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Abstract

The chemistry of nanostructure has increasingly drawn attention as a compelling branch of
semiconductor research. Billiomd dollars are annually spent to intentionally incorpordagants
into nanomaterials to enhance their functional properties for specific technological applications.
Understanding the role of native defects and their interaction with the extrinsic de&etie key to
controling the behavior of the nanoscale substance.

Deliberate incorporation of impurities intewide band gap metal oxidesnd their structural
transformation provide numerous opportunities to manipulate their optical and electricaligsopert
The first part of this thesis explores the effect of europium dopant on optical and phase transformation
in In20s. The coexistence of multiple luminescent centerg{&nd Ed) in corundum and bixbyite
type colloidal InOs; nanocrystals achieved byadjusting the nanocrystal synthesis conditjoiss
demonstrated. Thdifferent electronic structure of these polymorphs enables the control of the optical
and electrical propertieda structural transformatiorhe luminescent impuritieshow dramatically
different emission properties in the two nanocrystal phases since they are influenced by the
interaction with native defectsConcentration of oxygen vacanci@s In,Os; nanocrystals are
controlled by europium dopant oxidation state and concentration tremdanocrystal size and

structure.

The hydrothermal synthesis of ternary gallium tin oxideanocrystals throughout the full
composition range is illustrated in the next part. Their photoluminescence tunability through the
visible region is achieved by agjting Ga:Sn ratio. Substitutional incorporation off'Ga SnQ
enhances the photoluminescence intensity of ;SmDocrystals by approximately three orders of
magnitude, reaching photoluminescence quantum yield of > 40%. The etftpraogum yield is
attributed to the formation of don@cceptor pairsBand gap widening and stronger Coulomb
interaction between charged defect sites explain the increase in emission energwsolred and
steadystate photoluminescence spectroscopies reveal that the ptime dopant ion controls the
interaction of extrinsic and native defects. Nanocrystals with optimized sctaqgiotopic ratio and
high quantum vyield (~ 34%) were synthesized by adjusting various reaction conditions. This

demonstrates the potentialtbbEse nanoparticles as light sources for general lighting applications.

Heterogeneous photocatalysis has emerged as an efficient and sustainable method for wastewater

treatment and other environmental remediation, and forms the basis for water spiittiaglato-
v



fuel conversion. Nanocrystalline metal oxides are of particular interest due to their efficiency,
stability, and benign nature. The influence of the crystal structure and defects on the photocatalytic
activity of these polymorphic materials rams unclear. The third part of the thesis investigates the
impact of structure on the photocatalytic activity obGg@nanocrystals. High photocatalytic activity

of metastable cubiphaseaGa0s significantly reduces upon thermallyduced transformatiomo
monoclinicb-GaOs. Steadystate and timeesolved photoluminescence measurements reveal that the
reduction in photocatalytic activity upon annealing originates from a decrease in oxygen vacancy
concentrationLonglived excited states inrGaOs; nanoceystals leads to a decreased rate of charge
recombination and hence, enhanced interfacial charge transfer. The rdle(fahd / ® in
photocatalytic degradation of organic dyms GaOs is revaled by using various scavengers. The
results of this wik illustrate how manipulation of the location and electronic structure of defect sites
in nanostructures can effectively trap charge carriers in diefdgted states and stimulate high

photocatalytic activity, without decreasing surface/olume ratio.

Finally, the synthesis of gallium tin oxide terna(TO) photacatalyst by coprecipitation method
is reportedand the role of dopant in altering the electronic structure of the catedyistgestigated.
Higher photocatalytiperformance of GTManocrysta for photodegradation of an organic dye was
observed, compared tmmmercial catalyst, P25tructural and spectroscopic ansdyare performed
to show thatan increase inthe surface area is not the ealeason for the higlactivity of GTO
catalysts.The incorporation of G& in SnQ crystal structurewidensthe band gap absorption,
resulting inphotoactivity ofconduction bandlectrons. Thesuppression otharge recombination,
high surface area, and suitabdand alignmenffor redox reactionsare resposible for the high
efficiency of the GTO photocatalyst§&eneration of electrons, holes, hydroxyl and superoxide

radicalsduring thedegradation proce$s confirmed by using different scavengers

A thorough understanding the role of defect chemistry isquired taalter theelectronic structure
of nanoscaldransparent metal oxiddsr specific applications. The results of this work demonstrate
how extrinsic defectscan induce luminescent centers in nanocrystals, leading to the design of
efficient light sources with optiiged characteristics.In addition, systematic control ofthe
concentration of intrinsic and extrinsic defects enables manipulaticimaofe recombination kinetics
for environmental remediatignurposesThis work targets a deeper undarsling ofthe concept of
rational modification of electronic structure ofanomaterials to pave the wiyr the architecture of

diversemultifunctionalmaterials
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Chapter 1

Introduction?

1.1 Transparent Metal Oxides

A vast varety of electronic and chemical properties of transparent metal oxides (TMOs) makes
them scientifically compelling and technologically fascinating materials. They are chemically stable,
and often show comparatively high conductivity as well as being treergpta visible light owing to
awide band gap.The great diversity of binary oxides; such as $1®0s;, Ga0s, ZnO and TiQ
span a wide range of electrical and photonic properties and applications from sensors, catalysts to
optical window coatings and solar cell$.An interesting characteristic of transparent conducting
oxides (TCOs) is@mbining transparency in visible range and high reflectivity in infrared, resulting
in their application in ahitectural windows which allowor visible light transmission into the
buildingswhile reflecting heat. Polymorphic TCOsJeadrawn a fair amounof research interest as
they exhibit structie dependent properties, motivating scientists to conduct studies on phase

transformation mechanispts further expand their functionaliti:°

A high degree of controbver the properties of nanomaterials is always desgezhhance their
functional propertiesNativecrystallographic defectsave been substantialigvestigatedgiving rise
to modulationof electronic structurandenhancementf intrinsic properties$! Doped systems play a
key rolein exploringnew avenues by extrinsity improving specificpropertiesof nanostructures.
The intentdbnal incorporation ofmpurities into the host lattice leads to alteration of the physical
properties.The stabilization of an otherwise unstable host lattice crystal phase can be achieved by
incorporation of a dopant.In addition, theeffect of doping on optical, electronic, and magnetic
propertiess a potential motivation for expanding theplicationof the TCO nanosuctures

The basis of a transparent conductor is a band gap which absorbs insignificantly over most or all
the visible range. Most TCQghickness of 0.4L . 0 deem$mMonstrate a high aver a

80%) in the visible spectrum, originating fronbband gap of 3 eV or larger, and possess high carrier

I This thesis has components which were prevjopsblished in the followingwo papers:

Reprinted (adapted) with permission fromChegm. Commun. 2016, 52, 43534356 DOI:
10.1039/c6cc01122e http://pubs.rsc.org/en/content/articlelanding/2016/cc/c6cc01122e#!divAhstract
Copyright (208) The Royal Socig of Chemistry

Reprinted (adapted) with permission fromJ.( Phys. Chem. C 2017, 121, 94339441 DOI:
10.1021/acs.jpcc.7b0227 bttp://pubs.acs.org/doi/abs/10.1021/acs.jpcc. 7b0R2ZBpyright (2017) American
Chemical Society.
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concentration (18- 107 cnv®).22 Generally, the low formation energy of cation interstitials or oxygen
vacancies leads to-type conductivity in TCOsThe enhancement of electrical conductivity is
possible by incorporation of dopants. However, some dopants, such as transition metals may lead to
optical absorptiorin the visible spectrum. High mobility carriers must be seriously considered at the
starting point of designing a good transparent condudimen asmall number of highly mobile
carriers deliver significant conductivity while minimizing the optical absorption. Conduction bands
(CB) composed of s orbitals give rise to carriers with high mobitibntrary to d bands. 4s, 5s, or 6s
orbitals often form the CB in oxides which introduce them as suitable TCO candidates. Given that the
band gap is typically small when CB is comprised of 6s orbitals, high transparency in the visible
region is not usuall achievable. Both PhOand ThOs are reported to be black compounds. In
contrast, Gg0; and Sn@ which CB is made of 4s and 5s bands, respectively, exhibit good TCO
behaviort*

On the other handhe development of-fype TCO materials with aeductivitiesas high asheir n-
type counterparts is a significant research challe@yggen 2p orbitals predominantly compose the
valence bandVB) of most oxides. Only limited success was achieved in produetggepTCO due
to low hole mobility in p bads. Contrary to high carrier mobilities in-type TCOs which
occasionally excee®0 cnfV-1s! ptype mobilities higher than 5 éwls! are not frequently
reportedt*1°

In20;, GaOs and Sn@are among the most technologically used TCOs that are spegitadlied

in this thesis. Their structural and optical properties are briefly discussed in the following sections.
1.2 Structural and Optical Properties of Oxides

1.2.1 Indium Oxide

Indium oxide isone of the mosfascinatingTCOs due tdts functionality and variais applications
in optoelectronic devices such fiat panel displayssensorsand photovoltaic cell¥'’ The interest
in InoO3 partially originates from itshigh carrier mobility(10-75 cnfV-1st) andhigh carrier density
(~ 10°°-10° cm®).81318|t has ahigh transparency in the visible region duétsaelatively large band
gap (~ 3.75 eVand exhibita-type conductivity, stemming fronexygen vacancie¥°1t crystalizes
in two distinct phasesthe thermodynamicallystable cubic phasé¢cIn.Os; Figure 1.1a) having

bixbyite crystal structurend the metastable rhombohedpdlase(rh-In,Os; Figure 1.1b) having
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corundum crystal structee The phase transformation mechanism and gtractural relation®f the
two polymorphshave beermxtensivelystudied, leading toeeper understandirand developmeraf
functional propertie$8°

The wbic bixbyite InOs crystal structurean be obtained from the fluorite structure by eliminating
a quarter of the anions as well as slightly offsetting the remaining anion sites. Conseduematlste
two discretesites for In®" in bceIn20s, known as band dsites A quarter ofin®* cationsare located
in b-sites adoptingCsi (or Ss) point group symmetry (trigonally compressed octahedral coordination).
Threequatersof In®" nestin highly distorted octahedraktsites. In contrat, oxygen ionscompose
hexagonal close packed structurehe nmetastableh-In.Os, while the cationdill up twothirds of the

six-coordinateC, sites!?16

(b)

Figure 1.1. Crystal structure of (a) stable cubic@ and (b) metastable rhombohedralOa The
white and red spheres indicaté*land & ions, respectively. The green and blue octahedra illustrate
b-site and esite inbccIn.Os, respectively.

Since the synthesis of metastabteln,Os; from bixbyite phase by employing high temperature
(1 2 5 0 and Gigh pressurés.5 GPa)by Shannon in 1968, many other synthetic methods have
been established to stabilize tberundumcrystal structure under andnit pressure and relatively
lower temperature¥'?®> Knowing that nanocrystal @) size is inversely proportional to surface
stress, stabilizing a high energy phase below a critical size is achievable. The large surface to volume
ratio in nanomaterials results in high surface energy and surface stress, leading to stabilization of

metastable phases below the critical size. More recently, a comprehensive studynoectiaisms
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and kineticsof phase transformatioof colloidal indium oxiderevealed the correlation between the
size and structure of NCs, resulting in stabilization of ssiabrh-In,.OsNCs ( O7%5°Then) .
significance of control over crystal struoes to broaden the functionality of materialevient.As

an example, the stronger emissiorrhAn.Os, relative tobccIn20s, was attributed to higher density

of defects in metastabtl-In,03 NCs#242°

Developing the proficiencin controling, indudng and manipulatinglefectstructurein TCOs is
of paamount importancaince it leads t@xpanding theiphotonic properties.In,Os is a suitable
model systemdue tothe existence of itgolymorphc structue andpresence of twalistinct sites in
bceIn,O; (b- and dsiteg. Doping In20s NCs provides an opportunity tenake adirect comparison
betweerrh-In,O3; andbccIn:O3; NCsto understand thanpactof dopants on the optical properties of
In20s NCs. Such aarelation is crucial forrational preparation oT COs with the desired size,
structure, and compositipfeadingto manipulation othe structurdunction relationshiplndium tin
oxide (ITO)is the mosextensivelystudied TCQowing toa broadrange ofapplications irsolar cells,
flat-panel displaysand gas sensarSimultaneous synthesis ofi-ITO and bccITO NCs in one
reacton vessel illustrated striking difference intheir optical propertiedccITO showed astrong
absorption irthe nearinfrared (NIR) region owing taesonant plasmon odlation, arising fromhigh
concentration of free carriers the CB. In contrastrh-ITO did not absorb NIR lightThis distinct
behavior was attributed tiie dissimilar electronic structure of the donor,*Siaving appreciably
higherdonoractivation energyn rh-ITO relative tobccITO.%® This serves as a classic example of
how a minoradjustment in NCsize and phasienpart aremarkably different electron&tructureand

optical properties in NCs

1.2.2 Tin (IV) Oxide

Another TMO thathas found various applications ranging from catalysis and sensing to solar cells
and, more recenthyfithium ion batterieds tin(IV) oxide, also known as stannic oxit#® The less
known orthorhombic phase of Sp(appeas at elevated temperature (800) and pressure higher
than 158 kbarandis slightly more dense relative to tetragonal piasautile SnQ (Figurel1.2) is an
oxygendeficient ntype semiconductor, with a tetragonal unit cell, andlbidwedgap of 3.6 eV. The
unit cell accommodates 6 ions, including 4 anions and 2 cations. Thedt&hedra is tetragonally

distorted, adajng Dsn point symmetry, while oxygen ions are threefold coordin&tétl.



The presence of oxygen vacanciissthe origin of its high conductivity and orange emission.
Majority of the studies on this material have centered aroiimdremarkably high carrier
concentation (13° cnt®), while photoluminescence (PL) properties remain underexplored compared
to other oxidesThe emission of Sn{nanostructures originates from the recombination of electrons
trapped in shallow donor states formed by oxygen vacancies witle reatrface states within the
band gap*® The depth of the donor and surface states were estimated to be abelit15.69
below the conduction band minimug€CBM) and 0.9 eV above the valence band maximum,
respectively?**53" Despite having a direct band gap, the bamband transition in SnQOs dipole
forbidden which hampers its functionality in optoelectronic devices. Nevertheless, doping tin oxide

nanostructures could lead to breaking of the selection rule and recovering its optical Aéfivity.

Figure 1.2. Crystal structure ofutile SnQ. Srf* and & ions are demonstrated by white and red

spheres, respectively.

1.2.3 Gallium Oxide

Ga0s; has the widest bandap among TOs (4.9 eV) which crystallizes in five different
polymorphs ( b, o andUphasesyand shows #type conductivy. The unique properties make
GaO; suitable for a variety of applications including, but not limited to, photocatdf/ts,
phosphorg;*243photodetectorsand spintronicé? The structural and photonicqperties ob -Ga0s
(monoclinic phase)have been investigated more than any other phase, as it is the most
thermodynamically stable phase. There are two and three nonequivalem sW&sh cationsand

anions residerespectively(Figure 1.3a). Half of G&* cations adopt distorted tetrahedral symmetry,
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while the other halfs located in highly distorted octahedral sites. On the other hand, two third of
anions are threefold coordinated amuk third residein tetrahedrakites?**¢ However, incolloidal

NC form, GaOs can be stabilized in a metastable stated adopts cubic structureghase)! Owing

to complexity,much less is known abouat-G&O; crystal structureThe abic phasehas a defective
spinel structure, with two Gavacancies per each 18 gallium sité&Sigure 1.3b). Analogous tathe
monoclinic phaseyGa0s is also composed afationictetrahedral and octahedsites. However, the
ratio of those sites varieslepending orpreparation method anslize of particled! Generally,an
increase in tetrahedral relative to octahedafib was reportedvith decreasing crystallite siZ&*° A
consensus waeecentlyreached thaapproximately 35 % of catiorare tetrahedrally coordited in
nanocrystalline materiaf§.Both b-Ga0s; and2-GaOs exhibit important functional properties arising
from the presence of native defecGaOs; therefore represents an excellent model system for
investigation of the inflance of the crystal structure and defects onatbtical andphotocatalytic

activity.

(b)

Figure 1.3. Crystal structure of (a) monoclinic &2 and (b) cubic G#s. Ga&* and G ions are
indicated by white anded spheres, respectively. The green and blue polyhedra illustrate six and four
coordinated GH sites, respectively.

Optoelectronic properties of monoclinic gallium oxide ghase) have been most extensively
studied®®*2 The UV and blue emission ib -G&0; originate fromrecombination of selfrapped
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exdtons anda tunnel recombination of an electron on a donor with a hole on an agceptor
respectivelyOxygen vacanciesi), which are readily formed in Gas, act as electron donors, while

a cmmplex consisting of galliurxygen vacancy pair @ iy T likely gives rise to the acceptor
state Figurel.4 depicts the processessulting in UV and visible emission bf-Ga,0s. Upon exciton
formationafterUV light absorptionprocess 1)the CB electron is trapped in the donor s(ptecess

2), while the hole in th&B is trapped in the acceptor stépgocess 3)forming a donofacceptor pair

(DAP), according to the following etions

o T ofF oh ) (1.2)

Figure 1.4. Schematic representation of £ emission inthe UV and visible range of the
spectrum. Initially, electron and hole are trapped on damal acceptor sites, respectively. Next,
electron migrate to an acceptor site by tunneling and generate localized exciton, followed by radiative
recombination at the acceptor site, raising to blue emission. UV emission is enabled by recombination
of detrgpped electrons in CB with seifapped holes.

The trapped electron migrates to an acceptor site through tunnel transfer (process 4), which is the
rate determining step, to form a trapped exciton. Blue emission stems from radiative recombination of
electrors and holes on an acceptor site (process 5, reverse of Eq. 1.1). High energy emission in the
UV (process 8) is generated by electron and hole detrapping (process 6 and 7) and the recombination

of the charge carriers in the CB and VB, respectively. Theaditth energies of the detrapping states,
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corresponding to activation energies of defects was determined by low temperattifgh€ldonor

and acceptor ionization energies were estimated to be ~ 0.04 eV and ~ 0.42 eV, located below the CB
and above the VB, respectively. A notable feature afOz®L is the large Stokes shift, originating

from a strong electraiphonon coupling, which is an indication of strong localization of the charge
carriers. While the UV emission decays on the nanosecond scale (~ 30 ns), the low energy emission
exhibits, at least, three order of magnitude longer lifetifieThe contribution of a strong phonon
coupling and a wide distrution of donor and acceptor states leads to the broadness of blue PL band
in GaOs.

1.3 Donor-Acceptor Pair Model

Because the optical properties of oxides investigated in this tlesiexplained by DAP
mechanism,tiis worth discussing thenderlyingmechaismin terms of energy and its impact on the
lifetime of the photoexcited carrier$he PL properties arise from the electtarle recombination
upon transfer of the electron from the donor to the acceptor site (tunnel tréhsf@his DAP
mechanism is a haflark of GaOs, and the resulting PL cdpe manipulated by defect interactions.
The ionized nature of donors and acceptors resultSoimomb interaction between them, which

influence theenergy of DAP emissiqras illustrated by the following equation.
0Og O O O — &0 (1.2

where Ey is band gap energyep and Ea are donor and acceptor binding (ionization) energies,
respectively,r is the average donacceptor separationl is the absolute permittivity of rerial
(dielectric constant)Egnononis the energy of phonons involved in the radiative transdiudithe third

term on the rightE.= €% 4 ', iglthe Coulomb termThe closer proximity of DAP¢smallerr) leads

to an increase in Coulomb interaction beén them and consequently, a bdindft in emission
energy.Defect density, as a result, is a degree of freedom which can be utilized to tune the PL
emission inthe visible range to enhance the applicability of these nanomatertasother outcome
which can be inferred fronthe DAP model is the impact of excitation power emission energy.
Greater excitation power is anticipated to generate @cireedonor and acceptor pairs, resulting in

arisein E¢ and eventually tailingf DAP emissiortowards blue

Severalmeasurs can be taken tomodulatethe emission ofhanoparticleSNPs) whose PL is

governed by DAP mechanism@ur researclgroup has recently showed thmG&03 can also be
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stabilized in the nanocrystalline form through the colloidal synthasisits optical properties can be
altered by tuning the size and composition of the NQwhe relationship between concentration of
defects and lifetime of excited carrier is another valuable conclusion withdrawhfe@AP model.
High energy emission is expected to decay fastemparedo thelow energy side of DAP emission.
Shorter separation between defects, which causes the phosphor to emit at higher energy, also
translates into higher probability of charge recombinatReduced door-acceptor separation is
achievable bysynthesizingsmall NCs either at lower temperature grorter reactiorduration
Reducingenvironmentjntensifies the Plemissionremarkably, while oxidizing environmelgads to

a pronounced decrease in the Pleivsity, both of whichindicate the influencef the control over
internal structuradefectsto chemically manipulate theptical properties of NC%. Subsequently,
they illustrated that luminescent dopants or congmjamolecular adsorbates can interact with native
defectsvia energy transfer, and could be utilizedetgloitthe PL properties of these NCs of generate

white light emissior}:#256:7

1.4 Modulating TCOs Properties by Doping

Doping and alloyinghave proven to be efficient methods for altering the electronic structure of
semiconductor NCs, thereby introducing new magnetic, optical, and electrical prop@dié&::
Through generating neenergy states within the bdigapof NPs introdudion of extrinsic defects in
nanoparticlescan tailor their electronic structure and manipulate their optoelectronic properties
Furthermore, the impacf dopans on native defectdluminate light onther interactions with dopant
centers and theinfluence on sensitization of dopant emissiorihe presence of such defects in
polymorphic oxides leads to enrichmentogtical properties of COs whichis a motivation fortheir

investigation

1.4.1 Doping at Nanoscale: Challenges and Mechanism

Effective doping substitution of the host atoms in the NC core by the dopant instead of adsorption
on the NC surfacewould lead to the enhancement of NC inherent properties. However, this was
regarded as a formidable tagkd the feasibility of the NC doping was achieved more recently. A
primary explanation was the reduced ejection distance to the surface of NCs to expel impurities,
compared to bulk materiafé Self-purification is also a barrier to achieve doping content close to the
nominal doping concerdtion. This allegedly intrinsic mechanism explains that NCs are hard to dope

because impurities solubility in reduced dimensional materials is lower than their bulk
9



counterpart§>®The host lattice, which is in thermodynamic equilibrium with the synthetic medium,
anneals out the dopants during growtke to a higher formation energy of defects in NCs relative to

the bulk¢5” Growth of a macroscopic semiconductor crystal at elevated temperatures allows for a
facile diffusion of dopants in the host, yielding a high doping concentration. However, typical
solutionphase syntheses of semiconductor naatenmals are performed at relatively low
temperatures (< 400 °€).Thermal equilibrium, and accordingly facile diffusion of dopants, is not
established under this adition. Diffusion of Mn in [FVI semiconductor was determined to be only

1-3 A at 300 °C, implying that thermal equilibrium is not an appropriate starting point for explaining
doping in nanostructuré& This also indicates that kinetic factors govern NC growth and control the
dopant incorporation in the host latti?é® The dopant must initially bind to the surface of the NC

and subsequently be encapsulated by host overgrowth. When the dopant atoms can bind to the host
surface for a long enough time that is analogous to the reciprocal growth rate, tliey area p p e d 0
during growth. The main factors that regulate adsorption and hence, doping efficiency are surfactants,
nanocrystal shape, and surface morphofSgyhe resilence time of an impurity on a facet is
controlled by its binding energy. As an exampies doping efficiencyf Mn in 11-VI semiconductor
improves due to itstrong binding energy on (001) facet of zlslend crystal structur.

Choosing appropriate coordinating ligands plays a crucial role in optimizing the reactivity of host
and dopant. The relative Lewis acidity of the precursors has both thermodynamic and kinetic
implications. It influences both the ease of breaking migfahd bonds (thermodynamic stability)
and the precipitation reaction rate (kinetic reactivity). When dopant and host cations possess identical
coordinating ligands, their relative Lewis acidityay dictate the doping efficiency. For instance, a
harder Lewis acidity of a dopant cation, relative to the host cation, leads to poor dopant incorporation.
An approach to overcome an ineffective doping is to separate NC nucleation and growth step from
dopng process. For this to occur, the precursor reactivities are optimized for the dopant nucleation to

take place first. Coating the nuclei with a shell of the host substance produces a core/shell8tructure.

Attractive characteristics of lanthanides, such as shatpahsitions and sensitization by the host
lattice,is a motivation to study the optical properties of EuOy(Chapter 3)In addition, optical and
photocatalytic activies of alloyed gallium tin oxide are explored Chaptes 4 and 6. The main

features of lanthanides and heterovalent doping are discussed in the following subsections.
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1.4.2 Lanthanides

The activearea ofresearch ofanthanides (Ln) is triggered by the demand for radiant materials to
satisfy the need of bioimagintglecommunicatiorljghting and sensor€:’* The continuousilling of
shielded 4f orbitals and numerous energy states are characteristics of lanthanides. The energy of these
states is regulated by electrostatic repulsion between them, ligelddsflitting and spirorbit
coupling. As 4f orbitals are shielded bye filled 5s and 5p outer shells, they are insensitive to the
chemical environment, giving rise to very sharpdfitransitions. However, the probability of such
transitions is governed by spectroscopic selection rules and due to the similar paritynaf gnal
excited statg they are forbiddenL@porte selection rule). Consequently,-4f transitions possess
very low absorption coefficientand the radiative decay of their excited stabéen lasts for

milliseconds’>"®

Theforbidden charactepbstructs the use of these luminescent materials in optoelectronic devices
Nonetheless, there has been considerable effort to exploit unique propeiiathanidessuch as
resistage to photobleaching,upconversion photoluminesceneed PL band covering thertire
visible and NIRspectral regior’¥"® The small molar absorptivityf lanthanideion f-f transitions
can be overcome by sensitization of the lanthanide dopamizsbynaterials (matrix)The host lattice
must be chemically and photophysically stable as well as presdotintattice phonon energy to
reducenonradiativerecombination processeset, the most widelystudied systems arékaline earth

fluorides,althoughoxidesare an interestinglternative’-8°

Euw*, as a luminescent structurgbrobe is of particliar interest among lanthanidé®causeit
supples information such as number of metal ion sitgite symmetry, donesicceptor distance and
solution state of the lanthanide iGnAmong Eu* f-f transitions, O o "Oyj emissions are electric
dipole allowed transitions and therefore, sensitive to chemical environment3bfiday while

Oo 'O, as a magnetically allowed transition is not impacted by the surromndiagorollary the
integratedntensity ratioof Oo "Oto Oo 'O, establishedsR valug containsinformation about
Ew¥* doping site and the extent of disorder around the ion. It was illustrated fiabn&rporation in
norrcentosymmetric sites, such as surface sitespmgseshe Oo "O transition while itgains
intensity upon internal incorporatiot:®! Anotherinformative transition is ‘'O "Owhich discloses
information about El** occupancylts emission appears in 55684 nm range and its splitting and

ratio of the resultant peaks varies, inferring distinct chemical enviroranergite occupancy:>""*
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The interesin europium is also stimulated by the existence of its multiple stable oxidation states,

providing an opportunity to incorporate dual emission centerstliethost lattice. Contrary to By

the Ed* transition (5d-4f%) is parity allowed, giving rise tbroad and intense emission in the visible
range with the molar absorptivity of 2A®00 M* cm™.”* The influence of ligand field on 5d orbitals

is more significahcompared tdhe 4f orbital, leading to higher sensitivity to the local environment
and shorter lifetime relative tBu**. The cocurrenceof EL** and E@* in nanomaterialés a viable
alternative to codoping an@present an innovative approach to intrgl and control a combination

of optical propertiegn complexmultifunctionalmaterials In addition exploiting Europiumoxidation
statesin solid states materials advantageous fovarious technologies such aproduction of

photoluminescent Xay stoage phosphors.

1.4.3 Aliovalent Doping and Alloying

Isovalent substitution of the host atoms with dopants does not introduce additional carriers in NC
lattice. However, aliovalent (heterovalent) dopants donate extra electrtyyse(doping) or extra
holes (ptype doping)and change photophysical relaxation process of the host and enhance their
optoelectronic applications. It must be mentioned that intrinsicceatipensation effect makes it
difficult to switch the sign of conductivity from-rto ptype or vice ersa?® For instance, the

charge induced in ZnSe stture by incorporation of Clis compensated by a selenium vacaficy.

Rational incorporation foaliovalent impurities into a host lattice generates extrinsic defects with
energy levels usually located within the band gap. Substitutional doping of external cation with higher
oxidation state than the host lattice cation introduces energy levels thel@BM acting as localized
donor states. On the contrary, substitution with a cation possessing lower oxidation state than the host
lattice cation results in introducing the acceptor states above the valence band méxBiin?!

The impurityderived states localize the photogenerated carriers befoneadiative recombination

can occur, resulting in an increase in fluorescence quantum yield of doped semiconductors even
further®” To compensate for the charge imbalance, furihefiects, such as oxygen vacancies,
concurrently form in the lattic® As an example, the iocporation of G& in SnQ, and SA" in

Ga0; can be depicted bygre gerVink notation
Ga2031/2§/211%’/2 2Ga, +3Q +2y (13
SnQ 1 9%, S+ 2Q + (1.4)
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The negatively and positively charged states tend to attract owing tGalhlemb interaction
forming donoracceptor pairs. The ability to induce such extrinsic defects and otathir
concentration opens up the possibilities for tailoring the functional properties of materials at

nanoscale.

Motivated by these opportunities and considering the fact that octaheztratlyinated G4 and
Srt* have similar ionic radii (G40.62A and SAA* 0.69 A), several research groups have attempted to
dope GaOs; with Srf* or SnQ with G&* in order to enhance the charge carrier concentration and
mobility, or tune the band gap and optical properties of the respective host Pft€8Since the
adopted synthetic methodgere based on solid state reactions, the difference between the vapor
pressure and density of gallium and tin prevented them from achieving high doping concentrations or
alloying, and thus, tuning the aforementioned properties in a broad range. Thitissl@hiGa* in
SnG and SA* in GaOs; were reported to be less than 1 mol %. At higher concentrations, phase
segregatiorwas reported’ Chaptes 4 and 6 illustrate how rational selection of reaction condition
enables the synthesis of the alloyed gallium tin oxide in the entire composition range, and allows for a
design of light emting NCs and highly active photocatalysts.

1.5 Photocatalysis

Since he second half of ththesis deals witlphotocatalytic activity ofGa0s and alloyed gallium
tin oxide, thispartis dedicated to photocatalysis. After addressing the main environmentatrence
advantages and disadvantages of ,Ti& the mostvidely usedcatalyst are discussed.Feasible
solutions to thecounteredchallenges are sought and eventuaihgchanistic view on the involved

processes is provided.

1.5.1 Environmental Contaminations

Continuing increase in global population together with the dwindling sources of fresh water has led
to more stringent environmental regulatidhglacing particular emphasis on water remediation and
wastewater treatmefft®® Various synthetic dyes are indapsable in textile, paper, and other
industries involving coloring, but also as human antidotes, antiseptics in veterinary medicine, and for
in vitro diagnostics in biology, histology, and hemdtdlp to 20 % of all dyes produced worldwide

arereleased in the environment as wastewater and represents a major source of stream fdfution.
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The development of efficiernd scalable methods for remediation of such wastewater has become a
major societal challergg

1.5.2 TiO,: Advantages and Drawbacks

The discovery of water electrochemical photolysis on, TiFujishima and Hondain 1972 was
the inception ofa new era in the generation of semiconductor pbatalysis as it is considered
green technology which could potentially address the global energy and environmeeiiht®n
issues. Thereafter a tremendous amount of effort was devoted ferphi@ocatalytic activity
improvement through adopting various strategies such as morphological modification, surface area
and porosityenhancementontrolling the size and pha®f the semiconductor, doping and forming
heterostructures, et¢1°! As the most widely used photocatalyst for water treatment, Gi@s its
success to its efficieyc stability, and relative abundancehe majority of studies have focused on
the photocatalytic activity ofinatase (metastable phase) and rutile (stable pfAaGeyf102104
Anatase is generally found to be a better photocattgstrutile, despite having a wider band gap by
ca. 0.2 eV. This phenomenon is associated with a higher density of localized surface states and slower

charge carrier recombination in anatase relative to AJ#if&®

Extensive efforts have been devotedilterthe band gap offiO; to absorb a larger portiasf the
solar spectrum in the visible ranjé®11° Because theCB of TiO: is locatedslightly abovethe
reducing potential of water, the only remaining alternative to narrow the band gap is ttheaise
valence band maxima. Howevéhe valence band maxima agposed of O 2p orbitals is typically ca.
3.0 eV and therefore, nasxygen 2p orbitals contribution is required to lift the VBMAccordingly,
diverse types of ions, such assCNi?*, Nb**, SB* and Cd*, have beerncorporated ito the lattice.
In lieu of the fact that these ions magtaas recombination centers due to unbalanced charge,
codoping was regarded as a more feasible option. Systems such as (Mo+C), (Sb+Cr) and (Nb+Ni)

combinedvisible light absorptiomnd high photocatalytic activity.

Despitethe photostability and abundanoéTiO,, its innate drawbacks contribute to its remarkably
low performance quantum yielddess tharl%).1'! A few of those, which aref primary concerns,
are as fdbws. Only about 10% of photogenerated electrons and holes have lifetime longer than 10 ns
andonly a small fraction of carriers reaches the surface to react with adscfbakes mnduction
band chemical potential is marginally above the water reduction potential, leading to a small driving

force of photoexcited electrons in t&® to reduce the pollutants’ The large band gap (3.2 and 3.0
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eV for anatase and rutile, respectivelghtpers the harvesting of a large portiothefsolar spectrum
and confines it to less than 59%.Consequently, designing an efficient photocatalyst still remains a
significant challenge for samists.

1.5.3 Solutions to Photocatalysis Limitations

In general, thecapability of presentday heteogeneous photocatalysts is stithsatisfactorywith
regard to efficiency and loAgrm performance. The main ohske is to control and balance
numerous competgy processes(Figure 1.5). Charge carrier generatiorsuppressingcharge
recombination and charge transportation to the surface are of primary concerns for practical
applications. Surface poisoning, compositional and morphological change, particularly under
corrosive condittins of photochemical process, also impede industrial implementation. Thus,
designing complex heterostructures which allow for synchronous efficient solar spectrum absorption,
carrier generation, separation and transportation is crucial for a new erd-effeosve and robust
photocatalysts. Such stringent requirements pose technical challenges for chemists in the synthesis of
such complex nanomaterials with intricate architectures amehiaptl progressivechargedelivery to

active sites
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Figure 1.5. Schematic demonstration of a typical photocatalytic process. Electrons and holes are
generated by exciting the semiconductor with the light having higher energy than its band gap.

Majority of the carriers reambine in the bulland surfacef the semiconductor, as indicated by red
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and blue arrows, respectively. Reduction of an electron acceptor (A) by an electron takes place at the
surface (green arrow). Holesachingthe surface can oxidize the electron dar{green arrow).

Nanostructuring has been regarded as an exceatletitodto enhancephotocatalytic propertiegs
zero dimensional nanoparticlggssesshigh surfaceo-volume ratiowhich translates into more
catalytically active sitedMoreover, opaqueispersion of macroparticles, caused by light scattering
inhibits the collection of mechanistic information. In costrascattering by semiconductor
nanoparticles mps, relative to macroparticles, due to reduced dimensions and the dispersion appear
clear, facilitating the data acquisitiorio study themechanismin addition, photogenerated electrons
in the CB of many bulk semiconductors, such as S@@d InOs, cannot be employed as active
carries for the reduction ohazardous wasteecausef low chemi@l potential. Band gap widening,
as a result ofstrong quantum confinement effecan enhance the activity of some of these
semiconductorghrough introducingwo active carrierskFurthermore,hie competition between charge
recombinationand charge trangafdo the surface determines the success of the photon energy into
electrochemical reaction conversidh.The hicher the rate of charge diffusion to the surface, the
higher the quantum yield of photocatalysts. The influence ofaweswhelminglimiting factor is
attenuatd in nanostructurgas the gap between the point of charge generation and reactive sites on
the surface lessen§> Another consequence of nanostructuring is to increase the density of defects in
the structure. The defects are the points where the chemical bonding is altered compared to a perfect
crystal, resulting in the reduction of the separation between bonding and antibonding artdtals
rendering additional electronic states within the band gap. The role of the modified electronic
structure in controlling the dynamics of charge separation been the subject of much
controversy%>113115 The new energy states are occasionally considered as the recombination sites
and thereforaredetrimental to photocatalysis. However, recent studies at ultrafast scale (picosecond
range) shed more light ohd role of the tragpedstates and revealed that engineering their location
and the ratio of surface to bulk defects can be utilized as a degree of freealuimterithe effective

photocatalyst$%:113

Previous calculations demonstrated that ©®B of a p-block metal cation is composed of
hybridized sp orbitals, providing a low effective electron mass which eehitue carrier transport
from the bulk to the surface and suppress the charge recombittdbibnlight of this, photocatalysts
with d'° electronic configuration (e.gG&* and SA*) have been prepad to explore photocatalytic

activity of novel norATiO, materials’®!'611® SnQ is a wide bandgap (3.6 eV) transparent
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semiconductor with #type conductivity. The oxygen vacancies are accounteditsdrigh carrier
density of up to 18 cn3,26 comparable to that of semimetals 1D 10?° cn1®).12° Moreover, its
electronic structure allows for high electron mobiliy100 200 cn? V' s 3%2 compared to Ti@

(0.1- 4 cn? V' 15 312 rendering its application in dygensitized solar cells, and photocatalysis. In
spite of these unique strengths, the |@®BM of SnQ impedes its reduction power in
photodegradatiorof the organic dyes. Effective measures have been taken to foster superior
characteristicof this catalyst. TheCB offsets with other oxides such as i and ZnG? was
exploited in heterojunctions to separate photogenerated carriers and charge recombination retardation.
Coupling with graphen¥g'®small bandgap semiconducttfsand iodinatio??® are few examples
attempts to employhe visible portion ofthe solar spectrum to achieuzetter photoactivity of this

TCO. Overall, Sn®has proven to be hidy promising for fabricating higiperformance catalysind

an alternative to Ti®

Reducing power of a catalyst is a function of its CBM energy with respect to vacuum level. The
smaller the difference between CBM and the vacuum level, the stronger gecagemt the
photocatalyst isMore recently, G#Ds; has emerged as a promising photocatalyst becaugB iglge
energy is lower and th€B edge energy is higher than the oxidation/K20) and reduction (HH2)
potential of water, respectively. Such bar@jranent enables the formation oéactive carriers
originated from both VB and CBcontrary to Sne'?® As GaOs crystalizes infive different
polymorphs it therefore represents an excellent model system for investigation of the influence of the
crystal structure and defects on the photocatalytic activity. The jolegemdent photocatalytic
activity of GaOs has mostly been discsed in the context of the phase juncti®iis?®in analogy to
other oxidebased photocatalytic systefig®1%|t has been reported th&kb phase junctions have
significantly higher photocatalytic activity than these polymorphs aiié& The increase in
photocatalytic activity has been associated with the charge transfer acrodsghase junction, and
an efficient charge separation. Converseif) phase juntions were shown to have lower
photocatalytic activity tharo and b polymorphst?” with o= GaOs being less active than the
Ga0s.11%12" The lower activity of>- GaO; and 2-b phase junctions relative to thle GaOs were
suggested to arise from the structural disorder characteristic for the defective spinel strugture of
Ga0s. The point defects in G@; and extended defes within the junctions have been proposed to
serve as charge recombination centers, resulting in a decrease in the photocatalytic activity. Broader

understanding of the role of crystal structure on the photocatalyst efficiency and the origin ef phase
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dependent photocatalyst activity is still lacking, but could provadgiideline for the development of
new photocatalysts for environmental remediation, energy conueesid biomedical applications.

1.5.4 Mechanistic View on Photocatalytic Reactions

Advancel oxidation processes (AOPs) have become preferential methods for degradation of
various organic pollutants in wat&:!32 Thesemethods involve a wastewater treatment with UV
irradiation in combination with ozone, 8, o r Fent on dosoptimieeasgriconductor
photocatalysibased AOP, a variety of different oxide semiconductors have been investigatét,

138 as well as the role of preparation conditions, grain size, surfaces, and structural’¢iefe¢ts.
Most metal oxides are also polymorphic, with phdspendent electronic structure and
properties16.19.59.104.144 14 Jnderstanding the role of crystal structure can therefore be critical for the
design of improved photocatalys#smong AOPs, heterogeneogemiconductor photocatalysis has
emerged as an effective technology for complete mineralization of most organic poftitatifss
The basis for this technology is high surface area semiconductors that can generasetreglox
electrorhole pairs upon excitation with UV and/or visible lightJpon excitation of a semiconductor
(SQ in or above the band edgéd. 1.5), the resulting conduction band electrof3 and valence
band holes™Q can recombine, trapped in sband gap states, or oxidiz& or reduce Q
adsorbed moleculesn the semiconductor surface addition to direct redox degradation of dye
molecules, photagnerated electrons can react with & an electron acceptor, reducing it to
superoxide radical anion ¥ (Eq. 1.6), while photogenerated holes can react Wit or HO

oxidizing them td (¥radicals, as shown igs.1.7 and1.8, respectivel.

Y6 QO Y60 Q (15)
YEQ 6 0 "YE GF (16)
YEQ 600 Y6 0@ (17)
YEQ 0G0 Y6 'O 6@ (18)

These and other radical species (such as peroxide radic&isare strong oxiding agents and
significantly contribute to the heterogeneous decomposition of organic molecules in water. The
efficiency of molecular degradation is, therefore, ultimately determined by the carrier dynamics,
initially via competition between exciton recomdation and charge carrier trapping or transfer, and

subsequentlyia competition between trapped carrier recombination and interfacial charge tPansfer.
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Increasing the photocatalytic quantum efficiency can be achieved by decreasing the rate of electron
hole recombinion or increasing the rate of interfacial charge transfer.

The comprehensive study performed Rgthenbergeet. all*® sheds light on t dynamics of

electronhole generation and recombination

Y6 QO Y6Q  Q (L9)
Y6Q QO Y8Q 0 (1.10)
Y6Q QO Y6Q  Q (1.11)
Y6Q Q0 Y6 (112
Y6Q 0 Q0 Y (113

The absorption of the light by a semiconductor is an ultrafast process and takes plaee in
femtosecond time domaiieq. 1.9), followed by conduction bandeztron trapping in ca. 30 psdE
1.10). Onthe other hand, hole trappinggEL.11) requires a much longer time (250 ns). When the
concentration of electrehole pairs is high, the charge carrier recombination occurs within a
nanosecondHg. 1.12). Under this condition, the photocatalytic activisy low unless the charge
transfer to the surface is very rapid anldole trapping agent (( ) is preadsorbed on the surface of
the catalyst. At low concentration of electronle pairs, the lifetime of the pair was determined to be
ca. 30 ns. The hole trappingqE.11) can now compete witthe recombination proces&d. 1.12). It
is believedhat trapped holes are unreactive towards electrons, leading to the extension of the lifetime

of the excited carriers to microsecond reghti8:99:146

1.6 Purpose and Scope of the Thesis

Principally, thisthesistarges a more profoundinderstanding otlefect chemistry ohananaterials
in the hope that thacquired knowledgpavesthe wayof nanomaterials fodesiredfunctionalities
such adighting, photocatalysisand water splittingThe main impetus fothe development afiovel
functional nanomaterialsomes fromthe pressingneedfor sustainablenergy achieved ima scalable

fashion andenvironmentallyfriendly techniques

The first part of the thesilustrates the coexistence of BEuand Ed* in rh- andbccIn,Os NCs,

achieved by adjusting the NC synthesis conditi@hse (E.f*) or red (Ed") emissionwas achieved
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in bothbcc andrh-In.Oz NCs owing to the controlled interactions of dopant ions with the host lattice
defect sitesBoth dopant centers show dramatically different behavior in the two NC lattices owing to
the difference in NC size, and the structure and concemtrafioxygen vacancies. Furthermore, the
ability to impact the formation and electronic structure of NC native defects in both phases allows for
elucidation of their interactions with dopant centers and their role in sensitization of the dopant
emissions.The Eu dopant oxidatiostate and concentration, andnocrystal size and structure are

effective tools for controlling the defect density in®a nanocrystals.

In the next section, hydrothermal synthesis of ternary gallium tireq@a-xGaO2-0.5x x O 1,
further denoted by GTO) NCs in the entire composition range is reported, demonstrating a
modulation of the PL throughout the visible part of the spectrum. The effects of the reaction duration,
synthesis temperature, and NC composition on the plmioescence quantum yield (PLQY) and
lifetime of the NCs are discussed. The interaction among intrinsic and dodaned defects can
lead to phosphors with high PLQY (> 40 %) even in SNQ lattice with intrinsically low PLQY
(ca. 0.5 %). The abilityot simultaneously control the emission efficiency and-fiuree the PL of
these broadhemitting NCs allows for the design of new eneddficient lighting sources with
optimal photopieto-scotopic ratio and othédighting characteristics

The third part ofthe thesigpresentsa superior photocatalytic efficiency 0fGa0Os relative tob-
GaO; prepared from the same colloidal N@sing Rhodamine 590 (RBO0) and methylene blue
(MB) dyes The photocatalytic efficiency is strongly correlated with the eletrsinucture, location,
and concentration of native defects, suggesting their role in reversible trapping of the photogenerated
charge carriers and charge separation. The long lifetime of the native defect states and their proximity
to thea-Ga0Os NC surfae promotes interfacial charge transfer responsible for the degradation of dye
molecules, while reducing the effect of charge recombination. The results of this work indicate that
NC structure and size allow for the control of the charge carrier dynaenialling the enhancement

of the photocatalytic activity of polymorphic metal oxides.

Finally, the solgel synthesis of ternary gallium tin oxide NCs throughout the entire composition
rangeis demonstratedUsing photoluminescence spectroscopy, the corateorirof defects in the
NCs can be adjusteda changing the composition. A high intensity in steathte PL spectroscopy
generally indicates a high concentration of radiative centers. The effect of composition on the

electron hole recombination kineticwas monitored by employing tinrresolved PL which reveals
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information on the timescale at which the carrier recombination/transfer takes fhaceffect of
electronic structure modification and surface area on photocatalytic activity of GT@ NiSsused

The rate of photodegradation of organic pollutants on GTO NCs surpass that of the benchmark
photocatalyst, Aeroxide P25. Bgmploying different scavengers, the role of the dopant on
modulating the relative position of CBMnNd affecting its reduction gtential is elucidated The
attained knowledge of this work on controlling the chemistry of defects, their concentrations and

charge recombination dynamics opemew avenue to develop highly efficient photocatalysts.

The results of this work provide deepmderstanding of the role of defect chemistry in tailoring
the optoelectrical properties of TCOs which is pivotal for the design of new functional materials.
Developing the concept of rational doping to induce extrinsic defects and, hence, alterttbaielec
structure of nanoscale materials is a promising and vital area of research, serving as a prerequisite for

the architecture of novel multifunctional systems.
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Chapter 2

Experimental Procedures

2.1 Materials

All reagents and solvents are commercially availabte, @ere used as received without further
purification. Indium acetylacetonate (In(acac®8%) gallium acetylacetonate (Ga(aca®9.9%0),
gallium(lll) nitrate hydrate (Ga(Ng)s. xH20, 99.99%) tin(IV) chloride pentahydrate (SnEbHXO,
98%) and europiuncthloride (EuC; 99.9%) were purchased from STREM Chemicals. Oleylamine
(OAm; 70%), trin-octylphosphine oxide (TOPO; 90%)eic acid (OA, 90%), ethanol (EtOH, HPLC
grade) dodecylamine (DDA, 98%), ammonium hydroxide (MMH , 28. 01 Adoxakeyy , 1,4
99.0%), rhodamine 590 (R#00) and hexane (HPLC gradejere purchased from Siga#ddrich
CorporationMethanol (MeOH, 99.9%)as obtained from Fisher Chemicals.

2.2 Syntheses and Preparations

2.2.1 Synthesis of Eu-Doped Indium Oxide Nanocrystals

The synthesis of colloidal #d; NCs was performed in QA as a coordinating solvent and
reducing agent In a typical synthesis, in a 100 mL round bottom flask, 1.0 g of In(@aad)10 g of
OAm were combined with different amounts of EuCIO . 51 15 mol % relative to
was magnetically stirred and heated to desired temperatur8(®0QC), andrefluxed over the course
of 1 h. The resulting suspension was cooled to room temperature, precipitated, and washed three
times with ethanol. After the final washing, TOPO was added to the precipitated NCs in an
approximately volumequivalent amount. ThHHCs were then heated and stirred in TOPO in 290
oil bath for 1 h, and subsequently precipitated and washed with ethanol. The TOPO treatment was
repeated two more times. Finally, TOf@pped NCs were dispersed in hexane for spectroscopic

measurements.

2.2.2 Ga;0O; Photocatalyst Synthesis and Processing

2 g of Ga(acag)was mixed with 20 g o©Am in a threeneck rounebottom flask under a flow of
argon!! The solution was heated up to the desired synthesis temperature (200°C or 300°C) and
refluxed at that temperature for 1 hour. Once cooled, the NCs were collected by the addition of

ethanol and centrifuged. This was repeated two more times to rinse the NCs, and the product was
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dried on a watch glass with acetone. The dried product was then ahiveaepreheated furnace
(Vulcan A-130) at a designated temperature ranging from 400 to 1025°C for 2 hours.

For the synthesis of #rdopeda>-Ga0s NCs, 10 % of Ga(acagjvas replaced with In(acadhp the
reaction mixture, and the reaction was performed at 300 °C. The obtained NCs were treated as

described above farGa0O; NCs, and subsequently annealed at 400 °C for 2 hours.

2.2.3 Hydrothermal Synthesis of GTO Nanocrystals

In a typical synthesis of ShCs, 1g ofSnCL-5H,0, 7 mL MeOH, 20 mL OA and 4 mL OAm
were added into a 45 mL Tefldimed stainlessteel autoclavé’ The autoclave was transferred to a
preheated oven (19€C). The reaction duration varied from 4 to 32h, after which thectave left to
cool down to room temperature naturally. The obtained xerogel was washed with ethanol and
centrifuged 3 times, followed by TOPO treatment aP@Gor 30 minutes. Next, NPs were washed
with ethanol, centrifuged and finally dispersed in mexéor optical measurements. A certain portion
of tin chloride (168100%) was replaced with Ga(N@xH-0 to obtain alloyed GTO NPs throughout

the full composition range.

2.2.4 Sol-gel Synthesis of GTO Photocatalysts

In a typical solgel synthesis of GTO NCs, 1giof SnCl-5H,0O and varying amount of Ga(NJ2
xH20 (from 0 to 100 mol %) were added to 25 mL of deionized water and the solution was stirred till
all precursors dissolved! Having cooled down the reaction mixture in an ice bath for 15 min, the
nucleation of particles was stimulated by dropwise addition ofOMHH(30 %) until reaching pH 6.
After leaving the reaction beaker forh3 the particles were washed with deionized water 3 times.
Next, a pipefull of NH4sOH was added to the suspension in 15 min intervals until it became
completely transparent. After refluxing this suspension for 15 h &€9and then cooling it to room
temperdure, the NCs were extracted by the addition ofdigkane, collected by centrifuging, and
washed with ethanol three times. The main portion of the product was dried on a watch glass at room
temperature for photocatalysis measurements. A small amoum pfeécipitated NCs were surface
capped for optical measurements. They were resuspended in an excess amount of melted DDA and
heated at 120 °C for 30 min resulting in a clear suspension. The suspensions were precipitated and
washed with ethanol. Finally, MA-capped NCs were treated with TOPO at *@0for 1 h, and
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afterward washed with ethanol three times. TOPO treatment was repeated two more times. In the final

step, NCs were suspended in a small amount of hexane for optical measurements.

2.3 Nanocrystal Structural Characterization

Nanocrystal size and structure were characterized pbwder Xray diffraction (XRD),
transmission electron microscopy (TE&)dBrunauerfEmmetTeller (BET)surface area

XRD patterns were recorded with INEKRG 3000 powder diffractore t e r having a
radiation sourcé & = 1 . bah INELOGPS 12D curved position sensitive detector operating at
30 kV and 30 mAwith germanium crystaimonochromatarAfter loading pwder samples into an
aluminum sample holdeeach pattern wascodedfor up to 1h to acquiresufficiently high signal

to-noise ratio

TEM imaging and energy dispersiver&y spectroscopy (EDX) elemental analysis were performed
with a JEOL2010F microscope operating at 200 k&%.small portion of samplavas diluted in
toluene followed by al0-minutesonication.The dilute suspensions of colloidal NCs in toluene were
drop casted on TEM copper grids with lacey formvar/carbon support films purchased from Ted Pella,
Inc. The europium doping concentrations determined by EDKe we good agreement with the
concentrations determined by inductively coupled plasma atomic emission spectromethESLP

and are defined as a percent of substituté&dadns.

TEM specimas of GaOs; photocatalystsvere prepared by dropping athanolsuspension of NCs

on a copper grid containing lacey Formvar/carbon support film.

TEM samplesof hydrothermally synthesize®TO NPs synthesized by sa@el method,were
prepared by dropping a hexasmution of NCs on a copper grid containing cartsupportfilm (Ted

Pella, Inc), while maintaing the other peameters as described above

By dropping a hexane solution d&6TO photocatalystoon a copper grid containing lacey

Formvar/carbon support film (Ted Pella, Inc.), TEM samples were prepared.

BET surface eea measurements were conducted on a Quantachrome AutosorbMRSIQ
instrument, using Nas the probing gas. The sample cell was outgassed at 250 °C for approximately 2

hours prior to measurement in order to remove any water present on the surfaceroptbe sa
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2.4 Spectroscopic Measurements in the UV-Visible Range

2.4.1 Absorption and PL Measurements

All spectroscopic measurements were performed at room temperature. The absorption spectra of
coll oidal NCs were col | ect &NIR spectrophtomater,\Minaarlicean Car y
path length quartz cuvetigith transparency range 1702700 nm Steadystate PL excitation and
emission spectra of colloidal NCs were measured with a Varian Cary Eclipse spectrometer, using
standard quartz fluorescence cuvettes. Ferdirect comparison of PL intensities, the concentrations
of colloidal suspensions of NCs were adjusted to exhibit the band gap absorbance of 1.0 at 300 nm
and 270 nm fobccIn,Os andrh-InOs NCs, respectively. For EUPL emission measurements, the
sampes were excited at the excitation band maximabtmrIn,Os; andrh-In,Oz NCs. The PL spectra
of EL?* were measured upon excitation at 300 nm. For PL excitation measurements, the emission was
monitored at the maximum ofthe®4 f T 5d transition band (4C¢G2 nm) o
Do Y “F2 peak (614 nm). Emission and excitation spectra fot* Bapants were recorded in the
phosphorescence mode (with 0.1 ms delay tlnes gate timel.00 nm data interval arf@l10 s
averajing timé, using a Xenon flash lamp as the excitation source.-Higblution PL spectra were
measured with a Renishaw 1000 spectrometer. For these measurements the NCs were deposited on a
silicon substrate and excited at ca. 260 nm using freqeteipbsd Millenia-pumped Tsunami laser

(SpectraPhysics).

Powdersamplesfor PL measurementsf GaOs; were prepared by adhering samples to a glass
substrate using double sided tape. Samples were excited at 260 nm with the excitation and emission

slits set to 5 nnrusing Varian Cary Eclipse spectrometer

PL spectraof GTO NPsand photocatalystwere recorded at room temperature with a Varian Cary
Eclipse fluorscence spectrometeé@amples were excited a#@ nm with the excitation and emission

slits set to 5 nm.

2.4.2 Time-resolved PL Measurements

Time-resolved measurements of’Edopant and defediased DAP emissions were performed by
time-correlated single photon counting (TCSPC) method with a Horiba Jobin Yvon IBH Ltd.
spectrometer. A 250 nm NanoLED (IBH Ltd.) was ussdhe excitation source, and the signal was

monitored at the corresponding emission band maxima. The instrument response function (IRF) was
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recorded by detecting the scattered excitation using a Ludox solution (Sigma Aldrich), and the data
were fit with exponential function. Time decay of Ewas measured with a Varian Cary Eclipse
fluorescence spectrometer. In a typical experiment, the delay was set to 0.01 ms and the excitation
wavelength was 230 nm. The signals were detected at the maximuntd§ thér, peak (614 nm).

Time-resolved measurements of Bawas carried outising the same instrument and excitation
sourceas described abovélowever, powder samples wareepared by adhering samples to a glass

substrate using double sided tape.

Time-resolvel measurements of GTO NBad photocatalystaere recorde@mploying the same

instrument, excitation source and conditions described above fdofid In0Os NCs.

2.4.3 Determination of Relative PLQY of GTO NCs

A solution of quinine bisulfate (QBS) in N sulfuic acid and 1,bis(5phenyloxazole?-
yl)benzene (POPOP) in cyclohexane were used to obtain the relative PLQY of the NCs on the basis
of the following equation:

where the subscriptR and X denotes the quantities of the reference and unknown compound,
respectivelyQ is the photoluminescence quantum yidds the absorbance of the solutidhis the
integrated fluorescence intensity, anib the refractive index of the solution. The PLQY of QBS and
POPOP was reported to be 0.55 and 0.97 under these conditions. The averaged values for PLQY of
NCs with respect to QBS and POPOP are reported.

2.4.4 Conjugation of GTO NCs with Atto-590

A solution of GTO NCs in hexane was prepared with absorbance of 0.5 atr24@ mL of this

solution was added to 1 mL aqueous solutionof-At9 0 wi t h t he concentration o
bilayer. The bilayer emulsion wagently stirred and the newolar portion was extracted every 10

minutes to monitor the emission colour under UV lamp. After 40 minutes of stirring and binding the

dye to the surface of GTO NCs, the emission colour turned white, followed by PL spectrum

collection.
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2.5 Photocatalysis

2.5.1 Photocatalytic Activity Evaluations

Photocatalysis was carried out in a 100 mL beaker containing 12 mgp©f Gdalyst suspended
in 50 mL of 5 mg/L RK690 solution. The reaction vessel was situated on a stir plate 20 cm below
dual40 W 254 nm fluorescent tube lamp. Before irradiation, the solution was stirred for 30 minutes in
dark to ensure adsorptiaesorption equilibrium was achieved. The concentration of unreacted Rh
590 was determined by monitoring the absorbance at the maxih&° S; band at 520 nm over the
light exposure time, by using Varian Cary 5000 -U4g-NIR spectrophotometer. All photocatalytic
measurements were performed identically, and the calculated apparent quantum efficiency (AQE)

values are given in thelevar chapter

To test recyclability, once all the dye was degraded, the NCs were allowed to settle to the bottom
of the flask and collected. The powder was allowed to dry at 80 °C for 90 minutes before repeating
the photocatalytic measurements. Scavengerse wesed to determine the species involved in
photocatalysis. A scavenger (KSCN, methanol, ascorbic acid, or isopropanol) was added immediately
before irradiation to achieve a concentration of 10 mM. The reaction and measurements were then

performed as desbed.

Photocatalytic evaluations of GTO NCs was conducted according to procedure reported above for
GaO; particles, with the exception efinninga 15minute sonicatiorin darkto reachadsorption
desorption equilibriuminstead of half an hour stirringTo identify the species involved in
photocatalysis, different scavengers were used. Before irradiation, a scavenger ¢(Nate@@nol,
or FeC}) was added to the beaker to achieve a concentration of 10 mdhsNvas also utilized as a
superoxide radical swenger and it was blown into the solution for 15 min prior to turning on the UV

lamps. Afterwards, the measurements were carried out as described.

2.5.2 Determination of the apparent quantum efficiency (AQE):

The apparent g weawagcaleulatethsed otthedotiowing equatich

Q8 TQ0
"QQ TQOo

¢x: the apparent quantum efficiency for chemical species5@)
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d[X]/dt: the initial rate of formation or loss of chemical species (mol/Ls or ms)/m
d[h Bdt: the incident photon flux per unit volume (molegpbbton/nis)

d[X]/dt can be extracted from a plot of [F®90] (mol/L) versus time (seconds). The slope of this
plot equals d[X]/tl d[h Bdt is determined by measuring the power of irradiation per unit area at the
same height as the top of the-B80 soluiton and determining the photon flux per unit volume of the

dye solution.

2.6 X-ray Absorption Spectroscopy Measurements

The Eu Medge Xray absorption spectroscopy measurements were performed at the Spherical
Grating Monochromator (SGM) beamline 111Dat theCanadian Light Source. Edoped 1nOs NC
samples in the powder form were deposited on the carbon tape attachedusttimemadecopper
sample holder. The sample stage was inserted inhifravacuum (UHV) Xray chamber using a
loadlock procedure. Thesignal was detected by both total electron yield (TEY) and total

fluorescence yield (TFY) using channel plate detectors.

2.7 Multiplet Structure Calculations

The ratio of E&/EL** in Eu-doped 1nOs NC samples was determined by comparison of measured
Eu M-edge X-ray absorption spectra (XAS) with the linear combinations of the theoretiéahfa
Eu®* spectra, which were reproduced within the atomic multiplet calculations. Thergicoupling
term was included in the calculatiott® Assuming dipole selection rubel = 0,£1 in the calculation
reduces the total number of final states and reproduces simulateedlye spectra. The simulated
relative intensities corresponding to transitions iA*EBA'%4f7 (8S;2)Y 3dP4f® ("F)) and E&" (3dt%4f°
('F)Y 3d94f7 £S)) ae shown inFigure 3.6a (vertical lines). The Slater integral parameterd 6r
the E@* ground state 3#f’ configuration are ¥10.398, F=6.486, F=4.655, and the spin orbit
coupling parameter is 0.160 eV. For the finaP'Estate (384f) the Slater integral parameters are
F?=11.031, F=6.896, F=4.954, G=4.921, G=2.882, G=1.990, and spkorbit coupling parameter is
0.187 eV. Similarly, for Etf the Slater integral parameters for the configuration of the initial state
3d%f® are P=11.266, F=7.071, F=5.088, and the spiarbit coupling parameter is 0.175 eV. For the
final state of E& (3d’4f") the Slater parameters aré&=F1.840, F= 7.442, B=5.358, G= 5.326,
G*=3.121, G=2.156, and spiorbit coupling term is 0.202V. The values of the Slater parameters

used in the calculations are consistent with those reported in the litéfétdte.
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Chapter 3
Native Defects Determine Phase-Dependent Photoluminescence

Behavior of Eu?* and Eu®" in In.O3 Nanocrystals

3.1 Overview

Solution phase synthesis and manipulation of colloidal nanocrystals offers various opportunities to
control their optical and electrical propertigis intentional impurity doping, surface modification,
and structural trasformation. Simultaneous control of these processes is often challenging due to the
required reaction conditions and the nature of the given colloidafN@&le band gap metal oxides
are a unique class of materials characterized by polymorphism, transparency, and electrical
conductivity!* Such combination of properties makes them exploitable for numerdusotegies
including photovoltaics, sensors, displays, lighting, and photocat&fyis>* In,O; is one of the
extensively studied transparent metal oxides becafuge wide transparency, and the possibility of
generating high 4type conductivity and carrier mobility:*>° There are two known polymorphs of
In,0O; adopting bodycentered cubichiccIn,Os, bixbyite) and rhombohedrath:-In20s, corundum)
crystal structure® These polymorphs alsbave different electronic structuf®,allowing for the
control of the optichand electrical properties by structural transformation at high pressure and
temperatureOur group hasecently shown that high energy-In.O; phase can be stabilized in NCs
smaller than ca. 5 nm by controlling the growth kinetics during colloidal sgigtf° This
metastable form is shown to be an intermediate in the growtit@ih,O; NCs, which is a stable

form of In,Os at room temperature.

One of the attractivaneans of manipulating optical properties of colloidal NCs is through
substitutional dopingvith luminescent impurities. Lanthanide(lll) ions have attracted much attention
due to the unique nature of transitions, resulting in sharp photoluminescernmecta, stability to
photobleaching, and lodied excited states suitable for upconversion’PHowever, threevalent
lanthanide ions generally require a sematibn by a host matrix due to the small absorptivity of
intra-4f transitions. Some lanthanides can also be stabilized in 2+ oxidatiof’s$tatétleading to
uniquely different PL properties and the possibility of direct excitation into the parity allowed d
transitions. While some applications require a single color emissien,cdlexistence of both

oxidations states in a host lattice can be useful for multiplexed imaging and the desigayof X
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storage phosphorifer digital radiography and medical imagifig®**>*Most notable example is the
europium ionsEW** shows red emission arisifigom °DoY 7F;transitions, while Et usually emits in

blue due to parity allowed transitigH5d'Y 4f'(5S;,). Both E¢* and Ed* have comparable ionic

radii to I** and can adopt sigoordinate environment when substitutionally doped in both bixbyite
andcorundum phases. Furthermore, the ability to control NC structure and Eu oxidation state can lead
to simultaneous manipulation of the optical and electrical properties, and reveal the role of host lattice

in the stabilization and sensitization of lantltendopants.

Here the coexistence of Ewand Ed* in rh- andbccIn,0s NCs,which isachieved by adjusting the
NC synthesis conditionss demonstratedBoth dopant centers show dramatically different behavior
in the two NC lattices owing to the differenge NC size, and the structure and concentration of
oxygen vacancies. Furthermore, the ability to impact the formation and electronic structure of NC
native defects in both phases allows for elucidation of their interactions with dopant centers and their

role in sensitization of the dopant emissions.
3.2 Results and Discussion

3.2.1 The Influence of Dopant on the Host Crystal Structure

The Eudoped InO; NCs having variable crystal structure were synthesized by modifying the
procedure for the synthesis of pureOrn NCs?® Briefly, the samples were synthesized at different
temperatures (208 0 O C) from oleylamine as a coordinating

(In(acacy) and EuC as precursoréseesection 2.2.ffor experimental details)

Figure 3.1a,b shows typical TEM images of 3.9 % {Hoped InOs NCs synthesized at 30C.
These NCs are well dispersed and have an average siZ:bfAnm. As the concentration of EgCl
increases, individual NCs undergo oriented attachment forming flidkeenanostructuregFigure
3.1c andFigure Al in Appendix A. The oriented attachment of.@ NCs has been observed for
high ionic strength of the reaction mixtufeHigh concentration of an ionic dopant precursor could
lead to the displacement of coordinating ligands on NC surfaces by anions in solufipcai@ling a
limited protection and anisotropic chargingNC surfaces, which results in the formation of local
di pol e moment s, and oriented van der Waals inter
have bixbyite structure, as shown kigure 3.1f (red trace) andrigure 3.2a. Figure 3.1d, e shows
TEM images of 5.3 % Edoped InOsNCs synt hesi zed at 200 C. These
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and have corundum structu(€igure 3.1f, black trace) At higher Ed&* precursor concentration

(Figure3.2b) the obtained NCs attaliccIn,Os structure, similarly to the samples synthesized at 300
C. While the presence o ftendsropinhibiti NCigrevef’ increasedh e

concentration of EU appears to stimulate the growth lmfcIn,Os NCs. This $ consistent with the

fact that EwOs is isostructural tdoccIn.Os, favoringrh- to bce-phase transformatiots.

e
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Figure 3.1. (a-e) TEM images of (a,b) 3.9 % and (c) 11.5 %deped InOsz NCs synthesized at
300 °C, and (d,e) 5.3 % Hioped InOs NCs synthesized at 200 °C. (b) and (e) are latéselved
images of typical NCs from (a) and (dgspectively. (f) XRD patterns of NCs in (a) and (d) having
bceIn,Os (red, top) andrh-In,Os (black, bottom) crystal structure, respectively. Vertical lines

represent the corresponding bulk patterns.
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Figure 3.2. XRD patterns of Exdoped InOs NCs synthesized gf) 300 °Cand (b) 200 °Gwith

different starting concentrations of Ey@recursor, as indicated in the graph. All XRD patterns can
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be assigned to bixby#iype crystal structuren (a). For low garting concentrations of Eu precursor
(below ca. 5%) the NCs have corundtype crystal structurerlf-In.Os), while for higher Eu
concentrations they adopt cubic bixbyite structtmee{n.Os) in (b).

3.2.2 Spectroscopic Studies on Eu-In2Os in the UV-Vis Range

The PL properties of Edoped InOsz NCs synthesized at different temperatures are shown in
Figure3.3. The NCs synthesized at 38D show only minor delayed emission from*E{Figure3.3a,
red). The excitation spectrum corresponding t&"EDoY 'F) PL at 614 nm (purple) coincides with
the NC band gap absorption, indicating that"ERL is sensitized by thbccIn,O; NC host lattice,
albeit very weakly. A dominant emiss feature for this sample is a relatively broad band centered at
ca. 400 nmRigure3.3b, blue). The excitation spectrum corresponding to this emisBigare 3.3b,
yellow) also overlaps with the band gap absorption, but has a different band shape and is blue shifted
relative to the Etf excitation spectrum. Based on its energy, band shape, and intensity, this PL band
is assignedo the parity allowed 45d'Y 4 Ftranstion in E(#*.1%®

Although the reaction is performed in reducing environment of oleylamine, it is unusual for a
divalent Eu to substitute for a trivalent host cation. Thiim isontrast to the Eti substitution for a
di valent host cation, which h#sduttienauwe togshe ghgrgest ed t o
compensatiof® In addition to Ed&" emission, a much broader band is observed at lower energies,
which increases with increasing doping concentraftéguie 3.4a). The position, shape, and width of
this new band are very similar to deféetsed doneacceptor pair recombination emission observed
for Ga0s and rh-In,Os NCs!!! suggesting the formation of native defects hocIn,Os NCs
concurrently with the incorporation of Eu dopants. In the DAP emission mechanismQOa IBas
the majority donor tates have been associated with oxygen vacandi®s \while the minority
acceptor states are suggested to be due 10 @acancy pair&2>*>°Contrary torh-In.Os, undoped
bceIn,Os NCs obained at higher temperatures (> 230 °C) do not show any appreciableliefedt
PL.! This difference is kely associated with smaller surfamevolume ratio and lower concentration
of defects inbccIn,Osz NCs, consistent with the finding thaixygen vacancy formation energy
decreases with decreasing distance from the surf&desas been suggested that dopant ions having
lower oxidation state relative to the host lattice cation attract anion vacancies having a net positive
charge, due to electrostatic interactidt¥sAccordingly, E@*, which forms a negatively charged site

in In,Os, can attracand stimulate the formation of oxygen vacancies. Given the absence of defect
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based PL irbccIn,Os NCs, the appearance of DAP band indépedbccIn,Os NCs serves as a

direct evidence of the mutual interaction between defects and doparfigure3.3c shows steady

state (green) and tirgelayed (red) PL spectra of 5.3 %-Elopedrh-In,Os NCs synthesized at 200

C. The steady state spectrum consists of a br

which is structureless on the high energy side and exhibits a set of sharp featween ca. 600 and

700 nm(see alsdrigure3.4b). These features match the peaks fot' BDoY “F;) emission. The DAP

emission has a much shortefetime relative to f transitions of E&f, and the delayed PL
measurements clearly confirm the spectrum characteristic fét (Eigure 3.3c, red)®%1% The

excitation spectrum corresponding to*E(FDoY 'F,) PL at 614 nm (purple) coincides with the NC

band gap absorption, indicating thatEBL is relatively strongly sensitized by the NC host lattice.

The timeresolved data of EdopedbccIn,O; NC samples synthesized at different temperatures
are shown inFigure 3.3d. For NCs synthesized at 30Q (Figure 3.3d, top) the lifetime of E#f
emission (blug is significantly shorter than the defect emission (green). The average lifetimes

obtained by exponenti al fitting ofandtDABP Plddecays

respectivel y. For the samples sy%(te)esmichlengerat 20
than the lifetime of the DAP emission (0.55 msfof'Bus 0. 18 ¢e€s f or DAP). Whi |l
DAP emission |ifetime for NCs synthesized at 2

separation(Figure 3.5a),1%%° the faster decay of Elrelative to Ed" emission reflects higher
recombination probability in Bt due to parity allowedness d-f transitions.Now, the dependence

of the PL intensities on the doping RgoedS&ntr at i
and 2 OFyure 3.68f) cén be summarizedAt 300 C, the dominant Bt PL (blue squares)

increases with doping concentration and begins to saturate at high doping levels, most likely due to
selfquenching. Meanwhile, the emission of*Evemains negligible throughout the entirepim
concentratin range (open red triangle$he DAP emission, which is absent in pb-In,O; NCs'

appears in doped NCs and increases with doping concentration (green citclesjlear that this

DAP emission correlates with the E@mission, suggesting its role in attracting and stabilizing the
oxygen vacancy sites. The smissioraigvansimed, wlsle the€u er s e ¢
PL increases with doping concentration before being quenched at high doping levetsals af
crossrelaxation processes (red triangles). The DAP emission (green circles), initially strong, drops in
intensity above ca. 6 % doping concurrently with the transformation of NCsrfroto bccphase.

This is associated with the change in ghaed an increase in NC sidg@gure 3.5b). Other types of
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surface defects characteristic for oxide NCs (i.e. hydroxyl group) could potentialljoaisaonor
states and participate in DAP recombination.
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Figure 3.3. (a,b) Excitation and Pkpectra of 3.9 % EdopedbccIn,Os NCs synthesized at 300
°C: (a) E4* and (b) E&". (c) Excitation and PL spectra of 5.3 %-&opedrh-In,Os NCs synthesized
at 200 °C. E®f spectra are collected with 0.1 ms delay. (d) Fremolved PL decay of typicalue
doped InOs; NCs synthesized at 300 °C (top) and 200 °C (bottom) monitored at different wavelength.
(e,f) PL intensity at different wavelengths as a function of the doping concentration for NCs
synthesized (e) 300 °C and (f) 200 °C.
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Figure 3.4. (a) PL spectra of Bt in EuxdopedbccIn,O; NCs synthesized at 300 °C, having
di fferent dopi Bg 308 om).cWtim inareasing dopigpnderdrationthe broad
defectbased band centered at ca. 500 increases in intensity. (b) PL spectra ofdeyped 1nOs
NCs synthesized at 200 °C upon excitation above the band gap energy. With increasing doping

concentration the sharp Edransitions (586700 nm) become more pronounced.
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Figure 3.5. (a) Timeresolved DAP PL decay of 10.5 % Hoped 1nOs NCs synthesized at 200
°C having an average size of ca. 7.5 nm (ocher dots), and 11.4ddpEd 1nOs NCs synthesized at
300 °C having an average size of ca. 2000 (purple dots). Although the absolute number of donor
defects is similar the defect concentration is significantly higher in smaller NCs. Since both samples
havebccIn,Os crystal structure and comparable doping concentration, higher defect concefitration
smaller defect separation) arises from the lower synthesis temperature and highettcudhcae
ratio of NCs synthesized at 200 °C. (b) Timesolved DAP PL decay of 5.3 % Hopedrh-In,0s
NCs having an average size of ca. 3.5 nm (blue dots1@b®6 EudopedbccIn,Os NCs having an

average size of ca. 7.5 nm (red dots) synthesized at 200 °C. The defect concentration is more than 7
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times higher inrh-In,Os NCs. Higher propensity of defect formation fin-In.Os NCs is mostly
associated with smlar NC size and higher surfatevolume ratio. The solid lines represent the fits
to the experimental data using DAP time decay mg&dehe number of donor defescNo (oxygen
vacancies) per NC, obtained as a fitting parameter, is shown in the graph.

3.2.3 Determination of Eu®* and Eu?* Concentration; X-ray Absorption Spectroscopy

To determine the ratio of Euand Ed* in In,O3 NCs,the Eu Medge Xray absorption datanithe
framework of the multiplet calculatiomgas analyzedseesection 2.6 and 2.for details).Figure3.6a
shows the calculated spectra ofEftop) and E&' (bottom). The main Medge peak for Etilies at
higher energy than that for Ewllowing for a differentiation between the two oxidation states. The
relative fractions of Eti and Ed* in bccIn,O; NCs for different doping concentrations were
estimated using the linear combination of the theoretical spe€igaré 3.6b). For 5% doping
concentration Kigure 3.6b, top panel), the contributions Eu?** and Ed* are nearly equivalent. The
fraction of Ed* only slightly decreases with increasing doping concentrafiagu(e 3.6b, bottom
panel). Despite a significant amount ofEim bccIn203 NCs its PL intensity is verlpw, suggesting
a weak sensitization by the NC lattice. This result is consistent with the low concentration of oxygen
vacancies irbccIn,Os NCs, which have been suggested to facilitate sensitization3fkienergy
transfer?” On the other hand, the presence of defectb-im,O; NCs, evident by the DAP emission,
leads to a strong Eusensitization. Although a comparable amount of*Esiobserved ibce and
rh-In.O; NCs Figure A2, Appendix A, EW* emission inrh-InOs NCs could not be detected
together with the DAP PL band. This interesting observation might be due to the overlap of'the Eu
and NC band gap absorption, as well as the spatial distribof ELF* dopants. Due to high surface
to-volume ratio defects that attract and stabilizé'kans are located in the immediate vicinity of the
NC surfaces. The presence of?Eglose to or on the NC surfaces could lead to-ramfiative
guenching of thir PL. Other types of surface defects characteristic for oxide NCs (i.e. hydroxyl

group) could also form donor states and patrticipate in DAP recombination.
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Figure 3.6. (a) Calculated Eu Mdge %ray absorption spectra of Eytop) and E&" (bottom). (b)
Comparison of the experimental spectra of 3.9 % (top) and 11.5 % (bottedgpEdbccInOs NCs
with the linear combination of thealculated spectra.

3.2.4 Europium Site Occupancy

In spite of the high intensity and valence electron participation i &&d'Y 4 ¥ transition,
broadening and structurelessness of the PL band often hampers the elucidati&ncobigination.
In contrast, tb splitting of the sharpDoY ’F; transitions in E& can be used to infer the dopant
environmentFigure3.7a compares the higresolution PL spectra of Etin In,0; NCs synthesized
and treated at different tempat ur e s . The spectrum of a sampl e
significantly more resolved than that for NCs s
more homogeneous dopant environmeridaIn,Os; NCs grown at higher temperatures, whigtses
from lower concentration of defects and/or lower NC surface area. Annealing of the samples
synt hesized at 300 C (bottom) |l eads MY Fexpul si
peaks. The resulting spectrum resembles that in the top panétming that E& ions partly reside
on NC surfaces. This conclusion was reinforced by comparing the PL spectra of the NCs that were
subjected to a different degree of treatment with TOF@Qufe A3, Appendix A, which leadsad the
removal the surfacbound dopant ions. The lowest lyifiDoY "Fo transition shown irFigure3.7b is
particularly instructive for identifying different Eusites. Owing to nowlegenerate ground and
excited states, eaéBoY "Fo peak corresponds to a specific’Esite. Thespectrum for NCs prepared
at 2 fediures t@o welbefined peaks at ca. 580.3 nm and 581.5 nm (blue). The peak at 580.3 nm
has been associated with surfaceind Ed* ions, and it decreases in upon repeated TOPO treatment

(Figure A4, Appendix A. The peak at 581.5 nm is proposed to be due to internally incorporated
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EX*®The spectrum of 300 C synthesized N@s has

In,0s, bcephase has two types of substitutional siteste having theCs (or ), andd-site having
the C; point group symmetry. Given the similarity of thesite with the substitutional site n-1n20s
(Cav) it is likely that the peak at 582.7 nm corresponds todtsie in bccIn,Os NCs. It has been
suggested that tHesite occupancy is favorable for dopant ions larger th&hit is likely that the
b-site is occupied first, followed by ttaksite at higher doping levels. In addition to the number of
peaks for®DoY "Fo, the ratio of°DoY F. and ®DoY F; peak intensities (R) contains important
information about the Bu site symmetry. The ®Ralue increases with decreasing coordination
symmetry. It has been suggested in cases 8fdaped in GgO; and TiGQ NCs that tle Rvalue for
surfacebound Edg' is lower than that for internally incorporated®Etf8! owing to the distortion of
the substitutional sites. The dependence of R on the overall doping concentration is shigurein
3.7¢; it initially increases, reachg the maximum for ca. 2 % doping, followed by a gradual decrease.
This behavior is similar to that of Euin Ga0s NCs, indicating that E{i incorporation is slower
than the rate of NC growth. As the starting amount &f Eacreases, a larger numberE#* can be

incorporated into the NCs, until the occupation of internal substitutional sites reaches maximum.
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Figure 3.7. (a) Highresolution E&" PL spectra of Exlopedrh-In.O; NCs synthesized at 200 °C
(top), andbccInzOs NCs synthesized at 300 °C before (middle) and upon annealing at 400 °C
(bottom). (b) E& (°DoY “Fo) spectra of sanigs in (a). (c) Rvalue as a function of the doping

concentration for EdlopedbccIn.Os; NCs synthesized at 300 °C.
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3.3 Conclusions

In summary, the effect of NC phase and Eu oxidation state on the PL properties of colleidal Eu
doped 1nO; NCs were demonstratedBlue (Ei*) or red (ES") emission in bottbce andrh-In,Os
NCs, owing to the controlled interactions of dopant ions with the host lattice defect wites
achieved The NC size and structure, and dopant oxidation state are effective tools forliogntinel
native defects in k©Oz: NCs. Using different means to control defect concentratidardependence
of the defect formation, and dopant incorporation and emisgasndemonstrated.h€ incorporation
Ew?* ions leads to stabilization of oxygen vacis, which in turn act as sensitizers for theé*Eu
emission. The ability t@imultaneously control the NC structure and oxidation state of lanthanide
dopants in NCs allows for controlling optical properties or inducing multifunctionality in colloidal
NCs
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Chapter 4
Turning Non-Luminescent Metal Oxide Nanocrystals into Tunable

Materials with High Scotopic to Photopic Ratio

4.1 Overview

Aliovalent doping of metal oxide nanocrystals is an attractive way to tailor their electronic
structure and manipulate their oplectronic properties. Incorporation of such extrinsic defects
generates new electronic states within the band gap, which can trap photoexcited electrons and holes,
acting as radiative recombination centers. Herein, the synthesis of ternary gallium den oxi
nanocrystals throughout the full composition rarigereported.It is demonstratg that their
photoluminescence can be tuned through most of the visible region by changing Ga:Sn ratio. By
substitutional doping with G3 the PL intensity of SnOnanocrgtals is enhanced by nearly three
orders of magnitude, reaching photoluminescence quantum yield of > 40%. Increase in PL intensity is
attributed to the formation of donor and acceptor pairs, and the increase in emission energy is
discussed in the contexf band gap expansion and stronger Coulomb interaction between charged
defect sites. Timeesolved and steaestate photoluminescence spectroscopies reveal that the
interaction of extrinsic and native defects is driven by the nature of the dopant ionjuBingd
various reaction conditions, the nanocrystals with nearly ideal scotopic to photopic ratio and a
quantum yield of ca. 34%vere preparedattesting to the potential of these nanocrystals as light
sources for general lighting applications. The rasoltthis work provide new insight into the role of
defect chemistry in tailoring the optoelectronic properties of transparent metal oxide nanocrystals, and
pave the way for the rational design of light sources and photonic devices with high

photoluminescece efficiency, minimum toxicity, and optimal lighting characteristics.
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4.2 Results and Discussion

4.2.1 Structural Characterization

First, the structure and composition GTO NCs synthesized under different condiienes
examined XRD patterns of GTO NCs preparedthw different starting concentrations of Ga
precursor for the reaction duration of 8 h are present&tfure4.1a. The patterns of pure Sp@nd
Ga&0s NCsagree well with the pattern of bulk rutile tin oxidBCEDS 088287, red sticks) ana-
phase gallium oxideJCPDS 02426 blue sticks), respectively. With increasing content of
substitutional G& in SnQ NCs, the rutile XRD peaks shift to higher anglEgure B1 in Appendix
B), which is consistent with the smaller ionic radius of octahedrally coordinatéd (&2 A)
compared to St (0.69 A).Increasing theallium concentratioris accompanied by a decrease in NC
size {Table B1 andFigure B2 in Appendix B. The NCs retain rutile structure until the Ga:Sn ratio
becomes 50:50, suggesting that SNTs have high capacity to dissolve foreign ions to form a solid
solution. The NCstructure transforms to-Ga0Os; when Ga:Sn precursor ratio exceeds 75:25. The
broadening of the XRD peaks for undoped £a@d GaOs; NCs is associated their small size. An
increase in the concentration of dopant impurity3(@aSnQ and SA* in Ga0Os) causes an increase
in the local disorder of the NC host lattice, leading to an increased full width at half maximum
(fwhm) for both host lattices. On the other hand, the XRD peaks become narrower by increasing the
reaction durationKigure 4.1b) or tempeature Figure 4.1c), for the same ratio of Ga:Sn (50:50),
suggesting the improvement in the crystalline order of GTO NCs. It is also evident that the peak at ca.
35 degrees for rutile GTO NCs has the smallest fwhm, suggestingnibetropic morphology of
SnQ NCs, and the longest dimension along {101} pl&nhe.
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Figure 4.1. (a) XRD patterns of GTO NCs with different Ga content (in atom %), as indicated in
the graph. (b) XRD patterns of GTO NCs with 50 % Ga content, synthesized for different reaction
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duration (4, 8, 16, and 32 hours). (clRE patterns of GTO NCs with 50 % Ga content, synthesized
for 8 h at different temperatures, as shown the graph. Red and blue sticks in all panels represent the
patterns of bulk rutile Sn{ando-Ga0s, respectively.

Figure 4.2. (ad) TEM images of GTO NCs synthesized under the same conditions, but with
different Ga contents: (a, b) 10 % Ga, (c) 50 % Ga, and (c) 90 % Ga. The measured average lattice
spacing corresponds to rutile Sn®, c), anda-G&0Os (d). (e-g) Scanning transmission electron
microscopy (STEM) image (e) and the corresponding elemental mapping for Ga (f) and Sn (g) of
GTO NCs containing 50 % Ga synthesized for 32 h.

TEM images of GTO NCs, synthesized with different*Garecursor concentraths for 8 h
reaction duration are shown Figure4.2. At low Ga concentratiofO 25%),the NCs have elongated
morphology and high crystallinity, as evident Figure 4.2a and b respectively. Increasing Ga
content induces the lattice disorder and adversely affects the limjtstalf the SnQ NCs (Figure
4.1c). The measured average lattice spacingfaf} planesin GTO NCs for Ga content @50%is
smaller than that for SONCs (3.35A) owing to the substitutional incorporation of Gan the NC
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lattice, and is consistent with XRD patternsHigure 4.1a. The morphology of the NCs becomes
spherical for high Ga content (90%), and the measured lattice spacing reflects the transforroation to
Ga0Os crystal structure Rigure 4.2d). The actual Sn and Ga concentrations, determined by EDX
spectroscopy, reveals that Sn tends to be incorporated in the lattice more readily than Ga for all
starting precursor ratio§ éble B2 in Appendix B. The spatial distribution of Ga and Sn in NCs was
assessed by EDX elemental mappikRg(re 4.2e-g). Similar maps for both Ga and SFiqure 4.2f

and g respectively) suggest the lack phasgregation, and the formation of the correspundi
oxides.To understand the origin of the elongated morphology of rutilie GTO NCs, the NC shape
evolution with respect to the reaction tinvas examinedOverview and high resolution TEM images

of GTO NCs pepared for varied reaction times are showifrigure B3 (AppendixB). At shorter
reaction times the isolated NCs are largely spherical. As the reaction continues, these NCs undergo
oriented attachment, assembling into nanowirigs w101> orientatiord®2’ consistent with narrowing

of fwhm of the corresponding XRD pedkigure4.1b). No significant change in the concentration of

Ga was observed at longer reaction times. Performing the reaction at higher temperature also
elongates the particlgigure B4 in Appendix B, although it is accompanied lilge exclusion of

Ga, as indicated imable B2 (Appendix B.

4.2.2 Investigation of Composition Impact on Band Gap and PL Tunability

Our group hagreviously shown that colloidalGa,0O; NCs do not exhibit quantum confinement in
the si2 range achievable by colloidal synthésf® rendering their band gap energy independent of
the NC size. However, because of the considerable difference between the band gapaoidSnO
Ga0s, the optical band gap of GTO NCs is strongly dependetti@incomposition. As evident from
Figure4.3a, the onset of the band edge absorption of GTO NCs shifts continuously to lower energy
with decreasing Ga content up to band edge absorption for pueeN&®IIn contrast to G#;s, the
Bohr radius of Sn®(2.7 nm) is comparable to an average size of hydrothersylithesized SnO
NCs, at least in one dimension, causing a blue shift of their band edge absorption relative to bulk
SnQ. It is widely acceptedhat oxygen vacancies areromonstructural defects in different metal
oxides.In SnQ thesepoint defectsform donor states ca. 0463 eV below th&€€BM, deliveringboth
high n-type electrical conductivity and transparencyttte visible region of the speam?3’ On the
other handaliovalent dopingof SnG with cations having lower oxidation state than 4+, induces
acceptor centers within themndgap Theoretical calculations have suggedted formation eergy of

acceptors and high bindjnenergy between acceptors and donors (oxygen vacanesslting in
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formation of donoracceptor complexe®162163Following the excitation of rutiphase GTO NCs
into the bandgap, the electrons and holes are trapped in the donor and acceptors states, respectively,
which then acas radiative recombination cergeSimilar mechanism has been suggested8ga.03

NCs, involving oxygen vacancy and gallitorygen vacancy pair as donor and acceptor sites,
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Figure 4.3. (a) Absorption spectra d6TO NCs with different Ga content, as indicated in the
graph. The numbers in the legend represent Ga concentration (in atom %). (b) Excitation (blue trace)
and PL (steadgtate, orange trace; delayed, green trace) spectra of GTO NCs with 50% Ga content.
Absorption spectrum (red trace) is shown for comparison. (c) PL spectra of GTO NCs with different
Ga content. (d) Photograph of the emission of colloidal GTO NCs with various Ga content. (e)
Schematic illustration of the alteration of dodind gap states due the change in the band gap

width. The photoexcited electrons and holes are trapped in donor and acceptor states, located below
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CB and above VB, respectively. Radiative recombination of the carriers in GTO NCs with smaller
band gap (low Ga content) isgponsible for yellovorange emission (right). Increased Ga content
results in band gap widening and increased energy separation between donor and acceptor levels,
causing the blue emission (left).

Large energy separation between excitatiBigyre 4.3b, blue trace) and emissiofrigure 4.3b,
orangetrace) bands for all GTO NCs is consistent with PL originating from localizedbatregap
states. Neglecting the lattice phonon effects, the energy &iAReemission Epap) can be described

by the following equation.

2

_ ) €
EDAP_Eg (ED EA) ?ohe (4.1)

whereEy is the band gap energifp and Ea are donor and acceptor binding energies, respectively,
andr is the donofacceptor separation. The last termEn. 4.1 represents the Coulomb interaction
between singhcharged donor and acceptor sites, which has been shown to be the determining
parameter of the DAP emission energy dependence on the N& kizeeasing the average donor
acceptor separation with increasing NC size leads to a red shift of the DAP PLThandnge of
separations between donor and acceptor sites within a NC is also responsible for a red shift of the
delayed emision relative to the steaebtate PL spectrunvide infrg), as shown irrigure4.3b (green
trace)!*> However, the dependence of the DAP emission energy on the NC composition is mostly
due to the change in the electronic stmue. The DAP band follows the blue shift of the band edge
absorption with increasing Ga contefigure 4.3c). The increase ity has a larger effect oBpap

than the decreased average separation between donor and acceptausite by Ga dopingigure

4.3e). The ability to manipulate the difference in energy between donor and acceptor states in GTO
NCs by composition control allows for an expansion of the PL tuning range throughout the entire
visible part of the spectrunhotograph of the light emission of colloidal GTO NCs having different
Ga content is shown ifigure 4.3d, attesting to their potentidbr photonic, optoelectronic, and

biomedical applications.

4.2.3 Defect Concentration Determines the PLQY

The separation between donor and acceptor sites also determines the decay dynamics of the DAP

emissior2*1%*The rate determining step in the DAP recombination is a tunnel transfer of the electron
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trapped in the localized donor state ttte associated acceptor site where the charge carriers
recombine. The electron and hole trapped in the nearest donor and acceptor site, respectively, have
the highest probability of recombining fifst. More distant doneacceptor pairs recombine
subsequently, causing a red shift and a delay in the obseniedie@m(seeFigure 4.3b). Typical
time-resolved PL dataf GTO NCs containing different concentrations of gallium are shown in
Figure4d.4a. The average DAP recombination lifetime shortens with incrgaSexSn ratio in rutile
phase GTO NCs (i.e., Ga@ ) which is consistent with the reduction in the DAP separation owing
to an increased density of doraceptor pairs. In principle, the highest density of the défestd
recombination sites is formefdr the maximum concentration of aliovalent dopants. The closest
associated doneacceptor pairs will recombine with the highest efficiency, suggesting the possibility
of increasing PLQY by substitutional incorporation of aliovalent dop&igsire 4.4b compares the
PLQY of GTO NCs having different composition. The quantum efficiency increases with increasing
Ga content, and reaches the maximum value at ca. 50°%Ragher increase in Ga:Sn ratio leads to
diminished PLQY, concomitantly with argttural transformation to cubio-Ga0Os; phase and
decreasing doping level of ¥nThe results ofFigure 4.4b confirmed our hypothesis that higher
concentration of aliovalent dopants induces smaller average separation ofactepior pairs
resulting in more efficient radiative recombination. This is in contrast with isovalent doping .e., In
in Ga0s NCs), which leads to significant reduction in PL efficiehAdihe highesmeasuredPLQY

for GTO NCs is ca. 45 %, which is one of the highest values reported for-dafsst emission in

oxides.
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Figure 4.4. (a) Timeresolved PL decay of selected GTO NCs. The Ga content corresponding to
each sample is shown in the graph. The PL lifetime data for other samples were left out for clarity. (b)
PLQY of GTO NCs with different Geoncentration.
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4.2.4 The Influence of Reaction Length on Optical Properties

To probe the impact of the reaction duration on the optical properties of GTO NCs, NCs with 50%

Ga content by varying the reaction time between 4 and 32 heems synthesizedThe EDX

measurements confirmed that the composition did not change with prolonging the reaction time

(Table B2 in Appendix B. However, as the reaction time increases, the NCs continue to grow and

their band edge shifts to lower energyedo quantum confinement of SH@C host lattice Kigure

4.53). The prolonged growth of NCs also leads to a small decrease in donor/acceptor defect density

and an increase in their average separation, causing minor but deteethlsbift of the DAP

emission bandHigure 4.5b). Surprisingly, the PLQY is enhanced from @b % to 43 % by

increasing the reaction duration frehi to 32 h (Figure4.5d, green symbols)
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Figure 4.5. (a) Absorption spectra of GTO NCs with 50 % Ga content, synthesized for varied
lengths of time, as indicated in the inset. (b) PL spectra of GTO NCs in (a). (crésoleed PL
decay of GTO NCs in (a)d] PLQY and nosradiative recombination rate constant for GTO NCs as a

function of reaction duration.
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A decrease in the PL decay rate with increasing reaction tigerg 4.5c) is consistent with a
larger average don@cceptoiseparation, although it is evident that the change in the PL decay rate is
much more significant than the shift in the steathte emission band. The overall lattice disorder,
stemming from heavy doping, concurrently leads to the formation ofatbative recombination
centers. The improvement in the lerange lattice order, caused by lengthening the reaction time,
stimulate the radiative recombination pathway and therefore enhance the PL efficiency. Ragiative (

and nonradiative k) recombinationates were estimated utilizing the following equations:

[ = ; (4.2)
(k +Kky) |
__k
RCETS “9

where Uand Qx are the average PL lifetime and quantum yield, respectively. Using the average
lifetimes determined form the exponential fitting thfe data inFigure 4.5¢c (see Table B3 in
Appendix B and the corresponding relative PLQYs,and ky for different synthesis timewere
calculated Figure 4.5d plots the norradiative recombination rate (red circles) and PLQY (green
circles) with respect to the reaction duration. With extended reaction time radiative contribution to the
PL decay increases, while noadiative contribution decreases. A decreade:iis accompnied by a
symmetric increase in PLQY, highlighting the utility of hydrothermal synthesis and aliovalent

alloying in tailoring the electronic structure and optical properties of metal oxide nanostructures.

4.2.5 Exploring the Role of Temperature on Modulating the Electronic Structure

To investigate the effect of the synthesis temperature on the efficiency of the GTO NC emission,
the NC synthesewere performedt different temperatures between P@0and 220°C, keeping the
other parameters unchanged. The ingeeia the synthesis temperature leads to the improvement in
the sample crystallinity (sekigure 4.1c and the associated discussion). However, the Ga content
drops from 43 % (for 1408C synthesized NCs) to 28 % (for 220D synthesized NCshas shown in
Table B2 (Appendix B) Lower Ga concentration and larger NC sizes ath kesponsible for the red
shift of the band gap absorptioRigure 4.6a) and DAP PL bandHigure 4.6b) with increasing
temperature. Similar to reaction time dependendeigare 4.5, the influence of temperature on the
lifetime and PLQY must be discussed in the context of the competition between the crystallinity and

DAP concentration of the NCs. On one hand, the NC treatment at elevated temperatures in solution
48



diminished tle fast nonradiative recombination pathway, leading to an increase in the DAP PL
lifetime and PLQY. On the other hand, it reduces the concentration of radiative centers by removing
Ga*-induced defects, leading to a decrease in in PL efficiency. As depickégure 4.6d, while k;
experiences relatively little change over the investigated temperature kandy@ps sharply when

the temperature is raised from 140 to 190°C, followed by a slight upward turn at higher
temperatures. PLQY at first increases withréasing reaction temperature and then significantly
declines Figure4.6d, green spheres). The maximum PLQY is achieved for the reaction temperature

of ca 190°C due to the optimal balance between DAP concentration anddog structural order.
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Figure 4.6. () Absorption spectra of GTO NCs with 50 % Ga content, synthesized in ethanol at
different temperatures, as indicated in the inset. (b) PL spectra of GTO NCs in (ajnége3olved
PL decay of GTO NCs in (a). (d) PLQY and electhmie recombination rate constants (radiative and

nonradiative) for GTO NCs as a function of reaction duration.
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4.2.6 Toward Functional Properties of GTO NCs

The evefincreasing global demand for litjhg and the necessity to lower energy consumption
have, in recent years, placed an emphasis on finding new ways of improving the efficiency and
characteristics of light emitting phosphors and devices. One of the emerging ways to maximize the
efficiency ofa light source is to design a light emitting material that can most effectively stimulate
human eye under particular lighting conditions. Human vision occurs by two primary modes:
photopic and scotopic vision. Photopiisien is the vision under welit conditions and is primarily
enabled by cone cells in the eye. It is responsible for color perception, visual acuity and temporal
resolution. Scotopic vision, on the other hand, is vision in dark, which is monochromatic and
functions due to rod cells in theye. A combination of photopic vision and scotopic vision at low
lighting levels is known as mesopic vision, and involves a combination of rod and cone cells in the
eye. The mesopic luminous efficiency is defined as a linear combination of photopicoamgicsc

luminosity functions:
V. .(/)=@ -x)Vi( §H »Vv( ) (4.9)

whereV (/) andVi(/)are is the standard photopic and scotopic luminosity funck@uile4.7a),

respectively, and x is the function of photopic adaptation lumindggeTherefore, the objects are
perceived brighter in the dark, when the light source maximum emission is at ca. 505 nm (scotopic
function), while in wellit environment the mamum emission at ca. 555 nm (photopic function)
simulates the objects to be identified brighter. Light sources (hitih) scotopic to photopic ratio

(S/P) of ca. 2.5 are recognized to be visually more efficigath light sources can be operat¢d

lower power relative to thoseith low S/P ratiot>16¢

The ability to simultaneously manipulate PL properté&TO NCs, including emission emgt,
spectral band width, and quantum efficiengnders GTO NCs promising fdesigning light sources
with optimal S/P ratioA series of GTO NCs under diverse reaction conditivas prepare@Table
B.4 andFigure B5 in Appendix B, allowing us to generate samples that have a maximum emission
wavelength matching those of the maxima of both scotépgu(e4.7a) and photopicKigure B6 in
Appendix B luminosity functionsThemeasured PLQY of ca. 34%or S/P = 2.60 is approximately
two times greatein efficiency than that reported for CdBased QDs with the similar S/P ratio
(Figure4.74).1%516The photograph of the sample emission showing its yellegishn colorunder
UV excitation is dsplayed in the inset ofigure 4.7a. To generate white light for lighting
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applications nanoconjugates by functionalizing these NCs with dye molecules emitting in the
complementary spectral rangere preparet 1%’ These hybrid organimorganic nanostructures act

as singg nanophosphors owing to the distaxdependent energy transfer between the two moieties.

A photograph of a typical white light emitting nanoconjugate sample is also shokrguire 4.7b

(inset). These results serve as an instructive example how the afritrelmetal oxide NC electronic
structure and defect interactions by aliovalent doping/alloying and synthesis methodology can result

in improved efficiency and characteristics fighting and other photonic applications.
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Figure 4.7. (a) PL spectrum of GTO NCs (green trace) covering both scotopic (blue trace) and
photopic (red trace) luminosity functions. The function correspntti S/P ratio of 2.5 is shown as a
brown trace. The photograph of the emission of the NCs excited into the band gap is shown in the
inset. (b) PL spectrum of GTO NCs in (a) conjugated with-B80. The photograph of the emission
of the nanoconjugates @ted into the band gap is shown in the inset.

4.3 Conclusions

In summary, new ternary gallium tin oxide N@®re synthesizedandit was demonstrated that
their PL color can be tuned from blue to orange by composition modulation. Substitutional
incorporaion of group 13 elements into Sp@ttice creates acceptor levels within the band gap,
simultaneously increasing intrinsic donoé#) to compensate for charge imbalance. Using:SwCs
as a model system in whiahmajority of photogenerated carrigend to recombine neradiatively, it
was shown that induced doneacceptor pairs introduce a new radiative recombination pathway,
resulting in the enhancement of the PLQY to above 40 %. The observed blue shift of the DAP
emission of GTO NCs with increag Gacontent originates from widening of the band gap and
stronger Coulomb interaction between the desmgeptor pairs. Systematic increase in the DAP

concentration, associated with an increase iff @aping level, leads to smaller separation between
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electron and hole trap states, resulting in a faster PL decay raterabliative recombination
mechanisms can be further supgsed by improving the lorrgnge order of NCs through increased
reaction duration and temperature. The interaction of the dopgmrity with native defects is a
function of its chemistry, and serves as another degree of freedom to control the electronic structure
of NCs. Broad PL tunability, chemical stability, and efficiency of these TMO NCs are compelling
features for various phanic applications, including the generation of light sources having ideal
scotopic/photopic ratio and appreciable PLQY. The results of this work demonstrate the possibility of
converting noduminescent TMO NCs into tunable and efficient light emittersshyultaneous

control of the NC composition and defect interactions. This process is enaljlatidiyusselection

of the synthesis method and reaction conditions, and allows for a design of light emitting devices with

optical characteristics.
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Chapter 5
Anomalous Photocatalytic Activity of Nanocrystalline 9-Phase

Ga>03 Enabled by Long-Lived Defect Trap States

5.1 Overview

Semiconductor photocatalysis has emerged as an efficient and sustainable advanced oxidation
process for wastewater treatment atiger environmetal remediation, and forms the basis for water
splitting and solato-fuel conversion.Nanocrystalline metal oxide are particularly promising
photocatalysts because of their efficiency, stability, and low toxicity. However, the infloétioe
crystal $ructureand defects on the photocatalytic activity of these polymorphic materials is still
poorly understood. In this work the structural dependence of the photocatalytic activity of
nanocrystalline G®; is investigated It is demonstratg that metastakl cubiecphase >G&0s;
prepared from colloidal nanocrystals exhibits an anomalously high photocatalytic activity, which
rapidly decreases upon thermaiihduced transformation to monoclinieGa,0Os. Using steadystate
and timeresolved photoluminescence reaeementsit is shown that the reduction in photocatalytic
activity upon annealing is accompanied by a decrease in native defect (i.e., oxygen vacancy)
concentration and interactions. Trapping charge carriers in dathated states im-GaOs
nanocrystes results in a reduced rate of charge recombination and enhanced interfacial charge
transfer, which has been unambiguously confirmed by comparative measurements tslngdd
Ga0s. These phenomena are enabled by the unique character of defechsi&iasds; nanocrystals
which have much longer lifetime than typical metal oxide surface states. Using various scaitengers,
is demonstrated that reactive radél (2and/ # ) formed by photogenerated charge carriers play a
key role in the mechanis of photocatalytic degradation by £&a. The results of this work
demonstrate how manipulation of the location and electronic structure of defect sites in
nanostructured metal oxides can be effectively used to control charge carrier separation and enhance

photocatalytic activity, without a detriment to high surfé@&olume ratio.
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5.2 Results and Discussion

5.2.1 Structural Analysis: o b Phase Transformation of Ga,O3; NCs

Typical XRD patterns 06a0z: NCsannealed at various temperatufresn 400 °C to 800 °C for 2
hoursare presented iRigure5.1a andFigure C1 (AppendixC). The XRD pattern of asynthesized
Ga0s; NCs (Figureb5.1a, blue trace) is well matched with that of bulka0s; (blue sticks JCPDS
20-0426) Significant broadening of the peaks is consistent with small average NC size. The XRD
patterrs showno evidence o significant increase in size ofphaseNCs upon annealing up to ca.
550 °C. However, between 550 °C and 575 °C the narrower XRD peaks charadigbigii®: (red
sticks, JCPDS 41103) appeaffFigure5.1b). The presence ohixed phasés clearly observed in the
XRD pattern of600 °C annealed sampleg-igure 5.1a, orange trace), ani$ particularly evident
between 25 and 40 wherethe sharp peaks belong bephasewhile the broadpeaks belong to-
phase(Figure 5.2). The samples annealed at above700 °C (red trace inFigure5.1a, and purple
trace in Figure 5.1b) exhibit monoclinic b-phasecrystal g$ructure, and much larger crystalline
domains. Unlikeo -Ga&0;3, the average domain size ef5a,03 increases gradually wittinincrease in
annealing temperatur&€hese results indicate thdC phase is sensitite annealingemperature, and
that phase trasformation frono-Ga:0s to b-Ga:Os is accompanied by a rapid increase in the NC size.
Our group haspreviously demonstrated that situ phase transformation of 2@; NCs can be
controlled by controlling NC size and growth kinetics, where surface enedgsuaface stress lead to
stabilization of the metastable phase below the critical®sfzi.has also beensuggested that this
process occursia surface or interface nucleation mechanism depending on the reaction corditions.
The results inFigure 5.1a demonstrate the generality of these findings, and suggest that phase
transformation occurs when temperatimgéuced NC fusion causes the increase in the size of

nanocrystalline grains above ca. 6 nm.
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Figure 5.1. (a) XRD patterns of G&; NCs synthesized at 200 °C and annealed at different
temperatures as indicated in the graph. (b) XRD patterns ¢D;QdCs annealed at different
temperatures in the range near the phase transformatiorofpbase td-phase. Blue and red sticks

represent the patterns of balGa.0; andb-Ga:Os, respectively.
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Figure 5.2. Deconvolution of the XRD peaks for g NCs synthesized at 200 °C and annealed at
600 °C. The prsence of botl- and a-phase is clearly observed between 25° and 40°, and specific

peaks for both phases are designated in the graph.

Typical TEM imagesof the samples irigure5.1 are shown irFigure5.3. Figure5.3a shows an
overview image of the N& annealed at 40°C. Annealing at lower temperatures causes the
aggregation of NCsgreating a poroustructure. This aggregation is evidentat samples that

contain a-phase(Figure C2 in Appendix C). Figure 5.3b shows ahigh resolutionTEM image of
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Ga0; NCs in Figure 5.3a. The measured average lattice spa@h@.9 A corresponds to {220}
plane of 3-G&0s;, consistent with the XRD datdhe boundaries between individual NCs remain
clearly observable, suggesting that annealing does not lead to a fusion of NCs and the formation of
larger single crystal domains, but rather an aggregafiamdividual NCs. This observation is also in
accordance with XRD results discussed ab&igure5.3c and dshowshigh resolution TEM images

of the samples annealed at @D°C and 950 °C, respectivelfor the samples annealedé@0 °C he
lattice spacing indicates the presencdath >-Ga0; andb-Ga:Os. This conclusioralsoagrees with

the results inFigure 5.1. The inspection of multiple TEM images of this sample reveals some
junctions between the two NC @, although significant aggregation largaigvents disaction of
separate NCd attice resolved TEM image of the sample anneale@lsé °Cshows the formation of
large singlecrystal grains, with the lattice spacing corresponding to {001} plafeG#0s (5.64A).

There isno evidence that aryyphase is preserds expected based on the XRD results.

Figure 5.3. TEM images of G#s; NCs annealed at (a, b) 400 °C, (c) 600 °C, and (d) 950 °C. The
assignnent of the observed lattice spacing is indicated in the images.
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5.2.2 Photocatalytic Evaluations

The photocatalytic activity of G&s; samples was evaluated by monitoring the degradation -of Rh
590 dye over time upon exposure 64 nm light source The initial cancentrationof Rh-590 (Co)
was determinedhfter absorptiomlesorption equilibrium was achieveBased on the Bedrambert
law, the relativechange inconcentrationof Rh-590 (C/Co) is equal to th relative change in
absorbance A/Ag), where C and A are the concentration and the corresponding absorbance,
respectively, at a given point in time, whifg is the initial absorbance correspondingdg It has
been suggested that the degradation of various dyes by semiconductor photocatalytic oxidation can be
appoximated by the Langmuidinshelwood modeil1% which assumesthe pseudefirst order
kinetics:

In % =Kol (5.1

wheret is time and kapp is the apparent rate constaiihe value of InCo/C) plotted against time
produces a linear fit where the slope eqlajs A series of kinetic experimentgas conductedo
ensue that the concentration of F90andthe mass 0fGaOs; NCs used were such that the reaction
remairs pseudefirst order. Optimal dye concentration sv&5 mg/L and catalyst mag3 1 @g. The
LangmuirHinshelwoodmodel was applied to the early stage or reaction until the minimum value of
R2was 0.99

Figure5.4a shows ahange in the absorption spectrum of%80 in the presence @a0; NCs
(annealed at 4D°C) for different duration of exposure to light. Absorption measurements-68&h
in the presence of the catalyst in damkd a&xposed to UV light in the absence of tagalystwere
also conducted to ensure that the degradaifotihe dyeis a result ofthe photocatalytic activity.
These ontrol experimats confirmed little to no degradation of the dye. However, upon exptisure
light there is a progressive decrease¢haintensty of S° S; band maximum ovetime, indicating
photocatalytic degradatiofigure5.4b shows the angmuirHinshelwood plot othe kinetic data for
Ga0Os samples annealed at various temperajuogether with the corresponditigear fits (Eq. 5.1).
The samples annealed at temperatures below 650 °C produce a linear fit with a similar slope. Above

650 °C the slope is distinctly less steep, indicating a sharp decrease in the degradation rate.
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Figure 5.4. (a) Absorption spectra of RBB0 monitored over time (as indicated in the graph) in the
presence 0f-Ga0Os photocatalyst under UV excitation. The photocatalyst was prepared by annealing
assynthesized NCs at 400 °C. Black trace is the alisor spectrum of R#90 solution in the
absence of the catalyst, and red trace is the absorption spectrunb®0 Rtirred in dark for 30 mins
in the presence of the catalyst. (b) Langnailimshelwood plot for the RB90 photocatalytic
degradation for G&®s; prepared by annealing-agnthesized NCs at different temperatures. Straight

lines are linear fits to the experimental data using Eq. 5.1.

5.2.3 Phase-Dependent Photocatalytic Activity

Figure 5.5 plots the kapp With respect tothe annealing temperature for ¢ NCs annealed &
various temperatures from 40@ to 1025 °C (blues spheres). All kineticneasurements were
performed at leaghree times to determine the standard deviaB®iween400 °C and 550°C kapp
remains relatively constant with annealing temperature. There appears to be a slight indegase in
between 550C and 650°C, followed by a steep decline for samples annealed atG@OBnnealing
at temperatures higher than 7@leads to a more gradual decreask.jy The specific surface area
has a distinctly different behavior, displaying a continuous decrease with increasing annealing
temperatureKigure5.5, red triangles)Therefore, it ishighly unlikely thatthe change isurface area
is the sole reason for they, dependence on annealing temperature. On the other hand, the general
behavior ofkappin Figure5.5 is well carelated with the change in crystal structure of@ahown in
Figure5.1. Importantly, a steep decreasekip, upon annealing G&; between 600C and 700°C
coincides with a structural transformation fronto b-phase. Whildhe samples annealed at 60D
still contain a significant amount @fGa0s (ca. 50 %), for annealing temperatures of 700 °C and

higher, GaOs is present exclusively in tHephase. These results indicate that photocatalytic activity
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is significantly lager for>Ga&0Os thanfor b-Ga0Os, which is opposite from the previously reported
results'®12’ There may also be other factors that affect the rate constant, although to a much lesser
extent. As an example, it has bemmygested that the presence of structurally ordered phase junctions
in a mixed phase photocatalyst can lead to an increase in the photocatalytic activity by promoting the
separation of charge carriéfé.Mixed phase is evident in the samples annealed in th&580C

range, which is in accord with an ostensible increa&g,in
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Figure 5.5. Ga0O3 NC annealing temperature dependence of the apparent rate constaridff Rh
degradation (blue spheres) and the specific surface area of the photocatalyst (red triangles). The area

designated with dashed lines regpents the region of mixed5a,0; andb-Ga03 phases.

To test this effect, largerGaO; NCswere prepare@t a higher synthesis temperature (300,
and tested their activity upon annealing in the same temperature range. An increasksgnighe
obseved concurrently with the appearancebgihase in the same temperature range, confirming the
possibility of the phase junctieinduced increase in thep, (Figure C3 in AppendixC). Although it
has been suggested that tephase junctions are disordered and cause a decrease in photocatalytic
activity owing to the charge carrier trappitt§in our samples the presence of mixed phhas a
positive influence on the photocatalytic activity. Nevertheless, any effect of the mixed phase and

phase junctions is clearly minor relative to the pure phase dependence.

5.2.4 Correlation between Photodegradation Rate and Defect Concentration

To investgate the origin of the phaskependent photocatalytic activity of £&x, the electronic
structure of the samples obtained at different annealing temperataseexaminedysing steady
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state and timeesolved PL spectroscopy. Absorption spectra of all &snpre nearly identical
(Figureb5.6a), indicating thab- andb-phase have practically the same band gap energy, allowing for
an equivalent sensitization by using the same light source. We therefore specifically focused on the
role of the defect states on the photocatalytic properiies. energy of the DAP recombination
emission E) depends on the band gap enefgy, donor and acceptor binding energies &ndEa,
respectivey), and the Coulomb interactidretweenthe donorandthe acceptorEc), as demonstrated

by Eq. 4.1 in section 4.2.2.

Our previous studies have shown that the donor binding energy (electron trap depth) decreases with
increasing NC size, despite the red shift of the DAP PL band with increasing N& Sizis.
correlation indicates a domintrole of the Coulomb term iBqg. 4.1, which is inversely proportional
to the separationr between singhcharged donor and acceptor sit@&=e¥ 4J) The DAP
recombination emission therefore serves as an indication of the relative concentration of the native

defects (predominantly oxygen vacancies, as donor sitesy@: G&s, based on their separation.

Figure 5.6b shows DAP PL bands for the photocatalytic samples annealed at different
temperatures, as indicated in the graph. The DAP banghifid with increasing annealing
temperature, indicating a decrease in the donor defect concentration (or equivaléntisease in
the average separation between donors and acceftbesjral annealing of the samples resulted in
expelling of the native defects (i.e., oxygen vacancies) from the NCs. Given the small NC size this
process is effective even at low temperautedecrease in the defect concentration with increasing
annealing temperature is also evident from tnesolved PL dataFigure5.6¢c shows PL timedecay
curves for Gg0s NCs before and after annealing at selected temperaithresaverage PL lifetimes
for the sampl es anneal.gdveradstimdteditrh the expohentil diteap er at ur
Table5.1 summarizes the results of these fittings, including the estimated valligg bfcreasing
average separation between donors and acceptors is reflected through a prolonged electron transfer

from a donor to an acceptor, as the PL decay rate determining process.
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Figure 5.6. (a) Diffuse reflectane spectra of G®; NCs annealed at different temperatures, as
indicated in the graph. Inset: magnified band edge absorption region. The spectra of all samples are
nearly identical indicating negligible difference in the band gap energy betwesul b-phase. (b)

PL spectra of G#; NCs assynthesized and annealed at different temperatures, as indicated in the
graph. (c) Timeesolved PL data for selected samples in (a), as designated in the graph. The PL time

decay curves for the remaining samples wetteolatf for clarity.

Table 5.1. PL Lifetime Parameters Obtained from Biexponential Fitting of the PL Time Decay
Data for GaOs; NCs Annealed at Different Temperatures.

A1[%] [ & s ] A2[%] G[ £ s] Gl & s 1]

As-synth. 30.6£0.4  0.086+0.004  69.4+0.7  0.601+0.014 0.570+0.012
400 °C 25.0£0.3  0.118+0.006  75.0¢0.7  0.837+0.019 0.805+0.018
500 °C 23.6£0.4  0.115+0.005  76.4+0.8  0.863+0.022 0.833+0.020
600 °C 21.7+0.4  0.113+0.006  78.3+0.8  0.870+0.023 0.844+0.021
700 °C 222404  0.123+0.006  77.8+0.9  0.898+0.025 0.869+0.023

These PL results can be correlated with the photocatalytic behavior. Unlike typical surface defects
that may form sho#fived excited states within the band gap, and are often associated with a reduced
photocatalytic activity due to compeétié charge carrier recombinatiéh® the native defects in
Ga0Os; can trap charge carriers on a microsecond to millisecond time scale before they undergo
recombination. Localization of charge dars in these longjved trap states can facilitate charge
separation and potentially enhance photocatalytic activity. According to the PL ¢rgarie5.6, the
concentration of defects is generally the highest@&0s; NCs annealed at low temperatures, which
also corresponds to the highest photocatalytic performance. High rates of dye degradaGaday

61



NCs annealed at low temperatures are atspefed by the proximity of defects to the surfaces of
these nanocrystalline samples owing to their high sutfagelume ratios. Although the
concentration of native defects lmGaOs NCs decreases continually with increasing annealing
temperature he expected deceleration tfe photocatalytic reaction ratelikely compensated bihe
concurrent decrease in closely spaced dacoeptor pairs that recombine most rapidly and are most
competitive with interfacial charge transfer, andtbe appearancefahe mixed phase ghase
junctions). However, are thes-phase is consumed at ca. 700 th@, photeatalytic activity decreases
rapidly. This drop in the photocatalytic performance is likely a consequence of multiple
interdependent factors that accompany the phase transformation in our s&irgtlgstheb-phase is
inherently less defective than tlphase.Secondly, the surface area of the obtaibe@aOs is
smaller than that af-Ga:Os resulting in the lower number of defects that are preferentially formed in
the surface vicinity. Thirdly, the larger aage grain size db-Ga,0Os brings about a larger average
distance of internal defects from the surface. It should be mentioned that the red shift of the DAP
emission band di-Ga0s (700 °C annealing temperature) likely underestimatesdeifiect separation
because of the lower donor binding energybiGa0s relative to 2-Ga03.5>'%° The common
consequence othese phenomena is the reduced level of carriers available for interfacial charge
transfer inb-Ga0Os. Upon annealing thB-Ga0s above 700 °C, there is a more gradual decrease in

kappWhich is governed by a further decrease in surface area.

To further demonstrate the effect of the trap states on the photocatalytic activity, and to eliminate
the cantributions of the grain size and surface are#;dopeda-Ga.0s; was preparegdand compared
its photocatalytic performance with that of identically prepar€siOs. Our research group has
previously demonstrated that the band maximum and the lifetinieedDAP emission 05-G&0Os
NCs is strongly dependent on their compositidiigure5.7a shows XRD patterns of pure and 10 %
In®**-doped Gg0s; NCs synthesized under identical conditions at ®00and subsequently annealed at
400°C. In**-doped GgD; retainso-phase crystal structure, and both samples have similar surface area
(235 nt/lg for In**-doped GgOs and 210 rfig for undoped G#s), as determined by BET
measurements. The PL spectra of pure afiddoped GgOs are compared iffigure5.7b. The DAP
PL band red shifts upon doping NCs witi¥*Inimportanty, the red shift of the DAP emission is
accompanied by a significant decrease in the emission lifetifiguré 5.7c), indicating faster
recombination of the trapped charge carriers. The kinetic data for the photocatalytic tilmgraida
Rh-590 based on the Langmitiinshelwood modelEq. 5.1) are plotted irFigure5.7d for undoped
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and Irf*-doped Gg0s. The linear fit to the data for undoped.Gahas a steeper slope (blue line),
indicating a decrease ie photocatalytic activity upon doping NCs witf*InThe values oKapp
determined as the fitting parameter are 0.088 and 0.03% fminundoped and Fi-doped GgOs,
respectively. The decrease in the apparent rate constant upon doping NCs coinhidgg®néning
of the DAP PL lifetime, directly confirming the role of the defawtuced trap states in the charge

separation and photocatalytic activityeGa0s.
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Figure 5.7. (a) XRD patterns, (b) PL spectra, and (c) timeolved PL decays of @& (blue
trace) and 10 % hdoped Gg0s (red trace) NCs synthesized and annealed under the same conditions,
as akscried in the text. The ordinate in part (c) is logarithmic. (d) Langhinghelwood plot for the
Rh-590 photocatalytic degradation by Ga (blue trace) and 10 % Jdoped GgDs (red trace)
samples in (&). Straight lines are linear fits to the expernina data using Eq. 5.1.

5.2.5 Probing the Role of Reactive Species

To probe the role of different reactive species in photocatalytic degradation-s8(Rusingo-
Ga0;s, the kinetic studiesvere performedn the presence of various scavengdfgyfre C4 in
Appendix C).1"%171 Figure 5.8a shows the relative decrease in the amount of degraded dye upon
addition of selected scavengers. The ligiticed degradation of 500 in thepresence of ascorbic
acid, which acts a scavenger/df radicals, is significantly less pronounced than the degradation in

the presence KSCN as an electron scavenger.
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with ascorbic acid suggests asplacement of RI%90 adsorbed initially on the surfaces of the
photocatalyst by the scavenger, together with completely inhibited dye degradation. A comparison
between the effect of these two scavengers on th€9Rhdegradation suggests that the role of
conduction band electrons is largely to generate superoxide and peroxide radical Bgidm8 in
Chapter }, as highly oxidizing agents. Similarly, the role of the valence band holes can be inferred by
comparing the effect of methanol and isopropanaherphotocatalytic efficiency. Methanol is found

to be a highly efficientQ scavenger, effectively competing with®ard / (for the valence band
holes. Isopropanol readily reacts with(% inhibiting the photocatalytic oxidation. Strongduction

in the degree of dye degradation by the additiorRfQH indicates the role &2 in the formation

of these radicals. Despite MeOH efficiency as a hole scavenger, the comparable effedDidf i
suggests that the primary role’® is the formation of (% (Egs.1.7 and1.8 in Chapter 1)These
results indicate a particularly important role of reactive rasli¢al(® and/ £ ) in the mechanism of

dye degradation, and suggest that the main effect of the separated deldrpairs is through the

formationof these radicals.

5.2.6 Photocatalyst Robustness

The -Ga0; photocatalyst shows stable performance after multiple cyEigsire5.8b). A small
decrease in the photocatalytic activity observed afeseral cycles is associated with the strong
adsorption of a fraction of dye molecules which block a relatively small portion of the surface sites.
Mild temperature treatment can remove these streogiynd dye molecules, reestablishing the
original actinty of the photocatalyst. Importantly, the structure and morphologyGéOs remain
unchanged after recyclingrigure C5 in AppendixC). The efficient photocatalytic degradation by
nanocrystallineo-Ga0s is general and applicable to a wide range of conjugated dyes and other
organic pollutantsFigure 5.8c shows the photocatalytidegradation ofMB in 2 mg/L aqueous
solution using-GaOs prepared by annealing -agnthesized NCs at00 °C. MB is degraded to a
greater extent within 10 minutes of exposure to light thar5®hin a solution of the same
concentrationKigure C6 in AppendixC), suggesting a higher degradation rate of MB relative to Rh
590. Figure 5.8d compares the kinetics of MB and 8B0 degradation undédentical conditions,
based on the Langmdiitinshelwood model. The value kf,, calculated for MB is 0.35 mik which
is 75 % higher than that for RB80, demonstrating dygependence of the photocatalytic rate. This

dependence is likely induced by alinég adsorption affinity of MB on NC surfaces, as well as higher
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rate of MB oxidation by (£and/ % radicals.Anomalous photocatalytic activity of nanocrystalline
2Ga0s; toward degradation of colorless organic pollutan@s also confirmedFigure C7 in
AppendixC).
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Figure 5.8. (a) Percentage of the photocatalytic degradation eb®hbyoGa0s, prepared by
annealing asynthesized NCs at 400 °C, in the presence of various scavengers, as indicated in the
graph. (b) Photocatalytic activity ofGa0Os for the degradation dRh-590 measured over 5 cycles.

(c) Absorption spectra of MB solution (2 mg/L) monitored over time in the presenc&as
photocatalyst under UV excitation. The photocatalyst was prepared by anneaingreessized NCs

at 400 °C. Absorption spectra B solution in the absence of the catalyst (blue trace) and stirred in
dark for 30 mins in the presence of the catalyst (red trace) are shown for comparison. (d) Langmuir
Hinshelwood plots for the MB (blue spheres) and3R0 (red spheres) photocatalytiegradation

measured under identical conditions for the samg®g¢3ahotocatalyst. Straight lines are linear fits to
the experimental data using Eq. 5.1.

5.2.7 Proposed Mechanism of Photochemistry

Finally, we wish tadiscusghe origin of this anomalous photodstac activity of 9-GaOs. In most
photocatalytic NCs, typical defettduced trap states are a source of efficient charge recombination,
and in addition to exciton recombination result in a decrease in the photocatalytic aEiiyiiye (

5.98). The photogenerated charge carrier separation in such NCs is usually enabled by the formation

of various types of heterojunctions. Howeverpi@8a0s NCs electrons and holes trapped in shallow
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long-lived donor and acceptor states, respetyi'® can access the NC surface before undergoing
mutual recombinationFjgure5.9b). The unique nature of these defect and their proximity to the NC
surfaces promotes interfacial charge transfer to adsorbed reactants at the expense of charge
recombination, resulting in the enhanced photocatalytic activity. Althoughliked)trapstates exist

in b-Ga0;3 as well, the corresponding defect sites are present in lower concentration and on average
located further away from the surfaces, reducing the interfacial charge transfer responsible for the

photocatalytic activity.
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Figure 5.9. Schematic representation of the competition between the charge carrier recombination
and interfacial energy transfer in photocatalytic NCs: (a) Semiconductor NCs containing typical
surface states that favoharge recombination, and (b) 28 NCs containing longdived defect trap
states, resulting in a reduced charge recombination and enhanced interfacial charge transfer. Higher
concentration of defects and their closer proximity to NC surfacesGaO; relaive to b-Ga0Os
leads to higher photocatalytic activity. Red spheres represent oxygen, and green spheres represent

hydrogen atoms.

5.3 Conclusions

In summary,a series of GgDs; photocatalyst samplewas preparedy annealing colloidally
synthesizedo-Ga0Os; NCs at various temperatures between 400 °C and 1025 °C. For annealing
temperatures below ca. 550 °C the NCs aggregate, but remain dpliase. The formation di-
phase becomes evident at ca. 575 °C and the samples are fully convér@e,@ at ca. 700°C.

Using these samplds was demonstrated thad-phase has superior photocatalytic activity, which

cannot be solely ascribed to a decrease in surface area with increasing annealing temperature. Using
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steadystate and timeesolved PL spectroscopyt, was shown that o-GaOsz; possesses a higher
concentration of native defects (oxygen vacancies) relativie GaxOs, and that the decrease in
photocatalytic activity is strongly correlated with the phase transformation frota b-phase.
Surprisingly, a largenumber of longived charge carrier traps inGaOs, induced by its more
defective structure, results in a reduced rate of charge recombination and enhanced probability of
charge transfer to surfaeglsorbed reactants. Both of these mutually related pheme are enabled

by the unique character and long lifetime of defaduced traps in G&s. Furthermore, the closer
proximity of defects to the surface of nanocrystalbr@a.0; promotes more efficient charge transfer
responsible for its photocatalytictavity. Using appropriate scavengeitswas shown that reactive
radicals(/ (2and/ %) play a major role in the mechanism of photocatalytic degradation 9:Ga

The results of this work demonstrate how manipulation of the electronic structdedect sites in

metal oxides, allowed by the control of the crystal phase and size, can be effectively used to control
charge carrier separation and enhance photocatalytic activity, while retaining high-suxfaltame

ratio. Although this work emphasig the role of polymorphism, other means of optimizing the
photocatalytic performance by controlling the defect structure, including synthesis conditions,

morphology, and composition represent a rich area for future research.
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Chapter 6
Synergistic Effect of Defect Chemistry and Surface Active Sites in
GTO to Form a Highly Efficient Photocatalyst

6.1 Overview

Sustained human endeavor is required to address the worldwide issues such as energy shortages
and environmental pollution. Heterogeneous photocatalysisaln@sdy drawn a great amount of
interest as a remedy to photochemical degradation of organic dyes in wastewater. Among many other
factors affecting the performance of a photocatalyst are the number of active sites, redox potential of
the VB and CB, electrehole generation efficiency and charge carrier recombination rate. Herein, the
synthesis of gallium tin oxide ternary catalyst (GTR) the coprecipitation methodgross the entire
composition rangds reported and the role of dopant in altering thee@tonic structure of the
catalysts by employing timeresolved and steaeltate photoluminescence spectroscopy
investigated An excellent performance of GTO catalysts for photodegradation of5&hwas
observed possessing an apparent rate constanttimes greater than that of commercial catalyst,

P25. Through structural and spectroscopic analitsis,shown that expansion of surface area is not

the solitary reason for the high performance of the catalysts. While the CB carriers are
photocatalyticlly inactive in pure Sn@due to having a lower reductive potential than water, the
incorporation of G in SnQ lattice blueshifts the band gap absorption, leading to photoactivity of
CB electrons. Another advantage of Ga doping is the trapping of \&3 gl acceptors (Gaions),

which, in conjunction with the CB electrons trapping by donors (oxygen vacancies), leads to
stabilization of the photoexcited carriers. The charge recombination retardation, high surface area,
and redoxsuitable CB and VB syngistically promote the efficiency of the GTO photocatalysts.

However, at high doping concentration, the increased density of -doneptor pairs shortens the
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lifetime of photoexcited carriers, reducing the degradation rate. In this report, the roleesigseas

also discusseth order to understand the mechanism of photodecomposition. The use of scavengers
revealed that a degradation process proceeds through the generation of electrons, holes, hydroxyl and
superoxide radicals. We hope the conceptsatibmal doping for band alignment modification,
systematic control of intrinsic and extrinsic defect concentration, as well as charge recombination
kinetics serve as an instructive model to design versatile highly efficient photocatalysts to preserve
the pganet.

6.2 Results and Discussion

6.2.1 The Effect of Composition on Crystal Structure

XRD patterns and TEM images of representative GTO NCs are exhibikégure6.1 andFigure
D.1 (Appendix D) As indicated irFigure6.1a, the patterns of undoped Srehd GaOs; are indexed
to bulk rutile SNnQ (JCPDS 088287, red sticks), and bulkcGa0; (JCPDS 0280426 blue sticks),
respectively. The broadened diffraction peaks are indicative all swerage NC size. Doping &a
as a smaller size cation (0.62 A in an octahedral site) in &it® cationic radius of 0.69 A causes
the lattice to shrink, evidenced by shifting the XRD patterns towards higher angles. This, furthermore,
signifies the sustitutional doping of the Group IlIA in the rutile structure. Impuiitduced crystal
deformation leads to a notable widening in the diffraction patterns. However, no secondary phase is
identified with the addition of the dopant, even at high doping euration. The NCs retain SrO
rutile structure until the starting concentration of Ga reaches 75%, after Ww@etO; is the
dominant phase. Elemental analysis resUlagble D1 in Appendix D reveal that the concentrations
of the two cations are virtually equal in the sample with Ga nominal concentration of 75%,
elucidating the capability of SnOn hosting a large portion of Ga to compose a solid solution. An
overview and high resolution TEM images of GTO NCs with nomelcacentration of 25% are
illustrated inFigure6.1b and6.1c. The size of spherical particles is s6bnm and some degree of
aggregation is observed. The measured lattice fringegirg 6.1c) are slightly smaller than their
{110} plane of Sn@ counterpart due to the snmetlionic radius of G& compared to S#i. To ensure
uniform distribution of Sn and Ga in the NCs and lack of phase segregation, EDX elemental mapping
on GTO NCs with starting Ga concentration of 7%f4s performedFigure 6.1d-f). Homogenous
dispersion of the two cations on the TEM grid is apparent. The typical high resolution TEM images of
the rest of GTO NCs are demonstrateéigure D1 (Appendix D)for comparison.
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Figure 6.1. (a) XRD patterns of GTO NCs with different Ga contents as indicated in the graph.
Red and blue sticks represent the patterns of bulk rutile 8n@o-Ga0s, respectively. (b and c)
TEM images of GTO NCs with nominal Ga conteri®® The measured lattice fringes correspond to
rutile SnQ in (c). (df) EDX elemental mapping of GTO NCs containing 75% Ga, as labeled in the

panels.

6.2.2 Optical Study of GTO NCs

While the large band gap ofGaOs (4.9 eV)supplies photogenerated carriershwdxidative and
reductive power, low CBM of SnQails to the produce photocatalytically active electrons. However,
doping Sn@ with G&"* is a feasible method to design catalysts with the appropriate electronic

70



structure for photodegradation of pollutgnising photoactive electrons and holes. The widening of

the band gap with increasing Ga content in GTO NCs is illustratdgigure 6.2a, indicating
compositiondependent electronic structure of the alloyed semiconductors. This provides an
opportunity to promote the reductive strength of CBM of GTO NPs by upshifting it towards vacuum
level. Inducing extrinsic defects in the nanomattie s structure i s an iney
aliovalent doping3#° Considering G# has less positive charge compared t&" Sralium cations act

as acceptors in the tin oxide lattice, and form energy states above the VB. The complex of these
acceptors with native defects (oxygen vacancies) generates-afmegtor pairs, functioning as
radiative recombination centers for photoexdielectron and hole#. was shownin Chapter 4that
photoluminescence of hydrothermally synthesized GTO can be tuned in the visible range by altering
the composition and reaction conditions. The PLQY of the NCs is determined by competition
between the ta of radiative and nonradiative recombination of the excited carriers, and is promoted
with the addition of Ga by favoring the radiative pathwBlye same trend in the emission tunability

and PLQY of GTO NCs prepared by the-gel methods observedasdemonstrated ifrigure6.2b

and6.2d. As evident fromFigure6.2c andTable D2 (Appendix D) the lifetimes of carriers in GTO

NCs are on a microsecond scale and it increases with the addition of Ga, up to ca. 25% Ga. This
occurs as it generates trap states in which the excited carriers decay slowly and, consequently, the
lifetime lengthens. However, when the concentration of Ga passes beyond 25%, the increase in
donoracceptor pair concentrations causes a reduction inabeiage separation, resulting in a higher
probability of recombination Higure 6.2d). Shortlived excited carriers are harmful to the
photocatalytic activity,in which quantum yield is determined by two rivaling stephe first
competition takes place between free charge carrier recombination and trapping oiindetect

energy states. Next, the trapped carriers recombination competes against interfacial charge
transfer?®%115]t is believed that the recombination rate is suppressed by the longer lifetime of the
carriers in the trap states compared to free carriers, leading to higher photocatalytic effiefgépity.

is assumd that nanostructuring and generation of more trap states by Ga doping &athcrease in

charge transfer to the surface and charge separation, respectively. These characteristics of GTO NCs

could potentially challenge Tias a highly efficient photocatalyst.
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Figure 6.2. (a) Composition dependence of band edge absorption of GTO NCs with different Ga
contents as indicated in the graph. (b) PL spectra of GTO NCs with different Ga concentrations as
demonstrated in the graph. (Edme-resolved PL decay of selected GTO NCs, as indicated in the
graph, on microsecond time scale. The PL lifetime data of the rest of samples were left out for clarity.
(d) Comparison between radiative and fradiative rate constants of GTO NCs and their effect on
PLQY.

6.2.3 Photocatalytic Evaluations of GTO NCs

The photodegradation of RBB0 in the presence of GTO catalysts was achieved under the
irradiation of 254nm UV light and the kinetic data was extracted usargmuiii Hinshelwood

model, expressed by the followieguation?®

_ — (6.1)

w h e r d€/dt] andC are the photodegradation rate and the concentration of the dye, respetcisvely,
the reaction timek; is the reaction rate constant, alg is the adsorption coefficient of the dye.
WhenK,C <<1 (low concentration of the dydhe kinetic model can be approximdtasfirst-order

kinetics

ae Qv 0o QO ¥ (6.2)
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whereCq is the initialconcentration othe organicdye andkapp.is the apparent rate constaky,,. can
be withdrawn from a plot dh(C¢/C) againstime and serves as the basic kinetic parameter to assess
the photocatalytic activity of various catalysts.

A typical change in the absorption spectrum of320 in the presence of GTO NCs with 25% Ga
content is presented Figure D2 (Appendix D) Two sets of control experiments were carried out to
ensure the reduction in the absorption spectra is due to photodegradation (not shown). In the first
experiment, the change in the absorption of5RA was monitored under UV lamp iretAbsence of
catalyst. A negligible change was observed, confirming the stability €¥9Rhunder UV exposure.

The examination of absorption in the presence of the catalyst in dark revealed that nearly 50% of the
dye is adsorbed on the surface after 15utgis of sonication and the absorption spectrum does not
change afterward. The photocatalytic activity of GTO NCs was calculated by usigg2Emd the
LangmuirHinshelwood plotof the representative catalyst is demonstratedrigure 6.3a. As
demonstrated, the photochemical conversion is enhanced with Ga doping and it reaches a maximum
when the starting of Ga is 25%, after which the degradatiordeségiorats. Figure D2b (Appendix

D) shows the depelence of photodegradation and charge recombination kinetics on the composition.
Although the lifetime in the microsecond regime simultaneously increases with photodegradation rate
constant for GTO NCs containing up to 25% Ga, it fails to anticipate thétyadiroughout the full
composition range. The dynamics of electhmie generation and recombinatiovhich was explored

by comprehensive study performed Bgpthenbergeet. all*® were explained in Section 1.5.4 in
Chapter (Eqgs. 1.9 to 1.13p:9%%°

Therefore, the timeeslved PL of GTO NCs on the nanosecond seas acquiredFigure6.3b
andTable D3 in Appendix D and compared the obtained lifetime with the photochemical conversion
rate figure 6.3c). The agreement between the apparent rate constant and the lifetime of
photogenerated carriers in the nanosecond scale is distinctly improved compared to microsecond
range lifetime. At lower concentration of Ga ([G&] 2 5 %) , wh e r ecceptdr kevels (nofeb e r o f
traps) is low, carriers are trapped in the corresponding donor and acceptor energy statd$)(Eq.
retarding the charge recombination. However, a high concentration of-aoreptor pairs ([Ga
50%) facilitates the charge recomation due to the closer proximity of doraeceptor pairs (EQ.

1.12), decreasing the photocatalytic activity.
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The contribution of surface area enhancement in promoting the photocatalytic activity is
irrefutable although it is not always the sole deterimg factor for photodegradation rate. Other
parameters such as light absorption, charge separation efficiency and the rate of charge transfer to the
surface must be taken into accotfritlere,| wish to discuss the impact of specific surface arear)S
on kapp. IN conjunction with lifetime Table D4 in Appendix D. There appears to be an increase in
Seger with growing Ga concentration in the entire composition range. As evident Tedole D4
(Appendix D)andFigure6.3d, kapp. does not follow the same trend. A Zdd increase in &t upon
increasing the Ga concentration from 0% to 25% coincides with d&cBd5ncrease irkapp, While the
lifetime of photoexcited carriers experiencesfaldl increase. As a result, it is justifiable to hold both
large surface area and loliged excited carrier responsible for photodegradation rate escalation in
this range. There happens to be an opposite trengkiraBdkapp. With further increase in &content
from 25% to 90%. Faster charge carrier recombination plays the key role in photoactivity of the
catalysts in this range, while surface area remains increasing. The efficiency of the catalysts is a
complex function of surface area and charge réwoation rate and the control over these factors
leads to the design of catalysts with optimal performance.
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Figure 6.3. (a) LangmuirHinshelwood plot of selected GTO NCs photocatalytic activity for
degradéon of Rh590. Straight lines are linear fits to the experimental data using Eq. 6.2. (b) Time
resolved PL decay of selected GTO NCs, as indicated in the graph, on nanosecond timescale. The
data of the rest of samples were left out for clarity in (a)(Bhdc) Composition reliance of apparent

rate constant and the lifetime of GTO NCs on the nanosecond timescale. (d) A comparison between
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normalized apparent rate constant and specific surface area of GTO NCsgpldnalk3er of GTO
NCs are divided byhe corresponding value for pure Sn®(d).

To furtherprobetheimpactof trap states on thate ofphotadegradation10 %In-dopedSnG was
preparedo compare its photocatalytactivity with that ofundopedSnQ synthesized under identical
conditions The crystal structure df0 % Indoped Sn®is identicalto rutile SnQ, as determined by
XRD patterns inFigure D3a (Appendix D).While the doped NCs gssess similar band edge
absorptionaspure Sn@, there appars to be #lue shiftin its PL due toa higher density of DAPs
(Figure D3b in Appendix D).The emission lifetime ofthe NCsshowsa significant increasérom
7.5£0.3 ns to 13.0+0.2 ns upon dop{iigure D3c in Appendix D). The lower probability of charge
recombination irthe nanosecond regime taused by the presencedsfectinduced trap statagon
doping with Irf*. The apparent rate constarfor photocatalytic dgradationof Rh-590 by Sn@ and
10 % Indoped Sn@were extracted from the Langmikitinshelwoodplot in Figure D3d (Appendix
D) and determined to b&10 min and 0.26 min, respectivelyThe higherate ofphobdegradation
of Rh-590 by 10 % Irdoped Sn@is attributed taits prolonged DAP PL lifetimeThis verifies the
influenceof extrinsically induced trap states modulatng the charge carrier dynamit=sading to the
designof highly-activephotocatalgts.

6.2.4 Exploring the Influence of Preparation Method on Photocatalytic Activity

Our research groupes conducted several studies ®6a0; to investigate the correlation between
interaction of native and extrinsic defects and their effect on photonic propeftighiso
oxidel5"173174Because the photoactivity ofGaOs prepared by colloidal synthesis exploredin
Chapter 5under the same condition as the work reported here, it is relavant to examine the impact of
preparation methods on the electronic structure and hence, the catalytic activiBat¥.1”> The
estimated size of colloidally synthesized particd&800 °C was ca. 6 nmi! and their apparent rate
constant was determined to be 0.088-hifi The average size of NCs, obtained by deconvolution of
XRD peaks and employindié Scherrer equation, is ca. 1.8 riiig(ire D4a in Appendix D, three
times smaller than the colloidal countergéf However, the apparent rate constant drops to 0.006
min for 2-Ga0s; synthesized by the sgel method Eigure6.3c), indicating that the decrease in the
activity of solgel >-Ga0Os; does not stem from a smaller number of active sites but electronic structure
alteration must be consideress illustrated inFigure D4b andFigure D4d (Appendix D) the band

gap absorption edge and the emission of thegslosample shift to higher energies compared to
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colloidal GaOs, possibly due to quantu confinement. This phenomenon was previously reported in
ultrathin single layeo-Ga0s.1*” The photoluminescence emissiomdgba,0s has been interpted by

the donoracceptor paimodel andthe energy of DAP emission (E) can be describgdeq. 4.1 in
section4.2.2. Oxygen vacancies are considered donors and the complex of gallium and oxygen
vacancies are considered acceptors. Given the smaller sizegd galrticles, the density of defects
increases in the structure, leading to a larGeulomb interaction (third term) between doner
acceptor pairs and consequently a higher energy of the emission. This is also evident in excitation
spectra presented Figure D4c (Appendix D) The higher density of defects favors the faster charge
recombination, resulting in the low photocatalytic activijgre6.3c). We do not overlook the role

that lower absorption of UV light plays in decreasing the apparent rate constant, as the band gap
widens, although bahgap wicening raises the redox potential, generating carriers with higher
oxidative and reductive potential. Introduction of*Sim 2-Ga0; lattice not only reduces the band

gap, but also forms donor states whose energy is lower compared to intrinsic donoen (oxyg
vacancies). The presence of kying defect states is implied by the red shift in PL and excitation
spectra, illustrated iRigure6.1b andFigure D5 (Appendix D) respectively. Thab initio theorécal
calculationssupported the existence of sucht&sed defect states within the band gap-Gfa.0s;

whose energy was determined to be locatedE@llow the CB minimuni® The stability of trapped
electrons in Siriven states hraesses the UV light energy to yield higher photodegradafigure

6.3c). This highlights the significance of synthetic conditions and dopants on controlling defect
chemistry andailoring the electronic structuref nanomateals, which empower ones to exploit their

functional properties.

6.2.5 A Comparison between the Activity of P25 and GTO Photocatalysts

To evaluate the efficiency of GTO photocatalysts versus an external reference, the recognized
benchmark catalysts, P2%as chosn The photodegradation measurement was performed under
identical conditions as described earlier for GTO NEgure 6.4a compares the photodegradation
efficiency of P25 with two of GTO catalysts which demonstrated superior photodecomposition of Rh
590in Figure 6.3c. Intriguingly, the apparent rate constant of both GTO catalysts surpasses th
P25, thekapp. of 25GTO being two times higher than P25. To assess the reusability of 25GTO NCs the
photodegradation reaction of 80 was conductedin 5 consecutive cycles under identical
conditions. As indicated ifigure 6.4b, GTO NCs possess high photocatalytic activity even after 5

cycles with the average degradation percentage off853% in 12 minutes. No meaningful change
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in the concentrations of Ga or Sn was noticed by EDable D1 in Appendix D. The catalyst
retained its structural and morphological propertiegure D6 in Appendix D after 5 cycles,
implying longterm stability and use of GTO photocatalysts in environmental remediation. The
generality ofhigher photocatalytic activity of GTO NCs versus undoped ;Snés investigated
further for degradation of a phenol solution with the concentration of 5 rRigure6.4c andFigure

D.7 in Appendix D. kapp. of 10GTOis 50% higher than its undoped rival, validating the approach
taken in this work. Altogether, this epitomizes the impact of rational doping in designing robust
catalysts to degde a variety of hazardous wastes, pushing the limits of photocatalysis by

outperforming P25.
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Figure 6.4. (a) Comparing the photocatalytic activity of selected GTO NCs for degradation of Rh
590 with thatof P25 through Langmuidinshelwood plot. (b) Monitoring the photocatalytic activity
of GTO NCs with 25% Ga content for the degradation of5B® over 5 cycles. (c) Comparison
between the photocatalytic activity of undoped Sm@tih GTO NCs containing 10 %a for the
degradation of R#%90. The apparent rate constants are given in the parenthesis in (a and c). Straight

lines in (a and c) are linear fits to the experimental data using Eq. 6.2.

6.2.6 Probing the Impact of Composition on Band Alignment

Various scavegers were employed to explore the role of different redox species in the
photocatalytic degradation of F#00 in presence of GTO NCs containin@® Ga. Regardless of
the size of Snebased photocatalysts, the potential of VB of this oxide is more poghian the
oxidation potential of water. In other words, the VB hole is an active oxidative species, capable of
photodecomposition of the organic dye. The degradation percentage, as indi¢agpde.5a and
6.5b, declined in the presence of NaHC&nd methanol, independent from the composition of the

catalyst. The exploited scavengers are known to react with hydroxyl radicals and holes, rendering the
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VB photogenerated carrier inoperative. On theeothand, the photoactivity of CB carriers could be
affected by the size of particles and doping, as CBM of bulk 81l@ss negative than the reduction
potential of water and therefore, the CB photoexcited electrons are photocatalytically ineffectual.
Quantum confinement and Ga doping may enlarge the band gap, opening doors to manipulate the two
carriers to achieve high degradation efficiency. ked N were exploited to scavenge electrons

and superoxide radicals, respectively. Re@hd N did not cage a meaningful change in the
degradation percentage of {880 in the presence of Sp@hotocatalyst, as illustrated Figure 6.5¢c
and6.5d. This could infer that the negative shift in the potential of CB, due to quantum coafine

was not enough to activate the reductive power of electrons in CB. The other plausible reason might
be thathe energy level dfrap statés located below thaydrogernreduction positiorand thus, unable

to drive photodegradatianin contrast, thenhibition of RR590 degradation in presence of doped
samples signifies the production of catalytically active electrons located ifyinghCBM of these

oxides. All in all, it can be concluded that the role of VB in all selected catalysts is to pradese h

and hydroxyl radicals, responsible for the oxidation of organic dyes, while CB of doped samples
contributes in the redox reaction by delivering electrons and superoxide ra8tc&lagly, it has
beenillustrated that the charge recombination dyremnisurface area and the functionality of
nanomaterials can be altered, through aliovalent doping and manipulation of defect chemistry. These

principles can potentially play a significant role for environmental remediation.
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Figure 6.5. (a) Photodegradation percentage ofF®0 by selected GTO catalysts and in presence
of varied scavengers, as indicated in graphs: (a) NaH@® Methanol, (c) FeG| (d) No. The

photodegradation percentage of each fairstine catalyst and in presence of a scavenger) was
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calculated after exposure to UV light for the same length of time. The waiting time for 00GTO,
05GTO, 10GTO, and 25GTO are 20 minutes, 12.5 minutes, 7.5 minutes and 7.5 minutes,
respectively.

6.3 Conclusions

In summary, the synthesis of ternary gallium tin oxide was successfully achieved-¢pgl sol
method. The size of these particles was determined to b& sabby TEM and Xay diffraction.
Such nanostructuring shortens the pathway for the photogeneatéers to access the surface,
reducing the possibility of charge recombination in the bulk as well as growing stofackeime
ratio and therefore, creating more photocatalytically active sites. Moreover, band gap absorption
showed that Ga doping widethe band gap, stimulating the reduction of the organic pollutants by the
CB electrons which are idle in undoped Sn®ore importantly, the charge recombination is
hindered due to the presence of the electrons and holes trap states within the bardigaiedo
from oxygen vacancies and Saloping. This enables more efficient charge transfer to the surface
and therefore boost the photodegradation rate. However, closer proximity of defects, induced by
heavy doping (> 25%), quickens the charge recomibimaiate which is detrimental to catalytic
activity. Comparing the degradation rate of-B90 in presence of P25 and GTO NCs reveals a
remarkable performance of GTO photocatalysts, hollipgof 0.39 mint versus 0.17 mitifor P25.
The catalyst maintas high photocatalytic activity even after 5 cycles and no notable change in the
crystal structure, morphology and composition were observed, proposing GTO NCs as an efficient
substitute for P25The photodecomposition in presence of various scavengesgdltbat electrons,
holes, hydroxyland superoxide radicals are four active specigbérphotodegradation of organic
dyes.The outcome of this work enlightens how electronic structure of nanomaterials can be tailored
to employ the full redox capabilitgf oxides with lowlying CBM such as Sn© The underlying
principle is applicable to other oxides such asa#@d TiQ (rutile phase). The approach taken in
this work can be developed to other systems as understatidingature androle of defects in

stahlizing the excited carriers igivotal for the design oénhancegbhotocatalyit activity.
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Chapter 7

Conclusions and Prospective Research Directions

7.1 Conclusions

Generally the obligation for enhanement ofinherentpropertiesof materialsis indisputableto
fulfil the everincreasingecological concerns anthiversaldemand for energyl' he improvement of
functional propertief nanomaterialgplays a prominent role to tackle such issbesause their
physical properties differ from those of théulk counterpais owing to theinfluence of quantum
confinementas well agncreasedsurfaceto-volume ratio The later highlights the impact alefects
in reduced dimensions. Hereithe significance ofdefect chemistryto improve the operational
properties of materialatthe nanoscalevas methodically investigated, emphasizingenrichmenbf

this field of research.

Briefly, the PL properties oEu-doped 1nO; wasinvestigated in the context of Eu oxidation states
and the host latticerystal structureThe interadon between the dopant amchOs native defects
resulted inblue (E¥") or red (EG") emissionin both rhombohedral and bodgntred cubidn;Os.

The size and phase of the host lattice as well as dopant oxidienv&refound to be invaluable
tools for controlling intrinsic defectsEu?* incorporation stabilizesxygen vacancieswvhich in turn
sensitizeEL** emission, demonstrating tleterdependence of defect formation, dopant incorporation
andPL of colloidal NC constituentsThe simultaneous controlver the host lattice crystal structure,
the lanthanide dopant oxidation states and defect concentration faciliate®dulation of emission
properties and thereby generation of multifunctional TCOs.

The hydrothermabkynthess of new ternary gallium &t oxide NCswas reportedComposition
dependence d?L color from blue to orangeedwas also demonstrate8ubstitutional incorporation
of Gainto the SnQ lattice generatedicceptor levels within the band gayhich is responsible for a
simultaneous inga® inintrinsic donorsfﬁ'z) to compensate for charge imbalanéile SnQ NCs
possess low PLQYue to norradiative recombination gbhotogenerated carrierthe extrinsically
inducedDAPs establisha new radiative recombination pathwésading toPLQY enhancement> 40
%). Stronger Coulomb interaction between the desmreptor pairs and band gap widening
simultaneouslygive rise to lhe blue shift of the DAP emission of GTO N@ih an increase in Ga

doping level A faster PL decay rate origirest from a smaller separation between electron and hole
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trap states which itsei§ correlated with an increase in Ga content. Improving thetdange order of
NCs by increased reaction duration and temperature is another mekessarfingnon-radiative
recombination mechanism§Vide range emission tunability, high efficiency as well as chemical
stability and inertness are attractive featurethese TCOs for illumination industriegtive in the
productionof light sourceswith ideal scotopic/photopic ti@ and appreciable PLQYConcurrent
control of the composition and defect interactions emhthle conversion of neluminescent TCO
NCs into efficient and tunable phosphoMlell-chosen synthetic method as well as reaction

conditions enable the generatiof efficient emitters witldistinctive features.

Colloidally-synthesized-Ga.O; NCs were annealed at varied temperatures-(2085 °C) to study
the impact of the phase of &, native defect concentration and the role in charge trapping on
photocataltic activity. >GaOswas obt ai ned for | ow annealing tem|
b-GaO; emerged at ca. 575 °C and NCs adoffitgdhase at ca. 700 °C. It was shown that the higher
activity of o-phase could not be entirely attributed to a reductioeurface area upon annealing at
elevated temperature. The larger number of native def@&tsn(o-Ga,0s compared td-Ga0s was
demonstrated, utilizing steadyate and timeesolved PL spectroscopy. Possessing a higher
concentration of longjved charge carrier traps i-GaOs; leads to an increase in charge
recombination retardation and enhancement of charge transfer to the surface. More efficient
photocatalytic activity ob-Ga0Os is also enabled by the closer proximity of defects to the sudface
NCs. The key role of (Eand/ % in the mechanism of degradation of organic dyes byOswas
also disclosed by using appropriate scavengers. This work illustrated that the control of crystal phase
and size allows for the manipulation of eleaimostructure of defects in TCOs, resulting in more
efficient charge carrier separation and thus high photocatalytic performance, while preserving high
surface area. A rich area for future research would be investigating the role of synthetic conditions,

morphology, and composition on the defect structure and photocatalytic activity.

Solgel synthesis of ternary gallium tin oxidesulted insub5 nm nanostructes in whichthe
possibility of charge recombination in the butk reduced due to thehorterd pathway for the
photogenerated carriersgachthe surfaceln addition band gapvidens with increasin@acontent
leading tothe photocatalytic degradatianf organic pollutants by thehotogeneratedlectronsn CB
which areinactive in undoped Sn& More importantly,trapping electrons and holei the sates
originated from oxygen vacancies and*Gdoping lessensthe charge recombinatiorate This

results inmore efficientinterfacial charge transferand thereforgimproving the photodegradation
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rate. Heavy doping (> 25%)eads to a smaller average separation between donors and agceptors
indudng fastercharge recombinatiorand hence, decreasicgtalytic activity.The degradation rate

of Rhr590 by GTO NCsis more than two times higher than tludtP25. The high photocatalytic
activity remainseven after 5 cycleswithout any meaningful change in the crystal structure,
morphology and compositioklsing various scavengenfirmsthatelectrons, holes, hydroxyl, and
superoxide radicalarefour active species in the photodegradatfmocess The ability to modulate
electronic structure oBubstancegesults in employing CB electrons as well as VB holes in
nanomaterialsvith low-lying CBM such as Sn®which is furthermoreapplicable to other oxide

such as W@and TiQ (rutile phase)Understanding the role of defectsthre dynamics o€xcited

carriers isessentiafor enhaning the photocatalytiqgperformance

7.2 Outlook

The incorporation of multivalent rasarth ions in the host lattice induaaddtional defects which
may act as luminesce centers. Doping otherearéh elements having multiple oxidation states, such
as Sm and Ce, is an attractive research area as it provides the opportinityltemeoushstudy the
morphology, structure and tigal properties of oxides. A systematic investigation of the influence of
chemistry and chargef theselanthanideson PL properties obxides providse further insight into
lattice-dopant interactiorandresult in the enhancement of functionalities of ptar TCOs.These
defects may induce and enhanceother functional properties of TCOsuch asconductivity
Consequentlythe ability to control both structure and compositipaves the way t@ngineer
multifunctionalnanomaterialslt mustbe stated thahe relatively facile design danthanidedoped
NCs allows an additional degree dfeedom to obtain upconuarg NCswith application indrug
delivery and lightstimulated therapiedn addition, raresarth codoping is a feasible strategy to
generate whd light through the emission of complementary colors. The combination of multiple
luminescence centers, such as blue*{Caereen (TB) and red (E®#) in a lattice poses many
challengesTherefore a highly structured study must be conducted to conidbus participating
variables. Nevertheless, this study would be particularly instructive and shed more light on the
sequentialenergy transfer process between the constituent elements and their interactions with the

host lattice.

Heterovalent doping hasnerged aa viablemethod tcenrichboth electrical and optical properties

of semiconductorsA controlled additionof n-type and gype dopantsincorporaés negativelyand
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positively charged carriers, respectivelijhis enhances the electric conductivisd generates
localized surface plasmon resonaitteéhe host latticé* Doping Nb in Sn@is of particular interest
because it exists in Nband NB* and as a result, it inducestype and rype conductivity,
respedwely. Controlling the ratio of the two oxidation staissfeasible byemploying oxidativeor

reducing environmerdnd could lead tainingplasmon esonance aheNCs in a wide range.

As shown in Chapter 5gkerovalent ions can also generate localeergy statewithin the band
gapof NCsto trap electrons or holeghich sene as radiative recombination centefie activation
energy ofthese states may vary, depending on the nature of the ddpantfore the inclusion of
multiple PL centers in St might be achievable through addition of’Gand Zr#*. Transition metal
doped TCOsasexhibitedstrong ferromagnetis#i® Concurrent incorporationf Ga®* andtransition
metals such agmanganesén SnQ would be a beneficial study as it coldshd to the generan of
multifunctional GTO NCs.

It must be mentioned thah inherent limitation of nanostructure doping is the exclusion of the
foreign iors from the host latticeThus, heinfluence ofdopantson the electronic properties of NCs
have not been entirely studied due to the lack of robust synthetic metkiotde recently,
incorporationof dopantpairs(such as two cations, two anions or a cation aménion) appeared to
be an effective strategyp alter electronic properties of the hdmcauseof the following reasons
which lead to an improvement in doping efficietfy’’ The charge imbalance introduced by the
primary dopant is balanced by the codopant. Moreover, if the codopant with an appropriate ionic
radius isselected, it can suppress the disorder in host lattice induced by the primary impurity,
resulting in a considerable improvement in PLQR&tional execution of codoping would lead to
tunability of electrical and optical properties of the nanostruciDespte the complexity of such

systems, these studies are motivated by technological applications.

It is anticipated that the annual consumption of energy on earth triples by’2TI0@refore, the
design of sustainable energgurceds a major conaa for humanity.lt is universally accepted that
the sun is the most dependable source of eneegausehe energy delivered by the sun to the
surface of the earth within 80 minutes, satisfresnard® ®ntire annual needAccordingly, the
attempts to desighigh-performing catalyst for water splitting anénvironmental remediationave
been directed toward small band gap semiconduttotane visible light harvestingCalculations

have demonstrated that informed choice of dopants may significantly tadtdyahd gapDespite
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having a large band gaplensity functional theory calculations demonstrated that electronic
structure 0iGa:0s can benotablymodified by noametal dopind? It was illustrated that-tloped and
Sedopedb-Ga0s can shrink the band gayf Ga0Os to 2.64 and 2.8 eV, respectively; nevertheless
they deliver doubly active photogenerated carriers for photocatalysis in water.

Although very promising advancésve been made in the field of photocatalysis, theopeence
of the presentphotocatalysts isot yet satisfactory Overcoming the limitations of single component
catalyss is enabled by ritegrating multiple componentshich lead totaking advantage othe
functionality ofindividual componentsTo date, chaye recombination is a major drawba€kue to
the smaller band gap ofuffide-based semiconductororming a heterojunction between oxides and
sulfides maygive rise tothe carge cascading processésappropriate band alignment is chosen.
Varying thesize of the component which is subject to quantum confinement effect, influences the
kinetics of charge separation significantly and thus, is an intriguing subject to Akidyentioned
earlier, a major limiting factor in scalabnotonassisted degradatiof hazardous wastésthe low
absorption of the solar spectrurintegration of transition metal oxides with large band gap
semiconductors combieg¢he aforementioned effect withisible light absorptionPlasmormediated
solarto-chemical energy conveas, which allows for the utilization of the solar energy in the NIR

range,s under extensive reseairichvariousfields, from photocatalysis to solar cell81e°

7.3 Closing Remarks

The inherent properties of chemicals indisputably need ingmnewntto satisfy the technological
requirements ithe modern eraThe synthetic chemistry of hanomaterials has created a diverse class
of substances with a wide range of applications. ¥igmnificant technical challengesemain for
chemists tooptimize the conditionsfor the incorporaion of different properties in acompound to
induce multifunctionality.The central task texploit suchoperatioml propertiesis unravelling the
mechanism derivinghem A fundamentalinderstanding afhe driving forces enabldke controlof
the electronic structuremorphology and gticture of nanomaterialsresuling in an improved

efficiency andieaturedor variousapplications.

Further advances will largely depend on the development and effective utilization of advanced
techniquesSpectroscopic measurentewhich uncover the dynaios of lightdriven phenomena, are
widely employedtechniques Ultrafast spectroscopic measurements provide deeper mechanistic
insight intomulti-competing processes suchelsctronrhole generation, charge trapping asidhrge
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transport Invaluable informdon gained from these techniquéglps the rational design of the
systems and leado the enhancement of the efficiency of ligiimulated functionalities.

Ultimately, itis sensible that a further understanding of crystal growth and doping mechasisms a
well as developing more advanced characterization tools will lead to the controlled incorporation of
impurities in NCs in the future. Wellesigned synthetic methods synchronized with characterization
technique improvements will allow for the predeterednoccupation of the NC lattice by the

constituent atoms and/or dopants, leading to the rational engineering ofidéfeetd properties.
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Appendix A

The figures presented in Appendix A are supplementary information for Chapter 3

Figure A.l. Latticeresolved TEM imagef a single EtdopedbccIn,Os nanofower from the
sample prepared at 300 °C with 15 % starting concentration ofsEGGhtinuous lattice fringes

indicate that the flowelike nanostructures were formed by the oriented attachment of colloidal NCs.

5.3% Eu:In203
(200 °C)

11.0% Eu:Inz203
(200 °C)

Normalized Intensity [a.u]

1140 1150 1160 1170

Energy [eV]

1130

Figure A.2. Eu M-edge Xray absorption spectra of 5.3 % (top) and 11.5 % (bottomjdped
In203; NCs synthesized at 200 °C.
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TOPO

Intensity [a.u.]

no TOPO

660 SéO 760 750
Wavelength [nm]
Figure A.3. High-resolution E&" PL spectra of Ewopedrh-In,Os NCs synthesized at 200 °C
before (bottom) and aftgtop) treatment with TOPO. Upon TOPO treatment the spectra become

better resolved.

TOPO

Intensity [a.u.]

no TOPO

576 578 580 582 584 586

Wavelength [nm]

572 574

Figure A.4. High-resolution E&" (°DoY "Fo) PL spectra of samples Figure A3 before (bottom)
andafter (top) TOPO treatment. Without TOPO treatment only one broad structureless peak with the
maximum at ca. 580.3 nm is observed, indicating a significant presencé*dhEoe NC surface
region. Upon TOPO treatment this peak decreases in intensitglireva narrow peak at ca. 581.5

nm, which is suggested to be due to internally incorporatéd(&ae text for more details).

99



Appendix B

The figures and tables demonstraiedAppendix B serve as supplementary information for
Chapterd.

Table B.1. Average Size andCrystallite Size of Selected GTO NCbtained from HRTEM
Images and XR[Patterns,Respectively. ThePeak at ca. 35Was Deconvoluted tcEstimate the
Crystallite Size.

Sample ID Ave. Size [nm] Crystallite size [nm]

10GTO-8h-MeOH
25GTO -8h-MeOH
50GTO -8h-MeOH

75GTO -8h-MeOH
90GTO -8h-MeOH

50GTO-8h-EtOH_1-190°C

All syntheses were performed at 1) Samples were named in the following way: fingt part
indicates the concentration of Ga in GTO N@s second part indicates the synthesis duration in

hoursthe third part specifies the solvent udbd fourth part signifies the synthesis temperature.

3 Only 1 mL of ethanol was used in the synibesf this sample, while keeping the total volume of

the solvents (31 mL) and the ratio of oleic acid to oleylamine the same as for other samples (5:1). The

amount of both precursors (Ga and Sn) was halved, compared to other samples.
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Table B.2. Summary of theSynthetic Conditions andElemental Analysis Obtained from EDX.
Note that theSynthesedVereDone at 190C UnlessOtherwiseSpecified.

Nominal Ga Actual Ga Nominal Sn Actual Sn
[%] [%0] [%0] (%]

25 23.80+6.3 75 76.02+ 6.6
50 41.00 + 6.3 50 59.00 + 6.3
75 61.87 + 6.9 25 38.13+ 6.9
90 85.47 + 0.01 10 14.56 + 0.01
50 39.73+1.9 50 60.27 + 19

50 41.00 + 6.3 50 59.00 + 6.3
50 44.35+ 6.2 50 55.65 * 6.2
50 43.19+6.3 50 56.81 + 6.3
50 33.74+1.8 50 66.26 + 1.8
50 28.86 + 6.3 50 71.14+6.3
50 34.15+8.9 50 65.85 8.9

Sample ID

89.18 + 3.7
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Table B.3. PL Lifetime ParametergObtained fromBiexponentialFitting of the PLTime Decay
Data for GTO NC¢repared undebesignatedConditions.

Samples ID A1[%)] G4[ £ s ] A2[%)] Gl es] <U> |
10GTO-8h-MeOH 69.4+£1.0 0.64%0.03 30.6£0.4 2.66+0.06 1.26+0.06
25GTO -8h-MeOH 59.7£1.0 0.76x0.001 40.3£0.5 2.43+0.06 1.43+0.03
50GTO -8h-MeOH 63.910.7 0.76x0.001 36.1+0.3 2.01+0.02 1.21+0.01
75GTO -8h-MeOH 70.21£0.7 0.6940.02 29.8£0.3 1.78+0.02 1.01+0.02
90GTO -8h-MeOH 61.4+0.8 0.53+0.02 38.6+0.3 1.75+£0.02 1.00£0.02

100GTO -8h-MeOH 75.2+2.0 0.15+0.01 24.8+0.3 1.14+0.03 0.40+0.03
50GTO -4h-MeOH 57.7+0.8 0.59+0.03 42.3+0.4 1.38+£0.02 0.92+0.03
50GTO -8h-MeOH 63.9+0.7 0.76:0.001 36.1+0.3 2.01+0.02 1.21+0.01
50GTO -16h-MeOH 59.6+0.7 0.79+0.001 40.4+0.3 2.00+0.02 1.284+0.01
50GTO -32h-MeOH 65.4+0.6 0.94+0.03 34.6+0.3 2.52+0.03 1.49+0.03
50GTO -8h-EtOH-140°C 49.8+1.0 0.50+0.04 50.2+0.5 1.20£0.02 0.86+0.05
50GTO -8h-EtOH-160 °C 71.4+0.6 0.93+0.03 28.6+0.2 2.35+0.03 1.34+0.03
50GTO -8h-EtOH-190°C 63.0+0.7 0.98+0.05 37.0+0.3 2.68+0.03 1.61+0.04
50GTO -8h-EtOH-220°C 56.9+1.0 0.75+0.05 43.1+0.4 2.90+0.04 1.68+0.09

Table B4. Scotopic toPhotopic Ratio and PLQY of theSamplesPrepared undeDifferent

Conditions.

Alcohol-
Ga Sn Length Volume

20% 80% 10h MeOH- 7 mL 2.58 15.7+0.6
25% 75% 16h MeOH- 7 mL 2.54 14.7+05
25% 75% 32h MeOH- 7 mL 2.57 18.1+0.7
30% 70% 30h EtOH- 7 mL 2.47 19.1+0.7
50% 50% 8h EtOH- 1 mL 2.63 295+1.1
50% 50% 12h EtOH 1 mL 2.60 33.3+1.2

3 Only 1 mL of ethanol was used in the synthesis of this sampbliée keeping the total volume of

Nominal Nominal Reaction

Sample ID

the solvents (31 mL) and the ratio of oleic acid to oleylamine the same as for other samples (5:1). The
amount of both precursors (Ga and Sn) was halved, compared to other samples.
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—50% Ga
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20 25 30 35 40
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Figure B.1. XRD patterns of GTO NCs with different Ga content (atom %), as indicated in the
graph. Red and blue sticks represent the patterns of bulk rutilea®d®Ga:0s, respectively.
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Figure B.2. Size distribution histograms ofleeted GTO NCs synthesized with different ratio of
gallium and tin precursor concentrations: (a) 10 % Ga, (b) 25 % Ga, (c) 50 % Ga, (d) 75 % Ga, (e) 90
% Ga, and (f) 50 % Ga. The synticeconditions argrovided in the caption dfable B1.
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Figure B.3. TEM images of GTO NCs with 50% Ga contents with varying the reaction duration. (a
and b) 4h, (c and d) 8h, and (e and f) 32h. Elemental mapping of the 32h sample is shigurein
4.2 (e-Q).
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Figure B.4. TEM images of GTO NCs with 50% Ga contents with varying the reaction
temperature. (a and b) 140, (c and d) 190C, and (e and f) 22®C. (g and h) Elemental mpping of
the sample synthesized at 100D
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Figure B.5. The structural characterization of GTO NCs with ideal S/P ratio and PLQY of 34%. (a)
XRD pattern confirming its tin oxidédased structure, (b and ¢) HRTEM images of dme in (a).
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Figure B.6. (a) PL of GTO NCs (containing 10% Ga and synthesized for 10h) covering the
photopic vision. (b) PL and absorbance of GTO NC¢&igure4.7a and Atte590. The absorbance
and PL of Atte590areillustrated with dotted lines.
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Appendix C

The table and figures illustrated in Appen@bact as supplementary information for Chagter

Table C.1. Rate of Photocatalytic Degtation of RR590 and Apparent Quantum Efficiency
(AQE) for Photocatalysts Prepared by Anneatir{ga.O; Nanocrystals at Different Temperatures.

Annealing T (°C) d[X]/dt [mol/sL] AQE [%]
400 °C (5.6+0.1)-1¢ 0.142+0.001
600 °C (4.940.1)-1@ 0.124+0.001
650 °C (6.3£0.3)-1@ 0.160+0.020
800 °C (1.940.3)-1@ 0.049+0.010

800 °C
800 °C
400 °C

as-synthesized

Intensity [a.u.]

Lodus PPN PN SO 1O T TR TR

1 “\ \Hlll an ] |\||\I||\l‘
20 30 40 50 60 70 80 90
26 [degree]

Figure C.1. XRD patterns of G#s NCs synthesized at 300 °C and annealed at different
temperatures as indicated in the graph. Blue and red sticks rgpites@atterns of bulkGaOs; and
b-GaOs, respectively.
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Figure C.2. TEM images ofGa:0O; NCs synthesized at 300 °C and annealed at (a, b) 400 °C, (c)
600 °C, and (d) 800 °C
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Figure C.3. GaOs; NC annealing temperature dependence of the apparent rate constaridff Rh
degradation (brown spheres) and the specific surface area of the photocatalyst (red triangles) for the
NCs synthesized at 300 °C. The measurements were perfanntieel annealing temperature range

corresponding to the mixedGa.0; andb-Ga0O; phases.
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Figure C.4. Photocatalytic degradation of F90 by o-Ga0s; in the presence of different
scavengers. The photocatalyst was prepared yading GaOs NCs at 400 °C.
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Figure C.5. (a) XRD patterns od-GaOs photocatalyst aprepared (upon annealing at 400 °C) and
after 5 photocatalytic cycles. (b) Overview TEM imagep@a0; photocatalyst after 5 cycles. (c)
High-resolution TEM image of the sample in (b). The XRD and TEM data indicate no change in the
structure and morphology of the photocatalyst after multiple photocatalytic cycles.
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Figure C.6. Absorption spectra of RA90 solutim (2 mg/L) monitored over time in the presence
of >Ga&0; photocatalyst under UV excitation. The photocatalyst was prepared by annealing as

synthesized NCs at 400 °C.
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Figure C.7. Absorption spectra of phenol solutions (5 mjg/onitored over time in the presence
of GaOs nanocrystalline photocatalysts under UV excitation:o@&g0s prepared by annealing-as
synthesized NCs at 400 °C, and fba0s prepared by annealing -agnthesized NCs at 800 °C.
Exposure times correspdnd to different spectra are indicated in the graphs. The degradation of

phenol is significantly faster in (a), confirming anomalous photocatalytic activifpbése G#Ds.
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Appendix D

The figures and tables exhibited in Appendix D, are designatdteasipplenentary information
for Chapter 6

Table D.1. Summary ofElementalAnalysisObtained from EDX.

Actual Sn

Nominal

Sample ID Nominal Actual Ga
Ga Sn

25% 19.55+2.5% 75% 80.45+2.5%
50 % 38.86% 50 % 61.14%
75% 53.72% 25% 46.28%
90% 78.12% 10% 21.88%
25% 18.05+0.9%% 75% 81.95+0.94%

Table D.2. PL Lifetime Parameters Obtained from Biexponential Fitting ofRheTime Decay

90% 91.64%

Data for GTO NCs iMicrosecondRange.

Sample ID A1[%] Ul e s] Az[%] B[ es] <U> |
70.3+0.8  0.16+0.005 29.7+0.2  0.69+0.009 0.32+0.01
66.9+t0.4  0.32+0.006 33.1+0.1  1.33+0.008 0.66+0.001
56.7+0.5  0.32+0.009 43.3+0.2  1.45#0.009 0.81+0.01
54.8+0.6  0.36x0.01  452+0.2  1.53+0.01  0.89+0.01
54.0#0.6  0.37+0.01  46.0+0.2  1.43+0.01  0.85+0.01
56.6#0.5  0.36+0.01  43.4+0.2  1.39+0.009 0.81+0.01
58.2+0.7  0.25+0.01  41.8+0.2  1.10+0.01  0.61+0.01
61.9+0.7 0.20£0.007  38.1+0.2  1.08+0.01  0.53+0.01
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Table D.3. PL Lifetime Parameters Obtained from Biexponential Fitting of the PL Time Decay
Data for GTO NCs ilNanosecondime Domain.

Sample ID A1[%] U[ns] A2 [%] G[ns] <U> |
0GTO 88.5+1.1 2.99+£0.09 11.5+£0.2 42.47+1.6 7.5+£0.3

75.7+0.6 5.17+0.1 24.3+0.2 35.65+1.0  12.6+0.2
68.5+0.6 5.98+0.2 31.5+0.2 35.24+0.6  15.2+0.2
69.1+0.6 6.35+0.2 30.9+0.2 35.00+0.6  15.2+0.3
76.5+0.7 5.50+0.2 23.5+0.2 33.08+0.7  12.0+0.2
82.240.7  5.40+0.09  17.80.2 38.72#1.4  11.3+0.3
84.3+0.7  4.99+0.08  15.7+0.1 36.06+1.5 9.9+0.2
81.7+0.7  4.50+0.08  18.3+0.1 32.55+0.9 9.6+0.2

Table D4. Specific Surface Area £8r), Apparent Rate Constant aRd. Lifetime for GTO NCs

with Different Ga Contents.

Nominal Ga Sger [Mm%g]

a
83.8 0.20:0.03 12.60.2
172.4 0.31+0.02 15.2+0.2
211.7 0.35+0.01 15.2+0.3
303.8 0.19:0.01 12.0+0.2
3355 0.10+0.01 9.9+0.2

0.10+0.01 7.5+0.3
5% G
1

112



Figure D.1. TEM images of GTO NCs with different starting concentrations of Ga. (a) 5% Ga, (b)
10%, (c) 50%, Ga, (d) 75% Ga, (e) 90% Ga, and (f) 100% Ga. The measured lattice fringes
correspond to rutile Snfand 9-GaOs in (ac) and (ef), respectively. Despite of showing some
degree of crystallinity in XRD and HRTEM, the lattice fringes of GTO NCs containing 50% Ga in

(d), could not be measured with high degree of certainty.

Figure D.2. (a) Absorption spectra of RBO0 collected against time in the presence of GTO
photocatalyst containing 25% Ga exposed to UV light. Dark blue trace is the absorption spectrum of
Rh-590 solution in the absence of the catalgstd red trace is the absorption spectrum o580
sonicated in the dark for 15 min in the presence of the catalyst. (b) Apparent rate constant and lifetime

of GTO NCs as a function of Ga starting concentration.
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