthesis purification or washing treatment. Larger NCs grew as the

RhCk solution was injected into EG containing a predetermined volume of teé se

solution held at 160C. To help maintain the cubical shape of the Rh NCs, KBr was co

dissolved with PVP and injected to the reaction mixture along with thesRb(Cition.
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By tuning the amount of precursor added, Rh NCs with edge lengths between%¥ and
nm were synthesized withi2 h using this seeded method.

Representative TEM images of these larger Rh NCs are shokigure 2.6b-d.

These NCs are uniform in size and have slightly concave faces as well. A problem of

seeded wthesis of nanoparticles is secondary nucleation, which forms new seeds with

the addition of metal precursor. Following reduced metal atoms will deposit -@ugeel

seeds as well as the newly formed seeds, thus leading to a bimodal distribution of the
nanoparticle size. The slow injection rate of Rh precursor in the seeded method keeps a
low concentration of atomic Rh and prevents the generation of new seeds. Only a few
small Rh NCs were observed from TEM, indicating successful prevention of secondary

nudeation of our seeded slewjection method.

The optical properties of these Rh NCs were also investigated by extinction
spectroscopy and compared with themerical simulation(Figure 2.6a, €). The
experimentally measured LSPRass of 39, 47, and 58m Rh NCs were found to be
3.65 eV (340 nm), 3.44 eV (360 nm) and 3.25 eV (381 nm), respectively, increasingly
red-shifted toward the lower edge of UV region with increasing size.

The size distribution of Rh NCs from seeded slojgction method with different
ratio of Rh seeds and added Rh precursor are shofuigumne2.7. The small SD (smaller
than 1.5 nmindicates the excellent size control of this method.

The narrow distribution of particle size (< +£1.5 nm) could be attributed to the
separation of seed formation and the@ntrolled nanocrystal growtim both unseeded

and seeded methodSeeds formeth the early stage of synthesis, whetf@@medin situ
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Figure 2.6. UV-vis extinction spectra (a: experimental; e: theoretical) of monodigperse
Rh NCs in ethanol, with corresponding TEM images from seededisjeation methods

of average edge lengths of 39 (b), 47 (c), and 59 d)mréspectively. The scale bigr
250 nm(inset 20 nm). Figuresreproducedrom Ref.65 with permission from The Royal

Society of Chemistry.

(unseededor intentionally adde@seedell experience the same opportunity to receive

new Rh atoms from subsequent addition of Rh precursor, thereby growing into NCs with

uniform sizesBYy tuning the amount of precursor added to the reaction mjxheesizes

of the produced nanocubes and the associated LSPR energiespcanissy controlled
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Figure 2.7. Edge length distribution and standard deviation (86DRh NCs with edge
length of 37 (a), 47 (b), 58m (c) respectively Figures adapte from Ref.65 with
permission from The Royal Society of Chsiny.

with an excellent matcto numericapredictions

The seeded slowjection method can be applied for multiple rounds to
synthesize Rh NCs larger than 60 rifhe product of one round of seeded synthesis can
be directly used as the seed solution without any purification for the next round of seeded
synthesisFigure2.8 shows SEM images of Rh NCs synthesized with 27 nm NCs as seed
andapplying up to four rounds of seeded synthesis.

The edge length of Rh NCs from the first, second, third and fourth rounds of
seeded synthesis is 35, 53, 80, and 120 nm, respectively. The increase of-siitisred
the resonant wavelength of these large Rh dQGke visible, which can be directly seen
from the color of the solutionF{gure 2.9a). The color of Rh NCs from the first and
second rounds of seeded synthesis is brown, similar with Rh NCs with smalleffbizes.

color of Rh NG becomes purple and dark gray with further increase of size.
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500 Nnm

Figure 2.8. SEM images of Rh NCs from the first (a), second (b), third (c), and fourth (d)
rounds of seeded sloeimjection synthesis with average edge leraftB5, 53, 80, and 120
nm, respectively.

The redshift of resonant wavelength with increasing size of Rh NCs is also
shown in extinction spectr&igure2.9b). The plasmonic resonances of 80 and 120 nm
Rh NCs get into the visible region, althougle absorption peaks are broader than those
of smaller NCs. This peak broadening could be attributed to the decrease of size
uniformity with more rounds of seeded synthesis and the excitation of fugher

plasmonic modes in large nanopatrticles.
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Figure 2.9. A photograph of Rh NCs in ethanol solutions from multiple rounds of seeded
slow-injection synthesis (a) and corresponding-U¥ exinction spectrdb).

2.3.4 UV-SERS with Rh nanocube substrates

The intensity of concentrated electromagnetic field near plasmonic Rh NCs is
simulated with finiteelement methodThe simulated near field intensity distributifi|?
for resonant illumination at the surface o2d nm RhNC is depicted inFigure 2.10.
Large enhancements of incident radiation intensity are observed at the NC edges,
reaching factors as high as 700 at the NC cor@mparing theenhancements of the
edgesparallel and perpendiculaio the polarization of the incident lightevealsa
minimum |EJ? of ~10 occursat the edge center for parallgblarization. The intense
electromagnetic field of plasmonic Rh NCs could enhance the optical response from
nearby analyte, making them promggiaubstrates for SERS under UV excitationisTh

concentrated higlenergy fields and hot electrons from the excitation of UV LSPR in Rh

49



NCs could also be important sources for photochemical reactions, in much the same way
that Au, Ag, and Cu have been usedvisible light applicationg’ &’

To probe the efficacy of photochemical reactions accelerated by Rh NCs, UV
photodegradation obrganic moleculesvas comparatively studied neat and attached to
the surfaces of 21, 39, and 59 nm Rh NCs g$aman spectroscopy with a 38
wavelength HeCd laser.PATP was used as the model reporter molecule in the

experiments.Although PATP may be converted inté,46-dimercaptoazobenzene
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Figure 2.10. Simulated neafield intensity distributionE[? at the surface of a 27 nm Rh
NC at the resonant energy 3.96 €343 nm) along with thecoordinates used for the
finite-element modeling. The light is polarized along thexs and propagating in-Z

axis in the simulationFigures reproduced from R&5 with permission from The Royal
Society of Chemistry.
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(DMAB) underlaser radiatiof® the intensity of the @ stretch mode of PATP near
1590 cm' is a well representative of the amount of organics @set to quantify the
reaction kinetics.

As shown inFigure2.11a and bthe neat PATP sample exhibits a slow decay of
the Raman signal with increasing exposure to UV light, while the signal from PATP
attached to the surfaces of 39 nm Rh NCs exhibits a nmastarfdecayinder identical
experimental conditions. Assuming that the photocatalytic reaction is first order on
PATP, an exponential decay model is used to fit the Raman data, and the results are
shown inFigure2.11c. The modefit the data well, and the rate constants for these four
samples are extracted. The neat PATP sample shows the slowest decay with a rate
constant 0f0.020s?. The 21, 39, and 59 nm Rh NC samples have much higher rate
constants 00.066, 0084, and @051 s?, respectively. The measured LSPR energy of 21,
39, and 59 nm Rh NCs in ethanol is 4.23, 3.65, and 3.25 eV, respectively. Since the
LSPR energy of Rh nanoparticles on Si substratesdtiifes ~0.2 eV compared to the
case in ethangl’ the 39 nm Rh NCs on a Si substrate are most resonant with the 325 nm
(3.81 eV) laser, and attached PATP decomposed fastest. Conversely, the 21 and 59 nm
Rh NCs are nomesonant with the excitation, and the attacRPATP decomposed more
slowly but still faster than the neat PATP under otherwise identical conditions. The
observation that PATP attached to 39 nm Rh NCs shows the fastest decay (4 times faster
than neat PATP) validates the expected enhancement of paotoeh reactions by the

excitation of a UV LSPR in Rh nanoparticles.
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Figure 2.11. Raman spectra of neat PATP (a) and PATP with 39 nm Rh NCs (b) at
representative times (each spectrum integrated overd@nds). (¢) Summary of 1590
cmit Raman signal decay for PATP néhlack squaresind attached to 2(ted circles)

39 (green up trianglesyand 59 nm(blue down trianglesRh NCs.The lines are fitting
curves with an exponential decay mod€igures reprduced from Ref.65 with
permission from The Royal Society Ghemistry.

2.4 Conclusion and outlook

In conclusion, uniform Rh NCs with edge lengths ranging from 10 to 120 nm
have been successfully and controllably synthesized with unseeded and seeded slow

injection methods. UWis extinction spectra of these Rh NG=/eal the existence of
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LSPRs in the UV region that reshift with increasing size in a manner consistent with
numerical simulations. The sizes and associated resonant energies of Rh NCs can be
precisely controlled by the ratio between Rh seeds and Rhrpoecadded to the
reaction. These UV plasmonic Rh NCs are employed in the photochemical
decomposition of PATP under UV illumination and exhibited accelerated reaction rates
that were fastest when the LSPR coincided with the laser wavelength. The pratise co
of particle morphology and LSPR wavelength of noble metal Rh NCs, and the associated
field-enhanced spectroscopic and photochemical processes, could prove transformative to
the nascent field of UV plasmonics.

Future work could involve UNGERS measuneents with reporter molecules that
do not undergo photochemical transformations, such as crystal violet 4and
mercaptopyridineto obtain stable Raman signal under UV exposure. This would allow
guantitative assessments of the enhancement factor of thenR&mal from plasmonic
response of substrates. The ability to decompose organic molecules on plasmonic Rh
nanostructures with light could be used to fabricate pollutant degradation devices that
work under sunlight. The effects of size and associated LSRRyy ofthe Rh NCs on

the performance of photbegradation devices is worthwhile for investigation.
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Chapter 3 : Product Selectivity in Plasmon-Enhanced
Catalysis for Carbon Dioxide Hydrogenation

The content of this chapter is adapted from our publicatidlatufe
Communications, 2016, 8: 14542 We acknowledge our coauthoB. Du Zhang, Dr.
Neil Qiang Su, and Dr. Weitao Yarag Duke Universiy, for DFT calculationsWe also
acknowledge our coauthor, Dr. Henry EvesittArmy Aviation & Missile RD&E Center

for helpful discussions about experimental design

3.1 Introduction

The societal need for industrial scale catalysis continues to groaspomse to
increasing demands for fertilizer, fuels, and materials. In orderhtterogeneous
catalytic reactions with large activation energies aithieve practical rates, heated
catalysts are used, but these demand high energy inputs, shorten cétlysts|
through sintering deterioratigh® and require product selectivity to mitigate
unfavorable side reactionRising atmospheric C®concentrationsnay be reduced, for
example, by reacting ambient COwith renewably generated 2/ °? but product
selectivity is essential to ensure production of hydrocarbons such am$iéhd of the
kinetically preferred produatarbon monoxideCO.1* °2 SelectiveCO, hydrogenation is
also an essential purification step for the feedstock used in ammonia synthesis to fix
nitrogen for fertilizer4 Ideal catalysts simultaneously lower opergtitemperatures,
accelerate reaction rates, and preferentially select products without being consumed or
altered. In spite of extensive research on the subject, no photocatalyst has yet achieved

this lofty objective.Semiconductebasedphotocatalyts offer a promisingroute to room
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temperature reactiofi§ °4° put theyexhibit limited selectivity® and reaction ratethat
typically scale only as the square root of the lightristey (Rohoto ¢ 19°),3” 9" making it
impractical to increase the reaction rate by increasing light intensity.

As discussed in Chapter, it has been discovered that plasmonic metal
nanoparticles ar@hotocatalyically active;o: 4850 54. 58, 9807 qriving chemical reactions
with photagenerated hot carrieedexhibiing a compelling supelinear dependence on
light intensity Rohoto ¢ 1", N > 1).34%% 197 The strong light absorption of plasmonic
nanoparticles due to excitation of LSPRay be spectrally tuned throughout the visible
or UV by choice of metal, size, shape, and host med@fparticular interest is the
decay of LSPR into hot carriers and their subsequent transfer to adsorbates where they
may affect reaction pathways and rate®®11° The distribution of phot@xcited carriers
depends on the local density of states inrtieal and the associated band structure, the
LSPR of the nanostructure, and the energy of the pHétd@y tuning photon and LSPR
energies so that hot carriers are injected into specifiebantling orbitals of specific
reaction intermediates, product selectivity may be achiév&g!3

These early demonstratiomms plasmonic photocatalysisither featuredntense
laser pulses (~kW c”) on nanoparticle clusters to generate high concentrations of hot
carriers*®% 5 %8or they used lloyed or hybrid nanostructures composedolafismonic
(Au, Ag, Al) and catalytic (Pt, Co, P)l metals*®: 100101, 106107 The jdeal photocatalytic
metal should simultaneously exhibit good plasmonic and catalytiavime to increase
the rates and selectivity of the reactt@hAs discussed in Chapter the size and shape

dependent plasmaniproperties oRh nanoparticles have been demonstrated at energies
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tunable throughout the UV and visible regigh$®> '8 Like Au and Pt, Rh is a transition
metal without a native oxide coating, and direct ding between adsorbates and the
metal surface greatly facilitates the transfer of hot carf@rplasmonic photocatalysis.
Supported Rh nanoparticles and molecular complexes are widely used as catalysts in
automotive catalytic converters to reduce nigmogoxides, as well as in industrial
hydrogenation, hydroformylation, and ammonia oxidation reacffbig!®

Here we discusthe discovery that plasmonic Rh nanoparticles are photocatalytic,
simultaneously loweng activation energies and exhibiting strong product photo
selectivity, as illustrated through the €Bydrogenation reactiot€O, hydrogenation on
transition metals at atmospheric pressure proceeds through two conpagtingys: CQ
methanation (C@+ 4H, Y  CsH 2H0), and reverse water gas shift (RWGS .GOH.
Y CO @).%NVe observehat mild illumination of the Rh nanoparticles not only
reduced activation energiger CO, hydrogenation~35% below thermal activation
energiesit also produces atrong selectivity toward€Hs over CO. Specificallyunder
illumination from lowintensity (~W cn?), continuous wave blue or UV liglemitting
diodes (LEDSs), the photocatalytic reacsam unheated Rh nanoparticles produces CH
with selectivity of >86%or >98%, respectively, witla reaction rate twice that of the
thermocatalytic reaction rate at 623 K (350Cyhis high selectivity towards CH
disappears when the Rh nanoparticles are not illuminated, in stark contrast to plasmonic
Au nanoparticles thatrdy catalyzeCO production whether illuminated or noDFT
calculations indicate the pheselectivity of the Rh photocatalyst can be attributed to the

alignment of the hot electron distribution with the @wnding orbital of the critical
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reaction interradiate, CHO, which activates the g&@nethanation pathwayOur
discovery that plasmonic Rh nanoparticles exhibit a photocatalytic activity with strong
product photeselectivity opens an exciting new pathway in the long history of

heterogeneous catalysis bffering a compelling advantage of light over heat.

3.2 Experimental methods
3.2.1 Preparation of plasmonic catalysts
3.2.1.1Plasmonic Rh catalyst

Rh nanocubeswith edge length of 37 nmwere synthesized by aodified
unseededslow-injection polyol method® 54 mg KBr(ACS, Acros) was disolved in 2
ml EG (J. T. Bake) in a20 mlglass vial(cleaned with detergent and deionized water and
dried in a vacuum oven at 8Q) equipped with a Tefloiwoated magnetic stir bar. The
KBr solution wasstirredin an oil bathat 160 € for 1 h. 12 mg RhGIxH20 (38% Rh,

Acros) and 3 mgPVP (M.W. U 55,000,Aldrich) were dissolved in 2 niEG separately

and injected into thhot reaction mixture by a twohannel syinge pump at a rate of 1 ml
h'l. The injection was paused for 15 min after addinge 20f the Rh precursor. After
completeinjection of the precursor, the reaction mixture was stirred for another 30 min
and thercooled to room temperature

After synthesis, the Rh NC reaction mixtures were diluted with acetone to ~45 ml
and centrifuged at 12k rpm for 10 min. The colorless supernatant s akd and the
black precipitate was dispersed in ~5 ml deionized (DI) water (with sonication if needed).
The Rh NC dispersion was diluted with acetone again to ~45 ml and centrifuged at 12k

rpm for 10 min. The supernatant is discarded and the precipitsteisually treated with
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this DI-water/acetone washing step for another three times to remove excess PVP, KBr,
Cl', and EG. It is important to remowadl CI" and Br, since they will strongly affect the
catalytic activities of metal nanoparticles. Thengdete removal of Cland Bf was
proved by the AgN®test ofthe supernatanthe black precipitatevasfinally dispersed

in 20 mlethanol(200 proof, anhydrous, KOPTEC).

Optically and chemically inerAl.Oz nanoparticles (Degussa, Alu Oxide C
specificsurface area 85~115%rg!) was used as catalyst suppdirtwas activated in air
at400€ for 5 h and kept in an oven @ & before use. @ mgAl.Os nanoparticlesvas
added to a beaker and appropriate amount of Rh NC suspension was added dropwise to
the beaker. The total volume of the suspension was adjusted to ~20 ml with ethanol and
sonicated for 30 min. After that, the suspension was stirred at room temperature
overnight and centrifuged at 15k rpm for 20 min. The supernatant was discarded and the
solid is dried in an oven atd8C for 5 h.The obtained solid was grountto powder and
calcined in air at 40@€ for 2 h. The Rh nanocubes were well dispersed on th©Al

support and behaved as isolated nanoparticles.

3.2.1.2 Plasmonic Au catalyst

A depogtion-precipitation method was used to prepare highly dispersed small Au
nanoparticles oan Al,Osz support® 100 mg AbOs nanoparticlesvasdispersedn 10 ml
DI-water in a cleaned 20 rglass vialequipped with a Tefloiwoated magnetic stir bagy
sonication. 16 mgold(lll) chloride trihydrate (HAUCkH 20, 99.9+%, Aldrich) was
added into the suspension astared in an oil bath at 88 . The pH was adjusted to ~8

by addingl M sodium hyroxide (NaOH) solution dropwise. Afterkl the suspension
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was cooledto room temperature. The suspension washed with copiousleionized
watevacetoneby centrifugeuntil no CI was detected in the supatant The solid was
dried in an oven at @ € overnight andground into powder. The light purple/pink

powder wasalcined at 30€ for 2 hand becomes dark purple

3.2.2 Photocatalytic reactor design

To carry out heterogeneously photocatalytic reactwite gasphase reactants
and solidphase catalysts, we designed and built a customized reactor siitgtal
componentsre preferred in setting up this system to allow for interfadth computer

andprogrammable control.

3.2.21 Photocatalytic reactor setup

The photocatalytic reactor system is composed of four majesystbms: a gas
delivery system, a photocatalytertically fixedbedreactor, LED light sources, and a
mass spectrometer for online product quantificati®notographs of the photochfsis
system and the reactor are showfrigure3.1.

Hydrogen (H, Research grade), carbon dioxide ¢CResearch grade) and argon
(Ar, UHP) were obtained from Airgas. The flow ratesof gaseswere controlled
individually by masdflow controlleis (GFC, 200 ml mirt maximum flow rate Aalborg).

The mass flow controllers were calibrateehivuse by a wateatisplacement method with
both N> and Ar as the reference gases. The flow rates of working gases were converted

from the flow rate of reference gases with corresponding volumetric thermal capacity.
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Figure 3.1. (a) A photograph of the photocatalytic reaction system composed of a gas
delivery system, &xed-bedreactor, LED light sotces, and a mass spectrometer. (b) A
photograph of the photocatalytic reactor and a liquid light guide.

The photocatalytic reactofHarrick, HVC-MRA-5) containeda stainlessteel
body, a catalyst cup inside the body, and a detachable ddreeaeactor hdtwo water
ports to circulate cooling water and cool the body of the reactor. Cooling water supplied

from a chiller was turned on for all the measurements. The catalyst cupdreadederof
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6 mm and aeightof 4 mm The detachable dome was equipped withuartz window
with a diameter of 8 mm for top UV and visible light illumination of the catalyst Dee.
temperature was measured by a thermocouple under the catalyShbdeinperaturef
the photocatalyst bedtas controlled by a PID temperature aofier kit (Harrick, ATK-
024-3), managing the resistive heating power of the reaction chamber, and cooling water
to mitigate heating caused by LED illumination.

ThreeLEDs with emission of 365 nnwvavelength 460 nmwavelengthand 5700
K white light (Prizmatix, UHP-F) were used as light souscd.ight from LEDs were
coupled into a liquid light guide with a diameter of 5 mm to deliver to the reddter.
output powerof LEDs was controlled by 0~5 V analog signaind measured with a
thermopile power meter (Binlabs, PM310D). The emission spectra of the light sources
were measured with@CD-based spectrometer (Thorlabs, CCS200).

The effluent from the reactowas analyzed by a quadrupole mass spectrometer
(Hiden, HPR20) equipped with a Faraday cup deteciine detection limit of the mass
spectrometer is ~0.001% conversion of XC@he responsivity for each reactant and

product gas was calibrated with standards or mixtures with known composition.

3.2.2.2 Programmable control of photocatalytic reactor system

The temperature of the react@nd the light intensity of LEDs are important
parameters in plasmeenhanced catalysis and can be controlth programmable
function The temperature was controlled welhsoftware provided by the vendorhe

outpower of LEDswvas controlled by 0~5 V analog signal with a customized setting.
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Figure 3.2. A screenshot of the front panel of the MABW VI for programmable
control of the light intensity of LEDs.

The light intensity ®LEDs was controlled witta homebuilt virtual instrument
(V1) coded with LabVIEW and a data acquisitiiDAQ) device (USB6002, National
Instruments) for the generation of 0~5 V analog sigiiake inputvoltage vs output
power relationship of each LED waneasured with the DAQ device and the light power
meter and realibrated quarterly to ensure consistency between measurerfiguoise

3.2 shows a screenshot of the front panel of the LED control softitales a step
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structureand users can specify the voltage (light intensity) and the duration of each step.
The elapsed time window shows the time that has elapsed in this time. When the elapsed
time equals the duration of the current step, the current step will finish, ancbtfram
will jump to the next step. If the duration of a step is 0 min, that step will be skipped. The
current version of the LED control software has 20 steps, so users can set up to 20
voltages (light intensities) for automated measurements. This funigtia@xtremely
helpful when studying lighintensity dependent reaction rates. This software also allows
cycling function: the setting of step 1 to step 20 can be repsataztal times agses
specified

Figure3.3 shows a screahot of the block diagram of the LED control software.
It has ahierarchicalstructure to implement different functions. The first leveligrdoop
structure, and users can specify the number of cycles the loop runs. This corresponds to
the cycling funtion of the software. The second level isflat sequencestructure
composed of 2@rames Eachframe corresponds to a step of the status of LEDs. Inside
eachframe aDAQ Assistangenerates the voltage signal on the specified analog output
channelthat mnnected to the analog input of LEBs control th& light intensities A
while loop with elapsed timdunction inside arame allows the timing function. The
elapsed timéunction reads the us@mputdurationand compares it with the time spent in
this frame. When these two times equal, Thene has Elapsedutput will stop thewhile
loop and the program will move to the ndrkdme This software realizes programmable

control of the light intensity of LEDs and improves the productivity of this system.
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Figure 3.3. A screenshot of thelock diagramof the Lab/IEW VI for programmable
control of the light intensity of LEDs.

3.2.2.3 Operation of photocatalytic reactions

For plasmorenhanced C®hydrogenation~15 mgof Al>Os-supported catalysts
was loaded on a stainlesteel mesh inside the catalyst cup to formram thick catalyst
bed The plasmonicatalysts were first reduced underBMl mint Hz and 7.6 ml min?
Ar at 350C for 2 h and theranother 1® mL min? CO, was introduced tachieve an

Ho-rich COp:H> ratio of 1:5.5 andhctivate the photocatalysts for ~12 h to reach stable
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catalytic activities.The experiments with a Fteficient CQ:H ratio of 1:3.1 were
conducted under 19.&l min! CO,, 60.1 ml mint Hz, and 16.5ml mint Ar. The
reactiors were all operated in the legonversion and lightontrolled regime. For each
temperature and light intensity condition, at least 15 efpsed beforeeachng steady
state andsevensequential measurentsnusing the mass spectrometer were made to
determinghe steadystate concentration of each gawd the associated reaction rates and
uncertaintiesThe 15 atomic mass unit (amu) signas used to quantify CHproduction
rate. The 28 amu signal was used quantify CO production rate, from which éh
background from C@feedstock was subtracted. Deuterium,(Bigma Aldrich, 99.8%

atom D) was used in place of Fbr the isotopic labeling experiments.

3.2.3 Material Characterization

TEM images were collecteby a FEI Tecnai &Twin operating at 200 kV. The
TEM samplesof solid plasmonic catalystsere prepared by dispersing the catalysts in
ethanol with sonicatiorfor 30 min and depositing on a copper grid coated with a
carbortfformvar film (Ted Pella, 01813)Diffuse reflectancaJV-vis absorptionspectra
were obtained on an Agilent Cary 5000 equipped with an external diffuse reflectance
accessory (DRA500). Transmission UWis extinction spectra were obtained on a
Varian Cary 50 spectrometer with a Xeon lfldamp.The composition ofhe plasmonic
catalysts was measured by a Kratos Analytical Axis Ultrdray Photoelectron

Spectrometer (XPS).
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3.3 Results and discussion

3.3.1 Plasmon-enhanced and thermocatalytic reactions

The Rhcatalyst was prepared kgispesing 37 nm Rh nanocubes ofl20s3
nanoparticles with a mass loading ©D2% (Rh/Al,Os, Figure 3.4a).5> The unseeded
slow-injection method usedproduces cubic nanoparticles whose size and LSPR
wavelengthcan be precisely tuned, and whose sharp corners concentrate light and
liberate hotcarries*’ The narrow size distribution of Rh NCs synthesized by the-slow
injecion method has been discussion in Chaptdriz Rh NCs were well separated on
the Al>O3 supportand would show plasmonic properties intlividual nanoparticles
Pl asmonic fAihot spotso from the nanogaps
this Rh catalyst.For these experiments, the 334 nm (3.71 ESIPR of the Rh N€ in
ethanol is broadened and bisieifted on a porous ADs support(Figure3.4b).

The Al>Os suppored Au catalyst wasprepared by a depositigrecipitation
method witha mass loading 0f.70% (Au/Al20s).%% 7 The Au nanoparticles have a
spherical shape with an average diameter of 2.6 Figuie 3.4c, d) and wider size
distribution comparetb the Rh NCs. This wider size distribution can be attributed to the
poor control of size uniirmity of the synthetic method.

The absorption spectra ¢&th/Al,O3z and Au/Al.Os catalysts overlaid with the
emission spectra of the UV (365 nm, 3.40 eV), b4gO(nm, 2.70 ey, and white LEDs
are shown inFigure 3.5. The strong plasmonic behavior of tR#h/Al>O3 catalyst
overlapped thaJV light source.The blue LED was used to study the influence of

excitation wavelengtion the catalytigproperties.The band structure of RH indicates
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Figure 3.4. (a) TEM images of the Rh/ADz catalyst. Scale bar: 100 nm (inset: 25 nm).
(b) UV-vis spectra of Rh nanocubes in ethanol sofufiolack) and on a porous &k
support (blue).The resonantpeak of plasmonic Rh nanocubes is béhéted and
broadened when supported on an-(Bl support due to the change of dielectric
environment. (c) TEM image of spherical Au nanoparticles support@a Al>Os
nanoparticles. Scale bar: 50 nm. (d) Size distribution of Au nanopatrticles in the@w/Al

catalyst. More than 80 nanoparticles were measured to obtain the size distribution.
Figures adapted from ref89.
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Figure 3.5. UV-vis extinction spectra (solid lines) of the Rh/@k (black) and Au/AiOs

(red) catalysts, measured by diffusaflectance in an integrating sphere, overlaid with the
emission spectra (dotted lines) of the UV (black), blue (blue) and white (red) LEDs.
Figures adapted from ref89.

thatthe UV and blue excitationavoid lower energy parasitic intband absorptioof Rh

in the neatinfrared regionand generatenearly freehot electrons with energies 2.5 and
2.1 eV above the Fermi lev&t ! respectively.An LSPR near 517 nm (2.40 eV§
observed for theAu/Al>Os catalyst A white LED (400800 nn) was used for the Au

catalystto excite its LSPR, unless otherwise stated.
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A fixed-bed reaction chamber equigpeith a quartz window was used to carry
out the photocatalytic reactions with controlled light illumination. The photocatalysts
were packed with a thickness of ~4 mm (~15 mg) to ensure complete absorption. of light
For the heated experiments, the tempeeatof the powder catalysts was precisely
measured with a thermocouple and controlled by resistive heating and cooling water.
However, the unheated fAambientodo experi ment
used no cooling water, so the temperature Wasved to rise and equilibratéd mass
spectrometer was connected to the chamber outlet fotimeal quantitative analysis of
gaseous products. The conversion ofo@@s maintained <5% to eliminate reactant
transport limitations and ensure that the comredions of products in the effluent
represent the reaction rates. In dark conditions, the reaction rates represent the
thermocatalytic activities of the catalysts, while under illumination, the overall reaction
rates are considered #®e sum of thermocalytic and plasmomnhanced contributions.
Thus, the plasmeenhanced reaction rates ambtained by subtracting the thermal
reaction rates (light off) from the overall reaction rates (light on) at the same temperature.
All reactions were performeat atmospheric pressuneith eitheran Haz-rich 1:5.5 or H-
deficient 1:3.1mixture of CQ:H, (as compared to the 1:dtoichiometryof CO;

methanationgand argon (Arps internal standard.

3.3.2 Product selectivity of CO2 hydrogenation

On the Rh catalystHigure 3.6a, solid lines), CH and CO were produced at
comparable rates at 623 #nderdark, Hx-rich conditions é.g, 0-8 min). Upon

illumination of UV light €.g, 822 min), a seveifold increase in the CHproduction rate
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Figure 3.6. (a) Rates of CH (green) and CO (black) production at 623rKa H»-rich

COz:H: ratio of 1:5.5conditionon Rh/AkOs (solid lines) and AlOs (dotted lines) under

dark and UV illumination at 3.0 W cfn CH. production is strongly and selectively
enhanced by UV light on the Rh catalyst. Neithers@Br CO production was detected

on AlbOs. (b) Rates of CO (black) and GHgreen) production at 623 K a H»-rich

COy:Hg ratio of 1:5.5conditionon Au/Al,Os unde dark and white light at 3.0 W ctnA
light-enhanced reaction rate is observed, but CO remains the exclusive product under
both conditionsFigures adapted from ref89.

was observed, while only a slight increase in CO production was det&idedther
carboncontaining product wasbservedabove the detection limit of the mass
spectrometem our experimentsand he reaction rates sponded to light instantly and
reversibly.Control experiments using pure>®k nanoparticlesKigure3.6a, dotted lines)
showed that the reaction did not occur on the supfsotopic labeling experiments was
carried out usingd2 to replace H (Figure 3.7). 13, 14, and 15 amu channels,
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Figure 3.7. (&) CQ hydrogenation reaction with 2-Hon plasmonicRh/Al>Oz catalyst.
Signals from 13 (blue), 14 (red) ad8 (black)amuchannels arenonitoredby the mass
spectrometer at 623 i dark (0~25 min) and nder UV illumination at 3.0 W crh
(25~55 min). (b) Isotopic labeling experiments witB, on Rh/AbOs catalyst. The
reaction condition isat 623 Kin dark (0~25min) and uwder UV illumination at 3.0 W
cmi? (25~55 min) Figures adapted from re®9.

corresponding to different fragments of £Mere monitored by the mass spectrometer
with Hz or D2 as reductants. Whenzhvas used, increased signals from all these three
channels are detectezhrresponding to CH CH," and CH" fragments from Chkl upon
illumination of UV light (~25 min) When D was used, increased signal was only
detected in the 14 amu channebrresponding to CDfragments from CR upon UV
illumination (~25 min) These resultsonfirmed that Chland CO weregroduced from

the plasmorenhanced reactions on Rh NQGsther than fromthe decomposition of

organic residues left from the synthesis of catalyst or tt@ALO3 support
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Figure 3.8. Plasmorenhanced C®hydrogenation on the Au/ADs catalyst under UV
and white light with he same intensity (1.18 W cnat 623 Kin aHz-rich COx:H> ratio
of 1:5.5condition The production rate of CO (black) increases utd¢n UV and white

light illumination, but no production of CHgreen) is observedtigure adapted from ref.
89.

Comparable poto-enhanced C®hydrogenation was also observed on the Au
catalyst under white light illumination @imilar intensity Figure 3.6b). At 623 K, CO
was produced in darke.g, 0-8 min), whose production rate was increased under
illumination of whitelight (e.g, 824 min). However, the product selectivity @stinctly
different from the reaction on thefRcatalyst CO was the exclusivearborcontaining
product on the Au catalyst under both dark and light conditlewsn under the same UV
illumination as the Rh catalyst, CO was exclusively produced on the Au catatyste

3.8), indicating that wavelength alone cannot account for the different selectivity.
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These resultslemonstratethat the different selectivity of thermocatalytiand
plasmorenhancedeactions on the Rh and Au nanopatrticles is primarily determined by
the propeties of metals, specifically the differingetatadsorbate interactions. GRh
catalysts, previougxperimental and theoretical investigatiting'® 11925 showed that
CQ; first dissociatively adsorbs on the Rbrface to generate adsorbed CO and oxygen
(O). The adsorbed CO can either desorb from the surface or be hydrogenated to form
CHO. The dissociation of Gl generates CH, followed by further hydrogenation to
form CHs (Figure3.9). The desorption of CO from the metal surface was identified as the
ratedetermining step (RDS) of CO production, and the dissociation 6DCias the
RDS for CH production'*® Thus, competition between CO desorption an® ®ond
cleavagan CHO dictates the product selectivifyjhe O adsorption energiads,g on late
transitionmetal surfaceis known to bean effective descriptor of the selectivity of €O
hydrogenatiort'® A high Eagso partially compensates the energy cost fe©Oamd
cleavage in the CHO intermediates and increases the selectivaydsCH.. Although
the reaction onthe Au catalyss has been reported to involve additional reaction
intermediates® 26127 the selectivity bserved here is consistent with the corresponding
Eadgso Of Rh (5.22 eV) and Au (3.25 eV¥j® the Rh cadlyst had a slight preference
towards CH production under dark conditions, whereas the Atalgst exclusively

produced CO.
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Figure 3.9. Elementary steps of GChydrogenation on the Rh/ADz catalyst. The *
denotes vacant sites or adsorbed intermediates on the Rh surface. The desorption of CO
from the Rh surface is reported to be the-ttermining step (RDS) for CO production.

The dissociation of CHD into CH and O is reported to be the RDS fors@kbdudion.

The competition between these two steps dictates the product seleEiyitse adapted

from ref.89.

The selectivity of theseeactions is changed when hot carriers are phrtited
in plasmonicRh nanoparticles. Thdifferent selectivity of thermocatalytandplasmon
enhancedreactions on Rh nanoparticles is depicted Rigure 3.10. The dark
thermocadlytic reaction exhibited mild selectivityith a CHi:CO ratio of ~60:40 in the
tested range of temperatures and reaction rates. In contrast, under UV illumination the
CHas production rate was significantly and selectively enhanced.pldsmonrenhanced
reactions exhibit >95% selectivity towards gnd the resulting selectivity towards £H

from the overall reaction is >90% under 3.0 W &MUV illumination and H-rich
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conditions (CO2:H2=1:5.5) over the tested temperature rangxperiments under #
deficient conditions(COz:H>=1:3.1) maintained this high selectivity under illumination
but exhibited even lower selectivity under dark conditions, confirming that illumination,
not heat or excess;Heedstock, is responsible for the highly selective productic®Ha
(Figure 3.10b). CH4 selectivityof pure thermal reaction at reaction temperatures higher
than our test range was calculated with4@Hd CO production rates extrapolated using
the Arrhenius equation. The results suggested #hreaction temperature higher than
1123 K (850€ ) was required to achieve @Hs selectivity higher than 85%. This
requirement of high temperature for pure thernealktionand the observed high pheto
selectivity towards Ckover COat the same reactioate as the thermal reactiordicate

that the photeenhanced reaction rates do nwinly originate from thermal or plasmonic
photothermal heating on the Rh nanoparticle surfastead, it is the plasmegenerated

hot electrons that selectively actiga€HO intermediates and accelerates@kbduction
while minimally affecting the C@netal bond for CO production (desorption). This
analysis is bagkon the assumption that thermocatalytic and plasemirancedeactions
have the same elementatgpsandsuface intermediatesa claim supported by a recent
kinetic study of RWGS on Au photocatalys?$ Although the selectivity is derived

almost entirely from light, heat significantly increases the reaction rate.
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Figure 3.10. (a) Selectivity towards CHas a function of overall reaction rates in dark
(black circles) and under UV light at 3.0 W 2rfred squaresin aHz-rich CQ::H: ratio

of 1:5.5condition (b) Selectivity towards CHof the thermocatalytic (black circles) and
plasmon-enhanced reactions under UV (365 nm, red squares) and blue (460uem, bl
triangles) illumination as a function of temperature undgri¢ch (CQ:H>=1:5.5, solid
symbols) and bideficient (CQ:H>=1:3.1, open symbols) conditions. The plasmon
enhanced rates are calculated by subtracting the thermocatalytic reaction rates from
overall reaction rates at the same temperakigaires adapted from ref89.

For the ambient experimentso heating from the reactand no cooling wateyr)
efficient plasmorenhancedCH4 production with high selectivity was demonstrated on
the Rhcatalystunder UV illumination at 3.0 W criand H-rich conditions with a
reaction rate (circled red square kigure 3.11) comparable to the thermocatalytic
reaction rate at 548 K (2% ). The slightly elevated steagbtate temperature, measured
to be 328 K O = 29 K), was caused by photothermal heating of the catalyst bed
(separately measured to be 25 K by a-remactive control experiment with flowing Ar

and B) and the exothermic nature of the £O@ethanation reaction (4 KpH = -165.01
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kJ mol! at 298 K) Likewise, the ambienteaction rate for the higBeintensity of our
blue LED (4.9 W cn¥, OT = 48K, circledblue diamonds irFigure3.11) was two times
higher than that of the thermocatalytic reaction rate at 623 K @3pWith an apparent
guantumefficiency (AQE), defined as the molar ratio of methane generated to photons
delivered, of0.82%. It is important to recognize that these high reaction rates with high

selectivity were ehieved using an efficient, lomtensity LED
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Figure 3.11. Overall CH: production rates in dark (black circles) and under UV (red
squares, 3.0 W c) and blue (blue triangles, 2.4 W @&nLEDs with the same photon
flux, and with twice the blue photofiux (blue diamonds, 4.9 W c® in a Hz-rich
COp:H2 ratio of 1:5.5condition UV light is more efficient at enhancing the reaction rates
than blue light with the same photon flux. Circled points show the unheated-stately
temperatures and reactioneast Error bars represent the s.d. of measurements by the
mass spectrometdfigure adapted from red9.
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Under illumination from the ble LED with the same photon flux (2.4 W éras
the UV LED at 3.0 W cnd, the reaction rate andiQE were smaller (blue triangles in
Figure 3.11). Nevertheless, the reaction rate untiev-energy blue photons becomes
higher than hat under higkenergy UV photons with increased light intensiféy the
highest intensity of the blue LED (4.9 W ®@n the enhancement factor for GH
production EF = RoveralRiherma) and AQE at 623 K reached 27.8 £ 1.4 and50%,

respectively (blue drmonds inFigure3.11).

3.3.3 Light-intensity dependent reaction rate

The effects of LED intensity on the reaction rates ushegRh catalyst were
carefully studied by varying the output power of the light source. Under UViilatron
near ~1 W cm, the photoreaction ratender H-rich conditionschangedrom linear to
superlineardependencen light intensity Ronoto® 1", n=2.1 at 623 K and 2.4 at 573 K
Figure3.12). Thissuperlinear relationship confirms th#tte photoreactions are mediated
by hot electror$ andcan be attributed to multiple excitations of the vibrational mode(s)
of the adsorbed RDS intermediate by hot electPoms the lowintensity linear region,
the slope is significantly higher at 623 than at 573K (Figure 3.12, inset) as heat
accelerates the photocatalytic rai@nversely theplasmorentancedreaction rates were
greatly enhanced at the highest intensity of the UV LED (3.0 W, ¢cad squares in
Figure3.11), compared to the thermocatalytic reaction rates at the same temperature. The
EF was 7.41 £0.37 at 623 K ahincreased to 24.4 +£1.2 at 523 K. TA&E for CHs

productionwasmeasuredo be3.70% at 623 K.
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Figure 3.12. Plasmorenhanced ates of CH production as a function of UV light
intensity at 623 (black sques) and 573 K (red circles) aHz-rich COp:H ratio of 1:5.5
condition The plasmorenhanced rate is calculated by subtracting the thermal reaction
rate from the overall reaction rate under light at the same temperahedantensity
dependent reactiorates show a linear to sugerear transition with increasing light
intensity. The inset shows the intensitgpendent reaction rates in the linear region.
Error bars represent the s.d. of measurements by the mass spectrbigeteradapted
from ref.89.

Unlike the suHinear rate increase with increased light intensity characteristic of
conventional semiconductor photocataly$is’ this supetlinear dependenceéndicates

that very high reaction rates will not require very high light intensities.
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3.3.4 Reaction kinetics of plasmon-enhanced and thermocatalytic
reactions

To understand the meghism, the reaction kinetics of @@ydrogenation on Rh
and Au catalysts in light and dakHe-rich conditions were studied experimentally in the
temperature range of 523 and 623 K. The light intensity was chosen to be within the
linear intensity dependencegion to eliminate the effect of multiple excitation events.
By fitting the measured temperatestependent reaction rates with an Arrhenius equation,
the apparent activation energ¥a( of the thermocatalytic and plasmenhanced
reactions was obtainedrigure 3.13). In virtually every case, the equation fits the data
well, and theEa was ascertained with less than 5% uncertainty. For the thermocatalytic
reactions on Rh, thE, for CHs and CO production was measured to be #8260 and
64.7+6.0 kJ mol! (0.81 and 0.67 eV), respectively, consistent with previous reports on
supported Rh catalysts® 12° Under UV illumination the plasmorenhancedCHa
productionshowed a reducel. = 50.4+1.8 kJ mol! (0.52 eV) for all light intensities.
This reduction ofa was also observeaif CO production on the Acatalyst with visible
light, decreasing from 55.80.5 kJ mol! (0.58 eV) for the thermocatalytic reaction to
39.5+ 2.0 kJ mof! (0.41 eV) for photoreactions. The photoreaction rates of CO
production on the Rh catalyst were too small for the activation energy to be deduced

reliably.
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Figure 3.13. Apparentactivation energy on the Rh andi 8atalystsn a Ho-rich CQx:H>
ratio of 1:5.5condition (a) Thermocatalytic reaction rates of ¢fblack squares) and CO
(red circles) production on Rh/ADs as a function of temperature. The apparent
activation energies are obtained by fitting the rssulith an Arrhenius equatiortb)
Photareaction rates for Céproduction on Rh/AO3 under 1.18 (black squares), 0.59 (red
circles) and 0.24 W crh(blue triangles) UV illumination as a function wmperature.
Photoreactiomate is calculated by subtragj the thermal reaction rate from the overall
reaction rate under light at the same temperatgjelThermocatalytic reaction rates of
CO production on Au/AOs as a function of temperaturg@l) Photoreaction rates of CO
production on Au/AIOs under 1.27(black squares) and 0.89 W @nfred circles) white
light as a function of temperature. Error bars represent the s.d. of measurements by the

mass spectrometdfigures reproduced from reB9.
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3.3.5 Reaction mechanism of plasmon-enhanced catalysis

The observed kinetics and selectivity of £iydrogenation orthe Rh and Au
catalysts shed light on theeaction mechanism of plasmenhancedcatalysis. In
thermocatalytic reactions, interactions between surface intermediates and catalysts dictate
the propensity of competing pathways. For example, the higher selectivity towasds CH
in the thermocatalytic reactions on Rh has already been astatitsihigherEags g2
while theexclusive selectivity for CO on the Auwatalystwas caused by tHew Eags,oand
the deficiency of surface H atoms under our experimental conditfoBy contrast,
photoreactionsthe transfer of hot electrons frorplasmonic metal nanoparticles
specific intermediates critically depds on the energies of the hot electrons and the anti
bonding orbitals, thereby selectively activating certain reaction pathways and offering an
additional means to tune the selectivtyo4 113

To explain the photoselectivity we observed from the plasmonic Rh
nanoparticlesPFT calculations were carried oby our collaboratorso understand how
hot electrongnay affect the intermediates in the ratetermining steps of CHand CO
production.The projected loal densityof-states (LDOS) for the adsorbed CHO and CO,
key intermediates established in previous reports for &@td CO productiofi* 116 11925
respectively, on the dominant Rh nanocube facet, Rh(100), arenped inFigure3.14a
and h respectively Figure 3.14c and d show the side view and top view of optimized
configurations used in calculatiansor clarity, only the orbitals involved in-O bond
cleavag for the RRCHO system and RE& bond cleavage for the RDO system are

plotted. The bonding interactions in both the CHO and CO systems lie ~6 eV below the
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Fermi level, suggesting a minimal role of hot holes in this process. For CHO;@he C
antirbonding bands, which can accept hot electrons to weaken-té@hd and facilitate

CHas production, can be easily identified on thepf£(and Of,) orbitals at ~2.0 eV
(Figure 3.144). On the other hand, the very weak and broad-taoriing RhC
interactions observed on thepy(orbital at ~1.0 eV for COHRjgure 3.14b) suggests a
much smaller possibility of accepting UV photoexcited hot electrons by the CO
intermediate compared to the CHO intermediate. Thesphiotegenerated hot electrons
preferentially activated the CHO intermediate and enhancedp@iduction, while only

a small enhancement was observed for CO produclibis mechanism is further
verified by the lower selectivity towards Gldbserved undeamonresonant, lower energy
blue light (~85%): the lower energy hot electrons had a lower probability of transferring
to the higher energy antionding orbital of the CHO intermediate (~2.0 eV) and a higher
probability of transferring to the lower energsbital of the CO intermediate (~1.0 eV).

We note that due to the rapid decay via eleecti@etron and electrephonon scatterings,

the actual energies of the hot electrons are distributed below the associated photon
energies of UV and blue light. Nevertbgs, our computed relative magnitude of the
LDOS peaks and the energy ordering for the relevant antibonding bands still offer a valid
gualitative interpretation both for overall preference forsQtthder either UV or blue
light) and for the slightly redwd CH, selectivity under blue lightGenerally speaking,

the activation of a specific reaction intermediate using the absorption of specific photon
energies by specific plasmonic metal nanostructwas specify product selectivity

among competing reactigrathways.
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Figure 3.15. Reaction mechanism on a rhodium nanocube. The thermocatalytiton
activates both C&Rh bonds and CHD bonds to produce CO and &Hespectively. Hot
electronsgenerated in the plasm@mhancedeaction selectively activate the@ bonds

of the CHO intermediate and reduce the apparent activation energy to etire@ia
production rate. The black, red, and blue spheres are carbon, oxygen, and hydrogen
atoms, respectively. The red corners of the cube show the intense electric field from the
excitation of localized surface plasmon resonartegsire adapted from re89.

Reaction coordinate

The deduced process of thermocatalytic and plassnbanced C©
hydrogenation on plasmonic Rh photocatalysts is summarizédgimre 3.15. In the
thermocatalytic reactions, phonons activate both CHO and CO intermediates and produce
CHs and CO at comparable rates on the grestade reaction coordinate (black curve in

the bottom part offFigure 3.15). In the plasmorenhancedreactions, hot electrons
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selectively transfer to the artibnding orbitals of CHO intermediates to weaken the
chemical bonds and drive the reaction on a chasige reaction coordinate
characterized by a reded activation energy (red curve in the top parFigfure 3.15).
This scenariois consistent withsimilar schems proposed forother reactionson

plasmonic metal photocatalygfs>8: %8 85106

3.4 Conclusion and outlook

In conclusion, we show how the recently demonstrated plasmonic behatbr of
nanoparticles profoundly improves their already excellent catalytic properties by
simultaneously reducing the activation energy and selectwagiucing a desired but
kinetically unfavorableproduct for the important COhydrogenation reactionCHas is
almost exclusively produced wheRh nanoparticles are mildly illuminated as hot
electrons are injected into the antibonding orbital of a critidakrmediate CO and CHs
are equally produced without illuminatiomhe product selectivity is distinctly different
from plasmonic Au catalyst, where CO is the only product regardless of illumin@ktien.
reduced activation energy and supeear dependare on light intensity cause the
unheatedplasmonrenhanced CHproduction rate to exceed the thermocatalytic rate at
350¢C.

In the future, reeshifting the plasmonic resonance of Rh nanopartielelerinto
visible region, assembling Rh nanoparticlewinolosely packdc | ust er s t o <cr e
s p o, ansl Optimizing the reactant compositiitould achieve even more selective and
efficient photocatalytic CkHproduction from C® hydrogenation evenunder direct or

mildly concentrated unlight. Our findings demonstrate that efficient plasmonic
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photocatalysis requires metals witioth excellent catalyticand plasmonic properties
Although the mechanism analyzed is based on @Wirogenation, theconcept of
selective activation of specifieeaction intermediates to control the product selectivity
can be applied to other plasmonic catalytic systéamsgays that could prove to be

transformative
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Chapter 4 : Observation of High Apparent Quantum
Efficiency and Possible Explanations for Plasmon-
Enhanced Carbon Dioxide Hydrogenation

4.1 Introduction

As discussed in Chapter 3, plasmamhancedcatalysts have been exploited in
several chemical reactions, such as hydrogen dissociation-ctngglng reactions
dehydrogenation, and redox reactions of smallesdes*®>% 102 106ypon excitation of
LSPRs, hot electrons with appropriate energy can transfer to unpopulatédraditig
orbitals of reaction intermediates in trege determining step (RDS}hus weakeninghe
chemical bonds and lowering the activation barrier to enhance chemical transformations.
The hot electronghen transfer back to the metal nanoparticles and dissipate excess
energy as hedf' >3Due to the fastecombination ophotogenerated hot carriers and the
loss of energy, plasmoniatalysts generally suffer from low efficient§?1!! Since hot
electrons activate the surface intermediates involved in the RDSeoficdl reactions,
we use apparent quantum efficiency (AQE), defined as the ratio between the rate of
photainduced RDS and the photon flux, to evaluate the efficiency of plasmioanced
catalysis. Examining previous demonstrations of plaserdranced calgsis, AQEs are
mainly found below 10% with a few reports reaching up to 3698 *Therefore, it is
important to establish design principles of plasmonic photocatalysts to efficiently drive
chemical reactionwith photons.

It is well acknowledged that support materials offer much more than passive

mechanical and thermal stabilizations of the metal nanoparticles in catalytic processes.
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Supports can play a critical role in determining the catalytic activitiesealedtivity by
modifying the Fermi level of metal nanopatrticles, interacting with surface intermediates,
and forming special types of active sites at the mstpport interfacé® In plasmon
enhanced hydrogen dissociation, thivitees of insulating SiQand AbOs supportedAu
nanoparticles were found to be two orders of magnitude higher than the semiconducting
and reducible Ti@ supported catalyst®® The differences were attributed to the
semiconductemetal junction between the TiOsupport and Aunanoparticles that
trapped the phottmduced hot electrons in TigDanabsent feature in insulating Si@nd
Al20s3. Onthe contrary, the rate of reverse wages shift on TiQ and cerium oxide
(CeQ) supportedAu nanoparticles under illumination were more than one order of
magnitude higher than the &); supportectatalyst, probably due to highly active sites at
the inteface of gold and reducible oxid&¥ Hence, in addition to the specified reaction
and choice oplasmonic metals that need to be considénethe design of plasmonic
catalysts, the effects of chemical and charge transport properties of supports worth
carefully examinations.

In Chapter 3, we demonstratpthsmorenhancedCO, hydrogenatioron Al,O3
supported plasmonic Rhanostructures, and the product selectivity can be controlled by
light. lllumination of UV or blue lighthot only enhanced the conversion of £0®ut also
altered the product selectivity froraquation production ofCHs and CO in dark
conditions to highly selective CHoroduction®® In this project the AQE ofplasmon
enhancedCO; hydrogenation at 35€ reaches ~350%nd ~300% under 0.95 W ¢m

UV light and blue illumination, respectively, by replacing@d with TiO> support and
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changing the morphology of Rh nanostructuBasdirectly measuring the temperature of
catalyst bed under illuminationthis high AQE can be partially attributed to he

photothermakffects that induce a temperature gradient vertically along the catalyst bed.

4.2 Experimental methods
4.2.1 Preparation of plasmonic Rh catalysts

Rh nanospheres and nanocubes are synthesized by polyol methodRh For

nanosphere5 mgPVP (M.W. U 55,000, Aldrich) was dissolved in@ml| EG (J. T.

Baker)in a 20 mlglass vial andstirred in an oil bathat 160 € for 30 min 12 mg
RhCk-xH20 (40% Rh, Pressur€hemica) was separately dissolved in 0.4 ml EG and
quickly injected into the hot solutido initiate nanopatrticle growth.hHe reaction mixture
was stirred for another 30 min and tlemoled to room temperature

The Rh nanocubes were synthesized Inyaaified slow-injection polyol method
discussed in Chapter 84 mgKBr (ACS, Acros) was dis$eed in 2 mIEGin a 20 mL
glass vial andtirredin an oil bathat 160€C for 1 h. 12 mg RhGIxH20 and 25 mdPVP
were dissolved in 2 nEG separately and injected into tha& reaction mixture by a two
channel syinge pump at a ratef 1 ml h'. The injetion was paused for 15 min after
adding 20 lof the Rh precursor. Aftetompleteinjection of the precursor, the reaction
mixture was stirred for another 30 min and tlkenled to room temperature.

The solution of Rh nanopatrticlegas washed with denized water/acetone for
four times until no Cland Br was detected in the supernatafite nanoparticles were
dispersed in 20 ndthanoland impregnated on ~9Bg oxide supports to achieve ~5 wt%

Rh loading. The oxide supports wekOs (Degussa, Alu Oxie C specific surface area
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85~115 M g?), TiO. (DegussaP25, specific surface area 3566 g?), SiO. (Sigma,
S5130, specific surface area 370~480g?), and CE®, (Nanostructured & Amorphous
Materials, Inc,. 99.9%, specific surface area 30~%0 g'). The supports were activated
in air at 500C for 5 h before impregnation. Upon evaporation of the solvent €70
with stirring, the obtained solid was dried in a vacuum oven & 80r 5 h, groundnto

powder,and calcined in air at 40D for 2 hto remove organic residues

4.2.2 Catalytic reaction measurements

The catalytic reaction was carried out on a custaunit gaseous reaction system
as discussed in Chapter Bhe system consists of a gas delivery system, ddtk
stainlesssteel reactor equged with a quartz window and a programmable temperature
controller, LED light sources, and an online mass spectrometer. 10~30 mg of Rh catalysts
were baded in the catalyst cup held by a stainktesl mesho fill a 4-mm height and 6
mm diameter catalystup and ensure complete absorption of light for the catalytic
measurementsdz (UHP), CO, (Research grade) and AUHP) were obtained from
Airgas. TheRh catalysts were first reduced under®0min™® H, and D ml min?! Ar at
350€C for 2 h and therthe @gas flow was switched to a mixtu@0O,, Hz, and Ar with
desired ratio and a total flow rate of 200 or 250nmm™. The detection limit of the mass
spectrometer is ~0.001% conversion of XCBor each temperature and light intensity
condition, at least 15 mielapsed before reaching steady state and seven sequential
measurements were made to determine the st&atly concentration of each gas and the

associated reaction rates and uncertainties
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4.2.3 Direct measurements of catalyst temperature

To directly mesure the temperature of the catalyst bed and assess the
contribution from photothermal effect, the reaction setup was modified to accommodate
external thermocouplg$igure4.1). Two external thermocouples weireserted through
the gas outlet linand stuck vertically into the catalyst cup. A piece of inert quartz wool
instead of a metal mesh was placed at the bottom of the catalyst cup to hold the catalyst
and allow the thermocouples to penetrate. The tip of one thermocouph tessame
level as the bottom surface of the catalyst bed and the other one was just covered by the
top surface of catalyst. Therefore, temperatures measured by these two thermocouples
represent the temperature of the {(®p) and bottom surfacérl2) of the catalyst bed in
dark and under light illumination, which could be used to estimate the temperature
gradient along the catalyst bed. The internal thermocouple was embedded in the heating
block of the reaction chamber, which served as the temperatutefanghe temperature
controller.

A uniform vertical temperature gradient can be assumed along the catalyst bed
and an equivalent temperature;)(€an be calculated using the Arrhenius equation with

the activation energy:

—Eq 1 I —Eq
eRTe = —J e RT dT

;-1 T; 1

The obtained ¥can be used to calculate the reaction rate enhancement by light from the

photothermal effect.
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Figure 4.1. Top view and side view of experimental setup for measuring the top and
bottom surfacéemperature of catalyst b@tthe catalyst cup of reactor

4.2.4 Material characterization

TEM images were collected by a FEI Tecnai Tvin operating at 200 kV. The
TEM samples were prepared by dispersing the catalysts in ethanol with sonication and
depositing on a copper grid coated with a carbon film (Ted Pella, 01813). Diffuse
reflectance ultravioletisible extinction spectra were obtained on an Agilent Cary 5000
equipped with an external diffuse reflectance accessory (P509). The composition of
the photocatalysts was measured by a Kratos Analytical Axis UlRayXPhotoelectron

Spectrometer (XPS).
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4.3 Results and discussion

4.3.1 Effects of catalyst support and morphology of Rh nanoparticles

The influences of catalyst support on plasreoihancedatalysis are investigated
using plasmonic Rh nanocub@s$Cs) as the model catalyst. The oxide supports under
investigation are semiconducting and reducible>Ta@d Ce@, and insulating and nen
reducible AbOz and SiQ. Monodispersed Rh NECwith edge lenty of 34.4 nm were
synthesized by a modified slemjection method as discussed in ChapterFxggre
4.2a)%° The supported Rh NC catalysts were prepared by an impregnation method with a
Rh loading of ~5 wt% and denoted as-&bxides.Figure4.2b shows the TEM imagof

Rh-c/TiO; catalyst. The higisurfacearea TiQ support (P25) is an agglomerate of TiO

nanoparticles with diameters ~15 nm, on which the plasmonic Rh NCs supported.

Figure 4.2. TEM images of asyntheized 34 nm Rh NCs (a) and TLi€upported RINC
catalyst (b, Rk/TiOy).
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UV-vis spectra show that these RICs have a resonant absorption peak at 331
nm (3.75 eV) and its tail extends into the visible region in an ethanol susperigjore (
4.3). The plasmonic resonancesi®f NCs blueshifted upon impregnation on the oxide
supportsdue to the change of surrounding media as revealed by diffflsetance UV
vis spectra, but still overlapped with the emission spectra of our UVr({8§5and blue
(460 nm) LEDlight source. Since the semiconducting Ti@nd CeQ supports also
absorb light at wavelength shorter than 408, the peaks of the Rh NMCcannot be
distinguished in the Rb/TiO2 and Rhc/CeQ catalysts.

The catalytic activitis of oxide supported RNCs were masured in our fixed
bed photoreactoas described in Chapter & mixture of CQ, Hz, andAr with a molar
ratio of 1:3:1 was introduced into the reaction chamber, and the effluent was analyzed
with an online mass spectreter to quantify the reaction rates. TRb weight loading
andCH, production rates in dark, under 2.8 W€tV light, and under 4.9 W crhblue
light at 350€C of different oxide supported RNCs are summarized ifiable 4.1. A
significant support effect is observed for both the thermocatalytic and plasni@mced
reactions.By replacing norreducible AbOz with reducible TiQ, the thermal reaction
rate shows a sevdnld increase. The thermocatalytic actiggiof supported Rhatalysts
follow the order ofRh-c/TiO2 > Rhc/CeQ > Rhc/ Al20s > Rhc/SiO;, which is
consistent with previous reports of oxide supported Rh catalysté’As discussed in
Chapter 3, the dissociation of @Blinto CH and O was identified to be the RDS ofCO
hydrogenation on Rh catalysts, followed by fast hydrogenation of CH to produc® CH

116,119, 12424 The rate enhancement by replacing@lwith TiO, can be attbuted to the
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interactions between reduced®Ticenters on Ti@ support and O in the GO

intermediate, which facilitates the bond breakifig.
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Figure 4.3. UV-vis absorption spectra of R#Cs in ethanol suspension (red), supported
on AlOs (a), TiG: (b), CeQ (c), and SiQ (d, black) and the pure supports (bluEhe
spectra of Rh NC suspension, catalysts, and the pure 8m@ CeQ support are
normalized to the maximum absorbance. The spectra of pp@s &hd SiQ supports are
normalized to the same absorbance as pure JupPport at 800 nm. The absorbance of
supported Rh catalysts are measured in diffeflectance mode with an integrating
sphere.
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Table 4.1. The composition of oxide supported Ratalysts andhe reactionate in dark
and under illumination witla mixture40 ml mint COz, 120ml min* Hz, and 40ml min?
Ar. The reaction temperature is 3%D.

Rh loading CH, production rate (umol g-' s) Maximum AQE (and
(Wt%) Thermal 2.8 Wcm2UV 4.9 W cm2blue condition)
Rh-s/TiO,2 6.0 40.4 150.0° 156.0° 349.0% (0.95 W cm2 UV)
Rh-c/TiO, 4.6 4.0 20.5 62.9 34.0% (4.9 W cm2 blue)
Rh-c/CeO, 5.6 1.6 11.3 40.6 10.3% (4.9 W cm2 blue)
Rh-c/Al,O4 4.0 0.6 3.8 20.2 4.2% (4.9 W cm2 blue)
Rh-c/SiO, 4.5 0.5 2.1 8.9 1.8% (4.9 W cm2 blue)

a Reactant is a mixture &0 ml min-1 CO2, 150ml min-1 H2, and 50mI min-1 Ar. b
Reaction ratelimited by reacant transport (conversion of CO2 > 15%).

Under illumination of UV or blue light, significant enhancements on the CH
production rates were observed for all the examined Rh catalysts, and a rate increase up
to a factor of 34 was seen on-RII>Os. Controlexperiments on pure Ce(QAl>Os, and
SiO; supports did not yield any detectable products under both dark and light conditions,
while TiO> showed a small response to UV light with CO as tmy product
(<0.01e mo t shgThese results prove that theities for CH: production are from
the Rh nanostructures. The reaction mechanism implies that the rate: prdgidction
from CHO dissociationalso represents the rate of RDS. Therefore, the AQE can be
calculated as the ratio between the pkotiuced CH production rate and the photon
flux. Despite the lower magnitude of rate enhancement by light eo/ RO, (16-fold
under 4.9 W cni blue light) than that on R&AI.Os, the AQE on Rkc/TiO: reaches
34%, compared to the 4.2% AQE on-BWI.Os. Furthermoe, the selectivity towards

CHas of Rh-c/TiOz is >90% in dark and >95% under illumination, with CO as the only by
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product. This improvement oAQE by switching from A$Os to TiO2 confirms the
importance of support materials in plasrerhanced catalysis. Tlemhanced activities
of Rh NCs on reducible Ti@and CeQ than on insulating A3 and SiQ suggest that
the chemical properties of support materials are more important than the charge transport
properties in this reaction.

Rh spheres with 6.0 nm diametenpported on Ti® (Rh-s/TiO,, Figure 4.4a)
were further prepared to investigate the effects of nanostructure morphology on the
activities in plasmofenhanced Cg&hydrogenation. The plasmonic resonance of small Rh
spheres blushifts into the deep UV region and the peak cannot be observed in the UV
vis spectra. However, its relatively broad absorption feature also extends into the near

UV and visible regionsHigure4.4b) and responds well to our UV and ®ILEDs.
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Figure 4.4. (a) TEM image of R¥s/TiO, catalyst after calcination in air at 380. Scale
bar: 50 nm. (b) UWis absorption spectra of RiTIO. (blue) and TiQ (black) measured
by an integratingphere and Rh spheres measured in an ethanol suspension (red).
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By shrinking the size of the Rh nanostructures, the higher portion of exposed
surface Rh atoms and legoordinated edge and corner sites inrdRhiO, enabled a ten
fold increase in thermal reti@n rates. More importantly, the reaction rates for Rh sphere
catalysts are enhanced much more efficiently with light compared to that of the Rh NC
catalysts. The AQE of R&/TIO, at 350C reaches 349% and 293% under illumination
of 0.95 W cn? UV and ble light, respectivelyTiable4.1). In fact, the reactions under
the highest intensity UV and blue light suffer from strong readtansport limitation
(conversion of C@ > 15%), which will be discussed in the next section. Tighly
efficient plasmorenhanced reaction can be partially attributed to the increased number of
active sites on small Rh spheres. A high number of active sites can form more critical
CHO intermediates on the surface, thus leading to more empty stadesefot photo
generated hot electrons and increase the efficidBgycarefully tuning the support and
the morphology of plasmonic catalysts to generate highly active sites and facilitate charge
transfers, the AQE of plasmeamnhanced catalysis can be sigrahtly increased.

The change of support material and morphology of Rh nanostructures also affect
the product selectivity of C£hydrogenation. Under both light and dark conditions, the
selectivity towards CHlis higher than 98% on the R¥TIO, catalyst Figure4.5a) with
CO as themain by-product.Trace amount of ethylene and methanol (selectivity smaller
than 0.02%) is also observed. However, on thecRlivOs catalyst, selectivity towards
CHas for the thermal reaction is only 5%. This difference could be due to the higher
portion of edge and corner sites on small Rh spheres, which may be more selective for

CHas production.
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Figure 4.5. Selectivity towards CHin dark (black squas} and under 2.8/ cnm? UV
(red circles) and blue (blue triangles) illumination as a function of reaction temperature
on TiO; supported Rh spheres (a) and@d supported Rh cubes (b).

4.3.2 Intensity-dependent reaction rates

The dependence of reactiortas and AQE, plotted itogarithmic scale, on the
intensity of UV and blue light at different temperatures is illustrateéignre 4.6. With
increasing intensis of both UV and blue light, a superlinear dependence of reaction
rates(Rpnoto $ 1", N > 1) was observed at all temperatures, which is a signature of hot
electronmediated chemical reactiops>> 8% 0’Dye to the high conversion of reactants
and the associated transport limitation, thectiea rates level off with further increases

of light intensity.
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Figure 4.6. Intensitydependent reaction rates under UV (a) and blue illumination (b) at
150 (black squares), 250 (cyan circles), 300 (hiperiangles) and 358C (red down
triangles). Intensitdependent apparent quantum efficiency under UV (c) and blue
illumination (d) at different temperature. The reactant feedstock is 50 mt @,
150ml mint Hz, and 50 ml mirt Ar.

The light inteasity at which the plateau begins decreases with increasing reaction

temperature. For instance, under both UV and blue illumination, plateaus of rates start at
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~2 W cm? at 300C and ~1 W crif at 350C . At temperatures of 150 and 28D,
plateaus of rate begin at ~4.5 and 3.5 W &wunder blue illumination, respectively,
while absent under UV illumination up to 2.9 W @niThe reactions level off at slightly
higher rates with increase of reaction temperature and independent of light wavelength,
further supporting that it is limited by the reactant transport.

The AQEs of the plasmeanhanced reaction initially increase with increasing
light intensity, resulted from the compelling superlinear relationship between reaction
rate and light intensity. Due todtplateaus of reaction rates, the AQE drops at high light
intensity since more photons cannot further accelerate the reaction. The AQE also
increases with increasing reaction temperature, indicating the collaborative relationship
between light and heat plasmorenhanced catalysis. With the synergetic effects of light
and heat, a maximum AQE of 349% was achieved at@5Qnder 0.95 W cm UV
illumination. The AQE under blue light arslightly smaller than that undé&tV light at
the same reaction temparet and light intensity

Although the TiQ support can also absorb UV ligHit®*the major contribution
of the photeinduced reactions should not result from the bandgap excitation of TiO
First, the supelinear relationship between the reaction rate and light intensity in this
study is distinctly different from the typical slibear relationship of semiconductor
photocatalysts*>> 7 Second, the AQEs under blue ligire only slightly smaller than
that under UV light at the same intensity. If the catalytic activities 66D, under
light results from the light absorption by TiCthe activities under blue light (2.7 eV)

should be much smaller than that under U\htigue to the inadequate energy for the
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bandgap excitation of TiD(3.2 eVP% Third, the activities of plasmonic Rh NCs
supported on optically inert AD:; and SiQ also suggest the active role of Rh
nanostructures in the light absorption process. The photocatalytic activities of previously
reported CQ@ hydrogenation on Ti@supported oxidize@®h under a mercury lamp were
attributed to the bandgap excitation of Fi®ut the main product was C@:1%2

Therefore, the high AQE observed on Rie-s/TiO, catalyst cannot be attributed to the

photocatalytic ativities of TiO, suppot.

4.3.3 Reaction order of thermo- and photo-reactions

To investigate the role of lighh plasmorenhanced catalysiseaction orders on
CO; and B were measured under dark and light conditions. A thin layer e$/R,
catalyst(~0.6 mm) was used in the measurements to minimize the temperature difference
between top and bottom parts of the catalyst bed and the reaction conditions were tuned
to have similar conversion of reactants in dark and under illumination. The results are
plotted in doublelogarithmic scales Figure 4.7a, b) and fitted with the following

eqguation to extract the reaction order:

R = kpcoz*pu2” 2

wherepco2 and pH2 are the partial pressure of g@nd H, andx andy are the reaction

order of CQ and H, respectively.
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Figure 4.7. Reaction rate as a function of (@) and H partial pressure (b) in dark at
200 (black squares) and 350 € (red up triangles) and u8d@&W cn?¥ blue illumination
at 200 € (blue circles) on the RE/TIO; catalyst. Reaction rate as a function of2G€)
and H partial pressure (d) in dark at 300 (black squares) andC3®lue up triangles)
and under 2.84 and 2.37 W Znblue illumingion at 300 (red circles) and 350 €
(magenta down triangles) on the-BWI>O3 catalyst.

It shows that the reaction rates under both light on and off conditions are almost
insensitive to the partial pressure of £By contrast, the reaction rates shawstrong
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dependence on the partial pressure pflte reaction orders onzkre 0.48 for the dark
reaction at 35 and-1.74 for the reaction under 3.2 W @rblue light at 20QC . It is
obviousthat AQE highly depends on the composition of gas feedstdbhbls positive
dependence of thermal reaction and negative dependence ofrgaction on the partial
pressure of Hwere also observed on tRd-c/Al O3 catalyst Figure4.7c, d), suggesting
that this trend is not suppeandmorphologyspecific.

To reveal possible mechanism for the change of reaction ordes oy light, we
derived the rate equation based on the elementary steps and RD$ lojdeayenation.
Since CO and H were identified to thee dominant surface intermetia on Rh catalysts
under reaction conditiohy in-situ IR measuremenf$? ?4only the surface coverage of
CO and H intermediates were considered in the rate equiimoe AQE depends on the
composition of reagant feedstock, we first assume that the enhancement to the rate
constant of RDS by light does not depend on the reactant feedBhecklementary steps
through the CHO dissociation mechanism is shown as following:

COyqg +2* == CO* + O*
Hygt2* =—2H"

CO*+ H* =—==CHO*+*
CHO* +* =—=CH" + O"
O*+H* == QOH*+*
OH*+ H* ——= H,0y, + 2 *
CH* % H"=—= GHy"+*
CH,* + H* == CH,* +*
CH3* + H* —— CH g+ 2~

© & N 9 D = N A
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Since CHO dissociation (step 4) héagen found to be the RDS, the rate equation can be

written as:

R (K1 K3Kskak/2)!/2 Ky

> Peog ™ 2Py

1/2
1+ K, /2Py, % + (K1K21/2K5k6/2K3k4) Pcozl/ZPH21/4] 3

whereK; andkj represent the equilibrium constant and the rate constant of atefy,
respectively. In this case, the most negative possible reaction oréeri®r0.25, which

can be as negative as the obsenkd@4 for the photoreactiort is possible that light
changsthe RDSto different steps, thus affecting the reaction order. With the assumption
of CHO formation (step) as the RDS, the rate equatiarbeanritten as:

. (K1Ksksks/2)'/2 Ky

172 2 Pcozl/ZPH23/4

1+ Kzl/zpml/2 + (K1K21/2K5k6/2k3) Pcozl/ZPH21/4]

4
The most negative possible reaction order emnHhis case is stil0.25.Since the order

of CO hydrogenation and-O bond breaking is still under debate, we also derived rate
equations with other possibteaction mechanisms. The elementary steps througioa C

dissociation mechanism is:

COy + 2 * —= CO* + O*
Hyg+ 2* —= 2 H*

CO* + * —=C* + O*
C*+H* —= CH*+*
O* + H* —= OH* +*

OH* + H* —— H,0(+ 2 *
CH* + H* =—= CH," +*
CH,* + H* = CH,* +*
CHy* + H* —— CHyg+ 2 *

0 o NG o ok e
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With C-O dissociation (step 3) as the RDS, the rate equation is:

R

_ (K1KKskske/2)'/? p. 1/2p 1/2
1/2p 1/2 1/2 1/2p 1/212 €02 H2
[1 + Ky “Pup ' + (K1 KyKske/2k3)Y /2 Peoa ™' “ Py ] 5

The most negative possible reaction order op il this case is-0.5. With C
hydrogenation (step 4) as the RDS, the rate equation is:

(KiK3Ks kake®) 2K,/
R = 2 P6021/3PH25/6

1/3 2/3
[1 + Kzl/ZPHzl/2 ¥ (K12K5k6/2K3k4) K21/6P002 PH21/6]

6
The most negative possible reaction order enrHthis case is0.17. The elementary

steps through a GI@ dissociation mechanism is:

1. COyq + 2 * —= CO* + O*
2. Hygy+2* =—=2H*

3. CO*+H* —= CHO* +*
4. CHO* + H* <= CH,O" +*
5. O*+H* = OH* +*

6. OH* + H* — H,0+ 2 *
7. CH,O* +* CH,* + O*
8. CH,* + H* =—= CH,* +*

9. CHg* + H* ——= CH,q+ 2 *

With CH.O dissociation (step As the RDS, the rate equation is:

R = (K1K3K4K5k6k7)1/2K2 Pcozl/ZPH:z
2
[1+ Ko"?Pyp " + (KyKske/2K3Kak7)1/2Ppop 7

The most negative possible reaction order emHiis case is 0.
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Based on the analysis above, the assumption that the enhancement to the rate
constant of RDS by light does not depend on risectant feedstock cannot result in
reaction order on Has negative asl.74. Other effects should be involved in this process

and lead to the observed reaction order an H

4.3.4 Possible explanation of the observed high AQE and negative
reaction order on H>

Due to the fast recombination of hot electrons and holes in metal nanoparticles,
the efficiency of hoelectrondriven processes, including charge transfer between
plasmonic metal nanoparticles and adjunct semiconductor and plesthanced
catalysis is generally lowAlthough the efficiency of hot electrons from plasmonic Au
nanoparticles transferring to nearby strongly coupksdinium selenidéCdSe) nanorods
could reach 24% through a direct interfacial pro¢ésis,is still hard to explairthe AQE
of ~350% for plasmo®nhanced Cohydrogenation observed here. It was also proposed
that the excess energy of hot electrons afiter round of reaction may-gmit as photons
to be absorbed again and increase the AQHis mechanism, however, may not explain
the dependence of the efficiency on the composition of gas feedstock.

In plasmorenhanced catalysis, reaction rate enhancement from theipdatzed
hot electron transfer is sometimes difficto discriminate fronthe photothermal effect.

It was reported that light can locally heat the exposed top surface of an aqueous
dispersion of plasmonidu nanoparticles and create a temperature gradient towards the
colder unilluminated parf* The reaction temperature in our expents was measured

by a thermocouple embedded in the heating block of the reaction chamber, which may
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not respond to local heating of the top surface of catalyst bed exposed to light. To probe
the possible temperature gradient in the catalyst bed, wefietbthe reactor and used

two external thermocouples to measure the temperatures of top and bottom surface of
catalyst bedRigure4.1).

A thin layer of RRs/TiO catalyst was loaded into the catalyst cup on a piece of
guartz woolas the holder. The tip of one thermocouple was right below the top surface of
catalst bed and the other one was touching the bottom surface, measuring the
temperature of top @) and bottom surface ¢Y of the catalyst bed. The temperature
measured by # internal thermocouple in the reaction chamber is denoted. ahg
equivalent reaction temperature;based on the{J T> and the activation energy of GO
hydrogenation (B was calculated using

—Eq 1 2 -E4
eRTe = —j e RT dT

I;—-Th Ty 1

Preliminary measuremé&nof top and bottom surface temperature of esRIO,
catalyst bedvith flowing 40 ml mint Ar and 60 ml mirt H2 andunder different setting
temperature and light intensity are showrFigure4.8. Because the heating blockas
the bottom of the catalyst cup and the cool reactant gases go through the catalyst bed
from top to bottom, the temperature of top surface is lower than that of the bottom
surface, which are both lower than the internal temperature of heating blockkin da
conditions.With the increase of light intensity, both top and bottom surface temperature
of catalyst bed increase and the top surface temyera@creases faster due to top

illumination configuration of the reactor. It is worth noting that the dimactof
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temperature gradient is reversed at high light intensity compared to that in dark
conditions.With a setting temperature of 2@ (equal to the temperature measured by

the internal thermocouple), the top and bottom surface temperature in darkA®eaad

180 €T , respectively. Under 4.74 W chblue illumination, the top and bottom surface
temperature were 297 and 2£3, respectively.These results confirm that there is a
difference between the top and bottom surface temperature of catalyst beHeand
temperature measured by the internal thermocooipthe reaction chambeFherefore,
photothermal heating of catalyst bed, which was not compensated by the temperature

controller of our system, indeed contributed to the rate enhancement by light.

Figure 4.8. (a) Temperature measured by external thermocouples as a function of
temperature measured by the internal thermocouple in dark (black squares) and under
1.18 (red circles) and 4.74 W dr(blue tiangles) blue illumination. Solid and open
symbols are top and bottom surface temperatures, respectively. The dotted line is where
the temperature of internal thermocouple equals to that of external thermocouples. (b)
Temperature measured by external thmrouples as a function of blue light intensity

with temperature measured by the internal thermocouple set at 200 (black squares) and
350 € (red circles).
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