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Abstract

This thesis focuses primarily on the preparation of various functional materials

with controllable structures and properties. The first part describes the synthesis of

materials by solvothermal methods. The second part describes the rapid fabrication

of novel semiconductor materials by microwave-assisted methods.

Part I: Size-tunable monodispersed hierarchical metallic Ni nanocrystals (58-190

nm in diameter) were prepared by the reduction of NI with hexadecylamine under

atmospheric pressure. The diameter of the particles could be tuned by simply

changing the reaction time. A reaction mechanism was proposed and the

relationships between the size > hierarchical surfaces and the magnetic properties were

investigated. The as synthesized Ni crystals exhibited higher coercivities than the

bulk metallic material owing to the reduced size and the hierarchical surface

structure. The saturation magnetization (Ms) and the ratio of remanence to saturation

(Mr/Ms) increased with increasing particle size.

Bismuth oxyhalide semiconductors (BiOBr, BiOCI) with marigold-like open

architectures were also prepared by a solvothermal method involving

imidazolium-based ionic liguids and ethylene glycol. The 3D self-assembled

marigold-like materials were effective photocatalysts for degrading organic

pollutants and generating hydrogen. The main advantages of the new materials were



large surface area, high surface-to-bulk ratio, facile species transportation, and ease

of recovery and regeneration.

Part 11: A facile microwave-assisted solvothermal method was developed for the

controlled synthesis of novel 3D CdS structures. Dendrite-, star-, popcorn- and

hollow sphere-like CdS structures could be obtained by changing the reaction

conditions including the reaction temperature and the amounts of reagents and

solvents. The results revealed that the final structures were related to the solvent

properties such as surface tension and viscosity. The degree of supersaturation was

also responsible for the morphology variation and it could be adjusted by the reaction

temperature. The CdS products with different morphologies exhibited interesting

shape-dependent optical properties and photocatalytic activities.

Biocompatible anatase Ti02 single-crystals with 27 % - 50 % chemically reactive

{001} facets were obtained in 90 minutes by using a microwave-assisted method.

The preparation involved an aqueous solution of titanium tetrafluoride and an ionic

liquid (1 -methyl-imidazolium  tetrafluoroborate). @ The  as-obtained  Ti02

single-crystals exhibited a truncated tetragonal bipyramidal shape. By simply

changing the concentration of the ionic liquid, the level of reactive {001} facets can

be continuously tuned from 27 % to 50 %. The use of microwave heating is critical

as it allows rapid and uniform heating of the reaction mixture. The Ti02



single-crystals were characterized by XRD, TEM, XPS and FESEM. The products

exhibited excellent photocatalytic efficiency for both oxidation of nitric oxide in air

and degradation of organic compounds in aqueous solution under UV light

irradiation. The relationship between the physicochemical properties and the

photocatalytic performance of the samples was discussed. The TiC” single-crystals

were found to be nontoxic using Zebrafish (D. rerio) as a model.

By wusing a microwave-assisted hydrothermal method involving titanium

tetrafluoride and a tetrafluoroborate-based ionic liquid

(1 -butyl-3-methyl-imidazolium-tetrafluoroborate), a micro-sheet anatase Ti02 single

crystal photocatalyst with remarkable 80 % reactive {001} facets was synthesized.

The as-obtained Ti02 single-crystal exhibited a truncated tetragonal bipyramidal

shape. The high reactivity of {001} facets made these single crystals highly

photocatalytically active. They were easily recyclable and thermally stable up to 800

OC.

Furthermore, a simple and environmentally benign approach for the synthesis of

photocatalytically active rutile TiO? mesocrystals was developed. It was a

microwave-assisted hydrothermal method involving titanium(lll) chloride as the only

reactant. The resulting ID rutile nanowires could easily assemble into 3D

hierarchical architectures without the help of surfactants or additives. The average



aspect ratio for the nanowires was 267. The BET specific surface area of the
mesocrystal was 16 m”/g.

The optical»band energy of the product exhibited an obvious red-shift of 0.2 eV
with aspect to that of pure rutile TiO] . This red-shift effect may be ascribed to the
high aspect ratio of the rutile nanowires. The products showed excellent
photocatalytic activity for NO removal in air and the activity was well maintained
after three cycles. Gold modification on the rutile Ti0O2 resulted in a 50 %

improvement in the photocatalytic performance.
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Chapter One

Introduction

1.1 Functional Materials

Functional materials cover a broad range of substances such as the magnetic
materials, catalytic materials, electrical materials, optical materials, sensor materials
and biological materials. Nanotechnology can create almost limitless kinds of novel
functional materials in a variety of ways, including sol pocess: | micelles[]""* » sol-gel
process > 56 chemical precipitation/'r hydrothermal synthesis,A"" pyrolysis,'"M'~ vapor
deposition - 16 > supercritical treatment, and solution combustion synthesis.

Functional materials usually exist in the forms of nanocrystals and mesocrystals.

1.1.1 Nanocrystals

Nanocrystals can be described as ‘novel materials whose size of elemental
structure has been engineered at the nanometer scaleMaterials in the nanometer
size range often exhibit new property. Intervention in the properties of materials at
the nanoscale permits the creation of materials and devices with remarkable

functionality .M



Nanocrystals include clusters of atoms (quantum dots, nanodots, inorganic

macromolecules), grains that are less than 100 nanometers in size (nanocrystalline,

nanophase, nanostructured materials), fibres that'are less than 100 nanometers in

diameter (nanorods,\"* nanoplatelets,"" nanotubes,™ nanofibrils,** nanowires™"),

films that are less than 100 nanometers in thickness, nanoholes, and composites that

are a combination of these. The composition can be any combination of naturally

occurring elements, with the more important compositions being silicates/,

carbides? 1 nitrides?? oxides," borides," selenides/* tellurides," sulides: ] ?

halides’38 alloys/” intermetallics/® metals,”” organic polymers/® and composites.*"

Nanocrystals have been widely utilized in various areas, such as light emitting

devices - 44 luminescent tags/® photocatalysis/* and biomedical applications/A"»

Magnetic nanocrystals can be used as efficient diagnostic tools in magnetic

resonance imaging, magnetic separation of biological targets"™ and drug/gene

delivery.49 Plasmonic properties of noble metal nanocrystals are utilized in

molecular-specific imaging and sensing, as well as in photodiagnostic and

photothermal therapy.5.



1.1.2 Mesocrystals

In analogy with atoms and molecules, nanocrystals can also serve as building units

to construct mesocrystals. The notation “mesocrystal” is an abbreviation for a

mesoscopically structured crystal, which is an ordered superstructure of crystals with

mesoscopic size (141000 nm). Recently, mesocrystals are experiencing rapidly

increasing attention of chemists, physicists, and materials scientists for their special

mesoscopic structure, offering unique new opportunities for materials design.™

Mesocrystals can be regarded as assemblies of crystallographicaliy oriented

nanocrystals. They have single-crystal-like atom structures and scattering behaviors

but with much higher porosities than conventional single crystals.** Mesocrystals

have much higher crystalUnity than polycrystalline materials and in some cases even

exhibit many characteristic properties of a conventional single crystal.™

Several mechanisms were reported for the formation of mesocrystals. Four basic

mechanisms were proposed to form a mesocrystal as shown in Fig. 1.1: a) Alignment

of nanoparticles by an oriented organic matrix; b) Nanoparticle alignment by

physical fields or mutual alignment of identical crystal faces; ¢) Epitaxial growth of

a nanoparticle employing a mineral bridge connecting the two nanoparticles; d)

nanoparticle alignment by spatial constraints.™



Figure 1.1 The four principal possibilities to explain the 3D mutual alignment of
nanoparticles to a mesocrystal. Reproduced from Reference 51.

To date, mesocrystals can be mainly classified into three types: 1) metal
oxide-based mesocrystals (ZnOM WO3" MgO”™ CeO:? and TiC"Q). 2)
binary metal oxides-based mesocrystals (BiVO > , Bi2wW06,~" CaMoOg” SrTiOs,%
and PbTiOs”). 3) other ftmctional inorganic materials (CeF] - - ) GaPO* 9. . cdstedse

67, Ag68 and PbS™). Such novel mesocrystals are ordered nanocrystal assemblies

with a huge potential for the synthesis of advanced materials 70

1.2 Applications of Advanced Nanomaterials

1.2.1 New Electrode Materials for Lithium-Based Batteries

Tremendous research effort has been devoted to improving the incomparable
performance of lithium-ion batteries. Various nanostmctured anodes based on

transition metal oxides have beenreportedOwing to the nanocomposite nature



of these electrodes, the conversion reactions are highly reversible, providing large

capacities that can be maintained for hundreds of cycles.” To date, different

nanostructured materials such as nanoparticles, nanotubes, wires and nanoalloys

have been used as high efficient anode/cathode materials 73

Very recently, Bruce et al. demonstrated the low-temperature synthesis of ordered

mesoporous LiCoO? via a hard template routeThis material exhibited superior

properties as a cathode compared with the same compound in nanoparticulate form.

As shown in Fig. 1.2, the first discharge capacity for mesoporous LiCoO: is some 20

mA h g' higher than that for the equivalent nanowire material. The initial discharge

capacity of normal LiCo02 lies between the two nanostructured materials. The

capacity of the mesoporous LiCo02 decreases by around 45 % after 50 cycles

whereas the drop is 75 % for normal LiCoO] .
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Figure 1.2 Discharge capacities for A) normal ( ) > B) nanowire (+)>and C)

mesoporous (O ) forms of LT-LiCo02. Reproduced from Reference 74.



Generally, the nanomaterials for lithium batteries offer many advantages: 1) They
allow electrode reactions to occur that cannot take place for materials composed of
micrometer-sized particles.?[} Owing to the short distances for lithium-ion
transport within the nanoparticles, the reduced dimensions significantly increases the
rate of lithium insertion/removal.* 3) A high surface area permits a high contact area
with the electrolyte and hence a high lithium-ion flux across the interface. 4)
Electron transport within the particles is also enhanced by nanometer-sized patrticles,
as described for lithium ions5) For very small particles, the chemical potentials
for lithium ions and electrons may be modified, resulting in a change of electrode
potential (thermodynamics of the reaction). 6) The range of composition over which
solid solutions exist is often more extensive for nanoparticles and the strain

associated with intercalation is often better accommodated/?

1.2.2 Sensors Based on Functional Materials

Sensors capable of detecting and even quantifying both simple and complex gas
mixtures present a far more facile analytical method than capturing samples and
analyzing them using conventional equipments. In particular, electronic noses are
very attractive for pn-site monitoring of priority pollutants, as well as for addressing

other environmental needs7 New types of chemical sensors for environmental



monitoring, food safety or security applications could be based on nanotechnology.

Nanomaterials are very well suited for chemical sensor applications, because their

physical properties often vary considerably in response to changes of the chemical

environment.

It is well known that the n-Type semiconductor metal oxides such as SnO[] > Al203,

ZnO, Fe203 and TiO: are widely utilized as gas sensing nanomaterials owing to their

outstanding gas-sensing properties for the detection of flammable and toxic gases at

relatively low cost - When the charge accepting molecules (e.g., NO2 and O2) are

adsorbed at the vacancy sites, electrons are effectively depleted from the conduction

band, thus decreasing conductivity of the w-type oxide. Also, oxygen molecules are

generally chemisorbed onto the surface of oxides as 02~, 0", or species that exist

in an equilibrium state (02~ <> 0~ <> <> CM).?? Upon being exposed to a

reductive gas, such as H2, CO and alcohol, the surface-adsorbed oxygen species of

the n-type oxide will react with the gas. This will lower the surface concentration of

oxygen species, resulting in an increased conductivity. By measuring the variation in

resistance or conductance, gas sensors made of these n-type oxides can intelligently

detect different kinds of gases.

Recently, a variety of nanostructured FeiOa such as nanospheres/® nanofibers,"

nanocubes®' and nanotubes™ have been investigated for gas sensing. Wang et al.



prepared a-FezOs ceramic nanofibers through electrospinning poly(vinyl alcohol)/Fe

(N03)3.9H20 composite nanofibers and calcinations. The as-prepared a-Fe“Ch

nanofibers, as shown in Fig. 1.3, exhibit rapid response-recovery and high sensitivity

characteristics to ethanol vapor.

Figure 1.3 SEM images of electrospun nanofibers: (a) electrospun
PVA/Fe(N03)3.9H20 composite nanofibers at low magnification; (b) electrospun
PVA/Fe(N03)3.9H20 composite nanofibers at high magnification; (c) calcined in air
at 800 °C for 6 h; and (d) TEM image of electrospun nanofibers calcined in air at

800 for 6 h. Reproduced from Reference 80.

Wang et al. reported that Sn02 monolayer porous hollow spheres, prepared by
hard-template route with carbon spheres as templates, exhibited high sensitivity to
ethanol.83 Yang et al. synthesized CNT/Aii/Sn02 nanotubes through homogeneous
deposition of Au and SuO2 nanocrystals on carbon nanotubes via layer-by-layer
assembly. The as-prepared CNT/Au/Sn02 nanotubes exhibited excellent sensor

performance to CO at room temperature owing to the doping of Au nanocrystals, the



higher surface-to-volume ratio and nanotubular structure.84

Despite its great potential for environmental monitoring, broad applications of

sensor technology for the control of air and water quality are still in their infancy. In

particular, recent advances in novel nanostructured materials serving as sensing units

will certainly expand the scope of the sensors towards a wide range of organic and

inorganic contaminants/?

1.2.3 Multifunctional Magnetic Nanocomposites

Multifunctional nanocomposites with desirable properties have attracted broad
gc

interest in recent years. The applications of nanocomposites with both fluorescent

and magnetic properties have been widely explored for bioimaging, diagnosis, and
@ «

therapeutics. * These multifunctional magnetic nanocomposites can be used as

luminescent markers, and they can also be controlled by an external magnetic field.

Most of the magnetic fluorescent nanocomposites are core-shell structures with the

ac

great majority of emitters being either quantum dots (QDs) or organic dyes.

Lots of efforts have been devoted into the development of magnetic fluorescent

nanocomposites. Generally, the preparation methods can be grouped into four

classical types: a) a magnetic core covalently bound to a fluorophore via a spacer.9, b)

a magnetic core coated with silica, lipid, or polymer™ containing fluorescent



components, c¢) a magnetic core directly coated with a fluorescent shell.d)

magnetic nanoparticles and QDs encapsulated in a polymer or silica matrix.

Recently, Zhao and Xiao et al. fabricated submicrometer laminated Fe/SiCh soft

magnetic composites via controlled deformation and subsequent sol-gel coating

processes. The bulk materials made of these laminates show flat permeability spectra

up to 50 MHz, about two orders of magnitude higher than those made of the parent

powders. In addition, the composites have large saturation fields, and thus can be

used in high-power devices.™ Hyeon et al. synthesized discrete and monodispersed

mesoporous silica nanoparticles consisting of a single FesOg nanocrystal core and a

mesoporous silica shell. They believed that the integrated capability of such

core-shell to be used as magnetic resonance and fluorescence imaging agents, along

with their potential use as a drug delivery vehicle, could make them a novel

candidate for fiiture cancer diagnosis and therapy and for drug delivery.™

1.2.4 Antibacterial Functional Materials

Traditional water disinfection methods such as chlorination and ozonation

inevitably form harmful disinfection by-products (DBFs). UV irradiation is a safe

alternative but it is very energy intensive. It makes perfect sense to enhance the

utilization of photons by integrating engineered photocatalytic nanostructures in the



treatment system. Since Matsunaga et al. reported the efficiency of photocatalytic
«

oxidation of Saccharomyces cerevisiae (yeast), Lactobacillus acidophilus and

Escherichia coli (bacteria), and Chlorella vulgaris (green algae) in water using a

Pt-Ti02 photocatalyst upon illumination with near-UV light, interest in using

Ti02-mecliated photocatalysis for water disinfection has grown steadily.™ A great of

research work was carried out on the preparation of Ti02-based photocatalytic

disinfectants. They can be classified into two categories: Ti02 suspension system and

coated TiO: film system.

The use of aqueous suspensions of Ti02 photocatalysts has been widely

investigated. These suspensions require continuous stirring to ensure effective

contact of the titania and target species in addition to preventing catalyst settlement.

Nano-sized TiO: suspension has been proven effective in killing various types of

viruses, such as poliovirus 1, hepatitis B virus, Herpes simplex virus, and MS2

@«

bacteriophage. Sonication of TiO: suspensions is considered an effective means for

increasing the rate of bacterial destruction.The use of ultrasound can produce

more active sites on the catalytic surface for reaction with target species. The

disadvantages of the suspension approach are that the slurry reduces UV light

penetration and the catalyst powders need to be removed after treatment.

The use of TiO: films obviously overcomes the drawback of having to separate



the catalyst from water after treatment. Many studies have demonstrated that Ti02

films coated on glass or tiles possess attractive properties, such as being deodorizing,

antibacterial and self-cleaning under weak ultraviolet light in living areas.

Ti0O2 only absorbs wavelengths in the near-UV region (k < 400 nm), which is

about 4 % of the solar spectrum. Visible-light-induced photocalalytic disinfection

seems to be an attractive idea from the viewpoint of utilization the full spectrum of

solar energy. Advances in materials design and fabrication at the nano-level make

solar-driven photocatalytic disinfection systems possible. These systems can be

mainly classified into three types: doped TiO? > dye-sensitized TiO[] - andomposite

inorganic nanomaterials.

Doped Ti02 with non-metallic species such as nitrogen, carbon and sulfur leads to

a spectral shift towards the visible region.'Our group reported that sulfur-doped

Ti02 exhibited bactericidal effects on Micrococcus lylae in water under visible-light

irradiation. As shown in Fig. 1.4 - the growth of M. lylae was effectively suppressed

by the S-doped Ti02 nanoparticles after an hour of visible-light irradiation. Neither

pure Ti02 nor S-doped Ti02 in the dark showed any bactericidal effects on M [ylae,

indicating that the photocatalyst itself was not toxic to M. lylae. The ESR results

confirmed the generation of hydroxyl radials from S-doped TiOz under visible-light

irradiation. H5 Escherichia coli inactivation by N, S co-doped commercial TiOz



powders under visible-light was also reported."s Besides, Shang et al reported an

enhanced visible-light photocatalytic disinfection of bacterial spores by

119

palladium-modified nitrogen-doped titanium oxide (TiON/PdO)

Without
photocatalyst  S-doped TiOA

Figure. 1.4 Images of M [ylae colonies on an agar plate before and after visible light

irradiation. Reproduced from Reference 115. ,

In the case of dye-sensitized Ti02 for photocatalytic water disinfection, Yao et al.
doped a novel photosensitive dye (5, 10 15, 20-tetraphenyl-21H, 23//-porphine

nickel, TPPN) into TiOz thin films by a sol-gel method. Such dye-sensitized Ti02

thin film exhibited visible-light-induced bactericidal effects on phytopathogenic

bacteria. A5 TO date, dye-sensitization is still the most popular and economical

processes for improving the visible-light performance of Ti02 photocatalysts.



Composite Ti0O2-based inorg”~c nanomaterials including Ag/AgBr/Ti02'* and
Agl/Tio2i22 were found to be effective in destroying Escherichia coli. A novel
non-Ti02 based Ag/AgBr/ WCVF"O visible-light photocatalyst was fabricated for
bacteria destruction."™ This system combined the advantages of a plasmon
photocatalyst and a composite photocatalyst, showing high efficiency in the
cU”aadation of Escherichia coli. An interesting idea in designing new solar-driven
photocataJdytic disinfection systems is to maintain a certain level of bactericidal
activity in the dark cycles. It was found that nitrogen-doped Ti02 fibers containing
highly dispersed palladium oxide nanoparticles (TiION/PdO) could maintain some of
its catalytic disinfection capability even after shutting off the visible light source for
hours. 124 This property was attributed to the optoelectronic coupling between PdO
nanoparticles and the TiON semiconductor. It promoted charge carrier separation in
TiON, resulting in the chemical reduction of PdO to Pd® The "memory"
antimicrobial effect came from the catalytic effect of Pd, . Another study on

apatite-coated Ag/AgBr/Ti02 photocatalyst also found inhibition of bacterial growth

during the dark cycles.1 These two studies open up new possibilities for a broad

J

range of environmental applications.



1.2.5 Functional Materials for Treating Organic Pollutants

As recalcitrant organic pollutants continue to increase in air and wastewater streams,

environmental laws and regulations become more stringent.As a response, the

development of newer eco-friendly methods of degrading these pollutants became an

imperative task. Over the last 10 years, the scientific and engineering interest in the

application of semiconductor photocatalysis has grown rapidly. Semiconductor

photocatalysis with a primary focus on TiO: as a durable photocatalyst has been

applied to a variety of problems of environmental interest in addition to water and air

purification, owing to its low cost, strong oxidizing power, non-toxicity and

long-term photostability.46 Photocatalysis can promote reactions in the presence of

light without being consumed in the overall reaction. The photocatalysis are

inorganic semiconductors (e.g. TiO: > ZnO, FeiOs, CdS, WO0O3, and ZnS)'""™"™ with

band gap energies sufficient for catalyzing a wide range of chemical reactions. As

shown in Fig. 1.5, these: -band gap energies and band gap positions of the

t

semiconductor nanomaterials are. of great importance for photocatalysis, because

they indicate the thermal-dynamic limitations for the photoreactions that can take

place.
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Figure 1.5 Band position of selective semiconductors and the redox potentials of
02/02' and <OH/H20 redox couples at pH = 7> (& oxide and (b) Non-oxide

semiconductors.

Recently, various TiC"based photocatalysts have been designed and fabricated via

some special routes, such as template-free solvothermal method, 21

ionothermal’i35.i36 FJl.d ionic-liquid microwave.Li group adapted a template-free
approach, in which a titania precursor, Ti0S04, was solvothermally reacted in
glycerol, alcohol, and ethyl ether, to fabricate the photocatalytic hollow anatase TiO)
spheres with unique urchin-like morphology and tunable interior structure. The
as-created sphere-in-sphere structure (as shown in Fig. 1.6) endows the spheres with

greatly enhanced photocatalytic activity possibly attributed to multiple reflections of



UV light within the sphere interior voidsy 27 Yu et al. used a one-steo
low-temperature hydrothermal approach without using any templates to synthesize
hierarchical porous F-doped Ti0O2 microspheres. The new photocatalysts show high
visible light photocatalytic activity on the degradation of 4-chlorophenol.'» The
visible light photocatalytic activity of F-doped Ti02 microspheres was achieved by
the creation of oxygen vacancies rather than by the improvement of the absorption of

bulk Ti02 in visible light region '**

Figure 1.6 SEM and TEM (insets) images of the titania spheres synthesized for (a)
1/24, (b) 0.5, (¢) 1, (d) 2 (e) 7, and (f) 14 days, showing transiting interior structure
from dense, to sphere-in-sphere, to hollow and surface morphology from smooth to
prickly. Reproduced from Reference 127.



Since Lu et al. reported the preparation of single crystal anatase Ti02 sheets with 47

% reactive {001} facets, several studies have extended this new route to
synthesize TiO: sheets as candidates for photocatalysis applications.Lu et al.
further demonstrated a new solvothermal synthetic route for morphology-controlled
preparation of high-quality anatase Ti0O2 single crystals using 2-propanol as a
synergistic capping agent and reaction medium together with HF. The synthesized
Ti02 nanocrystals had 64% {001} facets and displayed superior photoreactivity
(more than 5 times) compared to P25 as a benchmarking material.They also
developed a facile and new route for one-pot synthesis of nitrogen doped {001}
dominant anatase TiO2 sheets. The as-prepared TiO2 exhibited a significantly
enhanced stability of high visible light absorption by bulk N doping and good
photooxidation and photoreduction activity. []

1.2.6 Photocatalytic Materials for Hi Evolution

Much research efforts have been devoted to the generation of hydrogen since this
is the fuel with the highest energy capacity per unit mass. Hydrogen is< also a clean
energy carrier because it produces neither CO2 nor pollutants. Many reviews on
heterogeneous photocatalytic materials such as metal oxides, metal oxynitrides,

metal oxysulfides, metal sulfides have been published.In this section, novel
I

\



polymeric photocatalysts for H2 evolution are introduced. Besides, a "nonsacrificial"

two-step water splitting system under monochromatic visible light irradiation is

highlighted.

1.2.6.1 Polymeric Photocatalysts

Recently, a metal-free polymeric visible light driven photocatalyst for hydrogen

production has been reported."”® It was a graphitic carbon nitride (g-CsN")

synthesized via a‘thermal polycondensation of cyanamide. The photocatalyst

produced H2 from water containing triethanolamine as a sacrificial electron donor on

light illumination (X,> 420 nm) in the absence of noble metal catalysts such as Pt.

This is the first polymeric photocatalyst that is cheap and commonly available. It will

open new way for the organic semiconductors as energy transducers.

However, the quantum yield of the above system (0.1 % at 420-460 nm) needs to

be improved. Wang et al. advanced g-CsN- by generating nanopore structure into the

polymeric matrix to improve its structural and electronic functions for solar energy

conversion. 149 The photocatalyst had a 3D porous framework, exhibiting an

improved efficiency by —1 order of magnitude. This example showed excellent

artificial photosynthesis over mesoporous polymer semiconductors.

The ordered mesostructure permits structural orientation of guest molecules in the



periodic nanopores, which would enhance the selectivity and activity in
photocatalysis.i5G Very recently, the photocatalytic activity of highly ordered porous
g-C3N4 materials (as shown in Fig. 1.7) was evaluated by photochemical reduction of
water in the presence of an electron donor with visible light.The total evolution of
H2 reached 2.1 mmol after 25 h visible light irradiation. The H2 evolution on the
order mesoporous C3N4 was about 5 times higher than that of bulk g-CsN”. Such
structure is promising as a host semiconductor scaffold for the design of hybrid

visible-light photocatalyst.

X
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Figure 1.7 (a) SAXS patterns of empg-CSNQ and SBA-15 template. The inset shows
the corresponding 2D SAXS image of ompg-CsN*. (b, ¢) TEM images of g-C3N4.
The inset in the TEM image shows the corresponding fast Fourier transforms of the

patterns. Reproduced from Reference 151.

1.2.6.2 A "Nonsacrificial" Two-step Water Splitting System

Sacrificial reagents are often used to evaluate the photocatalytic activity for water
splitting. From this point, the term of “water splitting” should be distinguishably

used for H2 or O2 evolution from aqueous solutions in the presence of sacrificial



reagents. Water splitting means to split water into H2 and O2 in a stoichiometric

amount in the absence of sacrificial reagents. Very recently, an efficient

nonsacrificial water splitting system has been developed. It was a two-step

photocatalytic water splitting (Z-scheme) system consisting of a modified

ZrCVTaON species (H2 evolution photocatalyst), an O2 evolution photocatalyst, and

a reversible donor/acceptor pair (i.e., redox mediator). Pt/Zr02/TaON, PYWO] ' and

IOb'/T" pairs were the most active components, because each photocatalyst efficiently

promoted the forward reactions involving the redox couple (photooxidation of I" on

Pt/Zr02/TaON and photoreduction of 103- on Pt/WQOs).

For solar-driven catalytic conversion of CO2 to fuels to be practicable, highly

efficient photocatalysts are required. Titanium dioxide (TiOz) has been considered

the most appropriate candidate as a photocatalyst due to its powerful oxidizing nature,

superior charge transport properties, and corrosion resistance. Earlier studies,

however, could only achieve low CO2 conversion rates in spite of using UV

illumination for band gap excitation. Recently, numerous studies on the preparation

of solar-light-driven photocatalysts for hydrocarbon formation have been reported.

They can be classified into two categories: Ti02 based photocatalysts and composite



photocatalysts.

Metal doped Ti02 catalyst sensitized with N3 dye was employed to photoreduce

CO2 with H20 under concentrated natural sunlight to fuels in an optical-fiber

photoreactor.152 A methane production rate of 0.617 |amol/(g h) was achieved on

N3-dye-Cu(0.5 wt%)-e(0.5 wt%)/Ti02 coated on optical fiber under an average solar

light intensity of 20 mW/cm”. The N3 dye could substantially improve the

photoactivity of Cu(0.5 wt%)-Fe(0.5 wt%)/Ti02 catalyst towards methane

production under concentrated natural sunlight due to its full visible light adsorption.

The photocatalyst was stable up to 6 h.

Recently, N-doped Ti02 nanotubes with copper and platinum nanoparticles loaded

onto the surfaces were developed to realize efficient solar conversion of carbon

dioxide and water vapor to methane and other hydrocarbons.”” The experiments

were conducted in outdoor sunlight at University Park, PA. Using outdoor global AM

1.5 sunlight, 100 mW/cm”, a hydrocarbon production rate of 111 ppm cm™ h'\ or

-160 |iL/(g h), was obtained when the nanotube array samples were loaded with both

52 % Cu and 48 % Pt nanoparticles. The authors pointed out that the efficiency of the

catalyst was still quite low, but they were optimistic that future work could improve

Carbon dioxide could be reduced with water to organic compounds over a hybrid



catalyst under concentrated sunlight.154 The catalyst used was a pr-loaded KzTibOu

coupled with a Fe-based catalyst supported on a dealuminated Y-type zeolite

(Fe-Cu-K/DAY). The Pt/K2Ti60i3 catalyst decomposed water to produce H2 and the

Fe-Cu-K/DAY catalyst reduced CO2 with the resulting H2 into organic compounds

such as CH4, HCOOH » HCHO » CH30H, and C2H50H. The Pt/K|TifiOis catalysts

could be combined with another CO2 hydrogenation catalyst of Cu/ZnO."" The

generation of CH3OH over this composite photocatalyst under concentrated sunlight

means successful photocatalytic conversion carbon dioxide to fuels. These studies

suggest that sunlight driven photocatalytic processes have the potential for organic

compound evolution from CO2 and water.

Recently, a NiO/InTa04 photocatalyst with a band gap of 2.6 eV has been

developed by Chen's Group.The NiO cocatalyst was loaded by incipient-wetness

impregnation with aqueous solution of Ni(N03)2. The product was calcined at 3500

for 1 h in air, and then pretreated by H2 reduction at 500 for 2 h and subsequent

02 oxidation at 200 for 1 h. This catalyst was able to reduce CO2 to methanol

under visible light illumination. A 1.0 wt.% NiO-InTa04 photocatalyst in 0.2 M

ICHCO3 gave the highest activity (1.394 |[imol/(h-g)). The reduction-oxidation

pretreatment had a positive effect on the activity of the catalyst.

CdSe quantum dot (QD)-sensitized Ti02 heterostructures have been fabricated for



the photocatalytic reduction of CO2 in the presence of H20.'" These heterostructured

1

materials were capable”of catalyzing the photoreduction of CO2 using visible light
illumination 420 nm) only. Typical yields of the gas-phase products after visible
light illumination (X>420 nm) were 48 ppm g" h" of CH4>3.3 ppm gi h' of CH30OH
(vapor), and trace amounts of CO and H2.

1.3 Synthesis of Nanomaterials

1.3.1 Preparation Methods

Nanoparticles can be synthesized by coprecipitation, sol-gel processing,

microemulsions,  hydrothermal/solvothermal  methods, templated syntheses,

Ifi)

biomimetic syntheses and microwave synthesis. Herein, we will focus on the

discussion of solvothermal processing and microwave synthesis.

1.3.2 Solvothermal Processing

In a sealed vessel (bomb, autoclave, etc.), solvents can be brought to temperatures
well above their boiling points by the increase in autogenous pressures resulting from
heating. Performing a chemical reaction under such conditions is referred to as

solvothermal processing. Some solvothermal processes indeed involve

supercritical solvents. However, most take advantage of the increased solubility and



reactivity of metal salts and complexes without bringing the solvents to its critical.

Therefore, the solvothermal processing allows many inorganic materials to be

prepared at relatively lower temperature than that required by the traditional

solid-state reactions. Furthermore, the resulted products are often well crystallized

and do not require postannealing treatment.

Despite these advantages, solvothermal synthesis still suffers from

time-consuming process and complex devices. Under the conditions of solvothermal

synthesis, the pressure can be very high in the reaction system. Therefore, a

pressure-resistant vessel such as a metal autoclave is needed. As a matter of safety,

the pressures generated in a sealed vessel should be estimated beforehand. Besides -

unique synthesis techniques are highly demanded to improve the reaction efficiency

and shorten the reaction time.

1.3.3 Microwave Synthesis

1.3.3.1 Background

High-speed synthesis with microwaves has attracted a considerable amount of

attention in recent years. Microwaves are the part of the electromagnetic radiation

spectrum in the approximate frequency range 0.3 to 300 GHz. with corresponding

wavelengths ranging from 1 m to 1 mm in air. Microwave-enhanced chemistry is



based on the efficient heating of materials by "microwave dielectric heating"

effects. 19 This phenomenon is dependent on the ability of a specific material

(solvent or reagent) to absorb microwave energy and convert it into heat. The electric

component of an electromagnetic field causes heating by two main mechanisms:

dipolar polarization and ionic conduction. Irradiation of the sample at microwave

frequencies results in the dipoles or ions aligning in the applied electric field. As the

applied field oscillates, the dipole or ion field attempts to realign itself with the

alternating electric field and, in the process, energy is lost in the form of heat through

molecular friction and dielectric loss. It is now well known that microwaves generate

an inverse temperature profile during heating. The centre of a body will become

hotter than its surface. This can result the morphology of the product completely

different from that resulting from conventional method.

1.3.3.2 Literature Survey

This section highlights recent publications of materials fabricated by controlled

microwave heating technology.

. Nanoparticles

Highly crystalline metal oxide nanoparticles such as CoO, ZnO, Fe304, MnO,

Mn304, and BaTiOs were synthesized (shown in Scheme 1.1) in just a few minutes



by reacting metal alkoxides, acetates or acetylacetonates with benzyl alcohol under

microwave heating.The pronounced dependence of the crystallite size on the

heating time (which was not found in analogous solvothermal experiments in the

sutociave 16 N163) provided a precious tool to tailor this parameter. Microwave

irradiation can be used as a powerful tool to accelerate the formation of metal oxide

nanoparticles through directly influencing the organic reaction pathways. A simple

and rapid microwave-assisted wet chemical route was developed for the preparation

of Sb2Te3 hexagonal single-crystalline nanoplates with edge length of hundreds of

164
nanometers

Co(ac)2 7 CoO
“ g::sﬁ)z ‘ ZnO

n oA

Fe(acac)3 r'"VAOH

Felacaécjj > W (Fe30,

Fe(ac) .l

Mna02 ac=acetate :30 s-3 min MnO

. HacaC)z acac=acetylacetonate Mn304
Ba +TI(OPr) 9 FrEPrOR V. BaTiOg

Scheme 1.1 General reaction scheme displaying the metal oxide precursors used, the
solvent, the experimental conditions, and the resulting metal oxide nanoparticles.

Reproduced from Reference 160.

Anatase nanocrystals with uniform size and shape were synthesized via a

microwave-assisted route in ionic liquid.This reaction  involved

1-butyl-3-methylimidazolium tetrafluoroborate as the solvent and titanium

isopropoxide as the precursor. This process is fast and simple. The reaction could be



performed under atmospheric pressure in a domestic microwave oven. No
high-pressure and high temperature apparatus is needed. The size of nanoparticles
could be easily controlled.
. Micrometer-sized crystals A

A simple microwave irradiatioji method for the large-scale synthesis of

submicrometer-sized TiO: rods at normal atmospheric pressure was demonstrated.'

J

It was emphasized that only 1-3 min of microwave irradiation was adequate for the

reaction of tetra-isopropyl orthotitanate with ethylene glycol to produce rods of

1 ,

titanium glycolate with diameters'of —04 |im and lengths up to 5 )im. The as-formed
titanium glycolate rods, followed by calcination under air for 2 h - fabricated anatase

(500 °C) and rutile (900 - ¢, titania without changing their rod-shaped morphology. A
t

mechanism based on microwave superheating phenomena was presented.
Micro-sized decaoctahedron BaZrOs powders were synthesized by means of a
hydrothermal microwave method at 1400 for 40 min.'*» This is the first synthesis
of microcrystalline BaZrO; powders presenting a decaoctahedron shape.
% Porous materials

The currently available microwave technology permits the development and
implementation of a temperature-programmed microwave-assisted synthesis of

ordered mesoporous silicas (OMSs).'"*™ SBA-15 samples were obtained in as little as



3 h at higher temperatures (such as 160 > 180 > and even 200 °C). ‘They showed better

thermal stability than those synthesized at commonly used temperatures (< 150 '*C).

ft.

This simple process significantly reduced the time of synthesis from days to hours.

The adsorption and structural properties could be tailored by this

temperature-programmed microwave-assisted approach.

A series of aluminophosphate molecular sieves were synthesized by the

I1Si

microwave-assisted ionothermal approach. In hydrothermal synthesis of molecular
sieves, a pressure-resistant vessel such as a metal autoclave would be needed, but this

was not suitable for microwave dielectric heating. Therefore, Teflon and other

. 4 .
microwave-transparent polymers were widely used to make autoclaves for

microwave heating. However, these materials became flexible at high temperatures

and could not withstand the high pressure. The use of an ionic liquid such as

!

\

1-ethyl-3-methylimidazolium bromide ([emim]Br) addressed this problem, since it
had negligible vapor pressure and high stability at 150 °C or even higher

temperatures. Therefore, ionic liquids are the ideal solvent for the safe synthesis of

‘ 1
molecular sieves by microwave irradiation.



1.3.3.3 Summary and Outlook

The examples provided in Section 1.3.3.2 should make it clear that many types of

inorganic materials can be fabricated under microwave conditions. Dramatic rate

enhancements were observed in all cases. The simple convenience of using

microwave technology will make this nonclassical heating method a standard tool in

the laboratory within a few years. Using sealed-vessel systems, the benefits of

controlled microwave heating are manifold:

* Microwave processing can dramatically reduce reaction time. It also can provide

higher yields and cleaner reaction profiles. In many cases the observed rate

enhancements may be simply a consequence of the high reaction temperatures

that can rapidly be obtained by using this nonclassical heating method. In

addition, many enhancements result from the involvement of so-called specific

or non-thermal microwave effects.

g

The choice of solvent for a given reaction is determined by dielectric properties

of the reaction medium. This property can be easily tuned by, for example,

addition of polar materials such as ionic liquids.

. The modem microwave reactors allow for” excellent control of reaction

parameters by monitoring the temperature and pressure. This generally leads to

more reproducible reaction conditions.



* The overall process is more energy efficient than classical oil-bath heating since

direct “in-core’ - heating of the medium occurs.

1.4 Summary

This chapter gave a brief introduction on the classification of functional material,
the applications of functional material and the preparation methods. Functional
materials fabricated by microwave-assisted method were fully discussed. The

benefits of controlled microwave heating were highlighted.

1.5 Aim of This Research and Its Significance

The aim of this thesis work is to design safe and energy-saving approaches to
fabricate functional materials with tunable sizes and controllable morphologies.
These materials are expected to have promising applications in photocatalysis and
magnetically driven applications.

A fast and energy saving method was developed to fabricate well crystallized Ni
particles with continuously tunable sizes by a simple reaction involving nickel
acetate tetrahydrate and hexadecylamine. This was much easier than the methods
.reported in the literature that require multi-stabilizers to control the size and

morphology of magnetic nanoparticles. Our simple process was therefore less prone



to contamination and it ensured high-purity products. Another advantage of this

method was that the reaction proceeded at atmospheric pressure in the absence of

protective gas (e.g. Ar or N2) without stirring or refluxing. This was an improvement

over the solvothermal method in which high pressure and high temperature were

involved.

Furthermore, an energy-saving solvothermal method for fabricating 3D bismuth

oxyhalides was developed involving an imidazolium-based ionic liquid as the

reagent. The reaction time was only 1 hr. This was the first example of ternary

compound mesocrystal grown from ionic liquids. The key in this method was the use

of the imidazolium-based ionic liquid which formed an ionic-liquid-bismuth complex.

It evolved into the final 3D superstructure. By selecting an appropriate anion for the

ionic liquid, bismuth oxybromide and oxychloride could be synthesized.

Additionally, TiC" mesocrystals with controllable morphologies were fabricated

via the microwave-assisted hydrothermal method. These materials included anatase

Ti02 single crystals with tunable percentage of reactive {001} facets and 3D rutile

Ti02 mesocrystals. These TiOrbased mesocrystals exhibited excellent photocatalytic

activities in the degradation of 4-chlorophenol and the oxidation of nitric oxide.
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Synthesis of Size-Tunable Monodispersed Metallic

Nickel Nanocrystals without Hot Injection

2.1 Introduction

High-quality nanocrystals with well-defined shapes and controllable sizes play a
key role in nanotechnology because the properties of nanometric materials are
strongly related to their mean size and size distribution."* Uniform magnetic
nanoscale materials have become the focus of intensive research due to their
potential applications in high-density data storage" and medical diagnosis.* For the
preparation of nickel nanomaterials, chemical or electrochemical reduction of Ni*
ions in aqueous solution has been widely used. 6 8I-Iowever, the as-synthesized
nanometer-sized Ni particles are easily oxidized in an aqueous solution owing to
their high reactivity. To overcome this problem, non-aqueous approaches have been
developed as alternatives to aqueous systems.A"The non-aqueous methods, however,
often require a large amount of surfactants for controlling the growth and crystal size

of the products. Furthermore, complex devices with protective atmosphere are



needed to inject rapidly precursors into a hot organic reaction medium.”)] Another
problem with hot injection is that the Ni nanoparticles prepared are usually
amorphous D or poorly crystallized.""""* Additional treatment steps are therefore
required to achieve good crystallinity. It has also been reported that the resulting
structures are strongly dependent on the reaction conditions. It is well known that
intermolecular forces, such as Van der Waals forces and ti-tc interactions contribute
to the aggregation of nanoparticles. As for magnetic nanoparticles, magnetic
dipole-dipole interaction makes this kind of attraction even stronger. ‘A Thus, it is
difficult to obtain uniformly dispersed magnetic nanoparticles without aggregation.
Herein, we present a fast and energy saving method to fabricate well crystallized
Ni particles with continuously tunable sizes by a simple reaction involving nickel
acetate tetrahydrate and hexadecylamine (HDA). As far as we know, such a one-pot
route to the size-tunable crystallized Ni particles without precursor injection has
never been reported. The resulting metallic nickel spherical particles were well
dispersed and had uniform diameters. The diameter of the product could be tuned
from ca. 58 nm to ca. 190 nm by controlling the reaction time. This is much easier
than the methods reported in the literature which require multi-stabilizers to control
the size and morphology of magnetic nanoparticles.”' @ Our simple process is

therefore less prone to contamination and it ensures high-purity products. Another



advantage of this method is that the reaction proceeds at atmospheric pressure in the
absence of a protective gas (e.g. Ar or N2) without stirring or refluxing. This is an
improvement over the hydrothermal method in which high pressure and high

temperature are involved."?

2.2 Experimental Section

2.2.1 Preparation of Monodispersed Nickel Nanocrystals

All reagents are of analytic purity and were used without further purification. In a
typical synthesis, a mixture of 0.20 g nickel acetate tetrahydrate (Ni(OAc)2) (ACROS,
99 %) and 8.20 g hexadecylamine (HDA) (IL, 99 %) was heated to 85, C to make a
homogeneous green solution. Then, the mixture in an open glass bottle was directly
placed in the muffle furnace of 210 °C for 30 - 60 min. After the reaction, the
resulting black Ni powder was easily collected by a magnet and was rinsed with 70
"C toluene for 5 times to remove the hexadecylamine, and then dried in a vacuum at

80 for4h.



2.2.2 Characterization

The products were characterized by X-ray diffraction measurements which was

carried out in a parallel mode (0 = 0.5°, 20 varied from 20° to 80°) using a Bruker

D8 Advance X-ray diffractometer (Cu Ka radiation, X = 1.5406 A ).The morphology

and the microstructures of the products were investigated by transmission electron

microscope (TEM) and selected area electron diffraction (SAED) with a

JEM-200CX (JEOL, 200 kV) TEM, and a high-resolution transmission electron

microscope (HRTEM, JEOL-2010). The electron microscopy samples were recorded

prepared by grinding and dispersing the powder in acetone with ultrasonication for

20 seconds. Carbon-coated copper grids were used as sample holders. The scanning

electron microscopy images were recorded on a FEI Quanta 400 FEG microscope.

The magnetic properties of the Ni samples were investigated using a vibrating

sample magnetometer (VSM) from Lakeshore (Model 7300).

2.3 Results and Discussion

2.3.1 TEM and HRTEM Analysis

The particle size and shape of the products were examined by transmission

electron microscopy ‘ (TEM) and field emission scanning electron microscopy



(FESEM). Fig. 2.1 shows the TEM and SEM images of products prepared at 210

for 30-60 min from 0.2 g nickel acetate tetrahydrate and 8.2 g HDA. It is observed

that all of the products are composed of a large quantity of uniform particles. These

particles are characterized by a narrow size distribution (relative standard deviation a

below 5 %), obtained from a statistical analysis of over 100 particles. It is very

interesting that the mean diameter of the products is linearly dependent on the

reaction time over the period from 30 to 60 min (Fig. 2.1a, d, g and j). When the

reaction time was prolonged from 30 to 40> 50 and 60 min, the diameters of the

resulting Ni nanocrystals were roughly 58, 123, 160 and 190 nm, respectively. A

reaction time shorter than 30 min is not advised as a NiO byproduct will be formed.

All the samples assemble spontaneously to form a 2D close-packed structure on the

TEM grids, demonstrating the uniformity of the particle size. The high magnification

TEM images (Fig. 21b, e, h and k) and FESEM images (Fig. 2.1c, f, i and 1) further

show clearly that the samples exhibit spherical morphology with hierarchical

surfaces.

It is also worth noting that these as-formed Ni nanocrystals are well-dispersed

nanocrystals. It has been reported that metallic Fe spheres form nanowires easily in

aqueous systems because of internal forces of attraction.*® In the current system, the

Ni nanocrystals stay well separated in spite of the high magnetic property of metallic



Ni. This result illustrates the effectiveness of HDA molecules as a stabilizer* The

HDA molecule serves as a template within which the nanoparticles grow, a scenario

similar to that where nanoparticles are formed in micellar systems. A possible model

for such nanoparticle growth is shown in Scheme 2.1. Due to the steric hindrance

between the hydrocarbon units of HDA, the chance of self-aggregation for the

magnetic nanoparticle is decreased. Concerning the diameter evolution of the Ni

crystals, HDA can also act as an excellent solvent for the growth of metallic nickel.

Fig. 2.2 shows the mean particle size (D) of the Ni crystals as a function of reaction

time (t). It reveals a clear trend of particle size evolution. The former (D) nearly

increases in direct proportion to the latter (t) with an equation, D (nm) = -63.7 +

4.35*t (min). This equation has a very high gradient of 4.35, representative of the

growth rate of the Ni crystals. It is reasonable that the reaction proceeds at a fast rate

because the nickel acetate precursors dissolved in HDA can be easily decomposed at

fixed reaction temperature and thus lead to a high concentration of the free Ni

4

nanocrystal monomers. It has been demonstrated that the fine control of the particle

size of Ni crystals has been achieved from direct thermal decomposition of nitrate

salts in HDA by choosing different reaction times, as shown in Fig. 2.1 and Fig. 2.2.
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Figure 2.1 TEM, high magnification TEM and FESEM images of the nickel
nanocrystals obtained at 210  for different reaction times using 0.2 g nickel acetate
letrahydrate. a), b), ¢) 30 min, d), e), f) 40 min, g), h), i) 50 min, j), k), 1) 60 min.
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Figure 2.2 Mean particle size (D) of the Ni crystals as a function of reaction time (t).

2.3.2 XRD Analysis

As reported previously, the Ni nanoparticles prepared by chemical reduction in
organic media are often amorphous or poorly crystallized."""* Therefore, an
annealing treatment is usually needed in order to improve the crystallinity of the Ni
colloidal nanoparticles. It is also known that despite an improvement of the atomic
order towards the face-centered cubic (fee) structure being obtained after calcination.
defects in the structure could not be avoided. Moreover, it is difficult to improve the
crystallinity by increasing the temperature and treatment time.”* Our method
overcomes these limitations. Fig, 2.3a shows the powder X-ray diffraction (XRD)
patterns of the Ni particles. The three well resolved diffraction peaks suggest good

crystallinity. The peaks are located at 44.53°, 51.82° and 76.41° which can be



indexed to the (111), (200) and (220) Bragg reflections of the fee structure of Ni
(Joint Committee on Powder Diffraction Standards (JCPDS) file No. 04-0850). No
nickel oxide peaks (such as NiO or Ni*O]) could be detected, indicating that metallic
nickel is the only product from the decomposition of nickel acetate tetrahydrate in
hexadecylamine. Further structural information on the as-synthesized Ni products
after 60 min reaction can be obtained from the high resoluton TEM (HRTEM)
image (Fig. 2.3b). The lattice fringes identified in the images are consistent with the
{111} planes of the fee structure phase of metallic Ni, with a—20 A periodicity. The
local elemental composition of the as-formed sample obtained after 60 min reaction
was studied by energy-dispersive X-ray (EDX) analysis at the single nanocrystal
level, shown in Fig. 2.3c. It confirms that besides nickel only trace amounts of
copper from the TEM grids and carbon from the residue of HDA are found in the

products.
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Figure 2,3 a) Powder XRD patterns of the samples prepared at 210  for different
durations.b) HRTEM image and ¢) EDX pattern of the sample prepared at 210
for 60 min reaction.

2.3.3 Growth Process

In order to understand the growth process of Ni hierarchical crystals, the reaction
temperature of a particular experiment was decreased from 210 to 2001 &ith 1.0
g nickel acetate tetrahydrate as nickel precursor and other reaction conditions fixed.
Fig. 2.4 shows the XRD results of the samples prepared at 200 °C for different
reaction times. All XRD patterns from samples with < 6 hrs reaction show three well
resolved diffraction peaks located at 37.25°, 43.27° and 62.88°. These can be
indexed to the (111), (200) and (220) Bragg reflections of the fee structure of NiO
(Joint Committee on Powder Diffraction Standards (JCPDS) file No. 47-1049). For
samples with > 7 hrs reaction time, the NiO nanoparticles were reduced to Ni as

revealed by the XRD patterns (Fig. 2.4). The morphologies of the resulting NiO/Ni



samples obtained at different stages were further investigated by TEM. From Fig.

2.5a and b, we can see that a large-area of the monodispersed flower-shaped NiO

clusters (ca. 256 nm in diameter) obtained after 60 min at 200 "C. The secondary

structure of the as-formed NiO clusters can be observed more clearly in Fig. 2.5¢ for

isolated clusters. Obviously, these clusters are composed of small primary crystals

with a size of 2-3 nm and the same crystal orientation. The distance between two

adjacent planes is 2.41 A, which cormresponds to the lattice spacing of {111} planes of

cubic NiO. The selected-area electron diffraction (SAED) pattern recorded on an

isolated cluster inset reveals single-crystal-like diffraction (inset of Fig. 2.5c). The

formation of NiO clusters with a single-crystal-like feature could be explained by the

well-known growth mechanism of “oriented attachment"."The growth of these

NiO clusters follows the well-documented two-step growth model in which primary

nanocrystals nucleate first in a supersaturated solution and then aggregate into larger

secondary particles due to high surface energy.2 | .24 [his aggregation process led to

monodispersed NiO clusters in which the primary nanocrystals monomers assemble

through the same crystallographic orientation. As shown in Fig. 2.5a-e, the size of

NiO clusters could be tuned from about 25 to 40 nni by simply increasing the

reaction time while keeping all other parameters constant. It is more interesting that

all of the NiO clusters were quickly reduced to metallic Ni clusters with an average



size of about 40 nm upon 7 h of reaction, as shown in Fig. 2.5f. The reducing ability
of alkylamine has been reported in the synthesis of metallic copper nanowires by
using octadecylamine as the reducing agent™ With further increase of the reaction
time, these freshly formed Ni clusters have a great tendency to aggregate rapidly due
to their strong magnetism. Fig. 2.5g shows that a close-packcd core of metallic nickel
surrounded with lots of Ni clusters had been formed after 12 h. These Ni clusters
were further confirmed by the HRIBM images (Fig. 2.5h). It shows the {111}
atomic planes of Ni phase with a lattice spacing of 0.20 nm. During the
thermal-induced aggregation proccss, the introduction of capping agents (MDA)
promotes the anisotropic growth of Ni nanosiruclurcs, probably driven by the
“oriented attachment” mechanism associate with Ostwald ripening.Upon 18 hrs of
reaction, the aggregation of these Ni clusters was completed to form monodisperscd
hierarchical crystals with an average size of about 2 |im, as shown in Fig. 2.5i. The

formation process of Ni hierarchical nanocrystals was illustrated in Scheme 2.1.
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Figure 25 TEM images of the samples prepared at 200  for different durations,
ac) 1 hr,d) 3 hrs,e)6 hrs, f) 7hrs,g-h 12 hrs, and i) 18 hrs.



2.3.4 Magnetic property

N

Fig. 2.6a displays the hy*resis loops measured at room temperature for the Ni

-

nanocryslals prepared at 210°C with various reaction limes. Fig. 2.6b illustrates the
relationship between the particle size and the magnetic properties. The coercivity
value ranges from 106.1 Oe to 152.9 Oe as the particle size increases from 58 nm to
190 nm. Fig. 2.1f and Fig. 2.1 i clearly show a drastic increase in anisotropy between
40-50 min of reaction time. Since the coercivity of magnetic material depends
strongly on the shape anisotropy, a sharp increase in the coercivity occurs. Compared
to the corresponding He value for bulk Ni (0.7 Oe), great enhancement occurrs in the
coercivities of all the Ni nanocrystals. This observation is consistent with previous
reports. | 7 This enhancement may be attributed to the reduced size and presence of a
hierarchical structure which causes a change in the magnetization reversal
mechanism.An increase in coercivity of a magnetic material has been considered
to have resulted from an increase in the magnetic anisotropy, since an applied field at
a given temperature can change the orientation of magnetization.** The saturation
magnetization (Ms) for the as-prepared Ni nanocrystals increased from 38,7, 39.88 -
41.12 to 46.3 emu g" with the increasing particle size. The same trend was recorded

for the remanence to saturation ratio (Mr/Ms). The results confirm that the coercivity

and remanence are mainly governed by the particle size. Alongside this, shape



anisotropy also affects the coercivity and remanence because of the hierarchical
surfaces in the Ni sample. This is because when a particle is not perfectly spherical
the demagnetizing field will not be equal for all directions. Understanding the
relationship between the size, hierarchical surfaces and magnetic properties is
important both for fundamental research and for the development of potential

applications in electronics and information technologies.
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Figure 2.6 a) Magnetization loops of (a) Ni nanocrystals prepared at 210 "C for
different reaction times using 0.2 g nickel acetate tetrahydrate. i) 30 min (-+-)’ ii) 40
min (-A-), iii) 50 min (-+-), iv) 60 min (-=-). b) coercivity. He (-*-), and remanence
to saturation ratio, Mr/Ms (-O-)vs particle sizes of Ni nanocrystals prepared at 210
"C for different reaction time.

2.4 Conclusion

A new method was developed for the synthesis of magnetic nickel nanocrystals

with uniform and tunable particle sizes ranging from 58 nm to 190 nm, by using

hexadecylamine as a reducing agent and solvent, and nickel acetate tetrahydrate as a

nickel precursor. These synthesized Ni nanocrystals exhibit room-temperature

enhanced magnetic properties. Such a facile one-pot approach may also be applied



for the synthesis of other low valence state functional nanomaterials such as CU20,

and Fe304. Detailed work is underway.
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lonic Liquids-Assisted Synthesis of 3D BiOX (X=Br, CI)

Ternary Compounds Mesocrystals

3.1 Introduction

Bismuth oxyhalides belong to V-VI-VII ternary compound with tetragonal crystal
structure. They are layered structures consist of a halidc ion layer and a
metal-oxygen (Bi-0) layer. Their high stability against photocorrosion is
advantageous for applications in photocatalysis and photoelectrochemical cells.
Several synthesis methods for mico- and nanostruclures of BiOX materials have been
reported in the literature. The size controllable synthesis of spherical BiOX
nanoparticles with diameters of 3-22 nm was reported by Henle et al. using an
effective reverse microemulsions route." Deng et al. reported the synthesis of
one-dimensional (ID) bismuth oxyhalide nanowires and nanotubes using a cationic
surfactant cetyltrimethylammonium bromide (CTAB) as the bromine source.5 Geng
et al. reported a procedure for one-step selective synthesis of two-dimensional (2D)

BiOCI lamellae materials via a sonochemical method, 2D single-crystalline BiOX



(X = CI, Br) nanoplates, nanosheets, and microsheets were obtained by hydrogen
peroxide oxidation of bulk metal Bi particles in a surfactant-mediated solution.? To
date, the methods for fabrication of three-dimensional (3D) BiOX materials are less

developed. One approach is to use bismuth nitrate and inorganic halide salts as the

« 0

starting material through a coprecipitation process. ' This method is rather time- and
also energy-consuming due to the long reaction time in a high-temperature
environment. Therefore, new effective and reproducible route to large-scale
fabrication of 3D BiOX with uniform shapes is highly desirable.

lonic liquids (ILs) are non-volatile and non-flammable organic salts with low
melting point. The use of ILs is well documented in important fields such as
synthetic-organic chemistry, separation and electrochemistry."\" * The value of ILs in
the field of inorganic nanosynthesis has gradually been realized. In 2000 > Dai's
group first reported the synthesis of Si02 aerogel using an ionic liquid,
1 -ethyl-3-methylimidazolium Dbis(trifluoromethylsulfonyl)imide ([EMimI[NTf2])’
instead of water as the solvent" Among the main advantages of using ILs as
solvents or additives in inorganic synthesis is their superior capability for the
solvation and stabilization of metal cations. This is why ILs are often used as capping
agents or surfactants. These properties have been exploited to prepare nanoparticles

of different compositions including pure metals,'""* metal oxides,metal



Chapter Three 3D BiOX Mesocrystals

chalcogenides, 24,25, siicas and organosilicas® | metal saltsit : ~And carbon

1*7 10

material. ¢ Nevertheless, the full potential of ILs as the reagents in the controllable
synthesis of inorganic nanostructures remains to be further explored.

Herein, we report that ionic liquids act as a unique soft material capable of
promoting the nucleation and in situ growth of 3D bismuth oxyhalide (BiOBr,
BiOCIl) mesocrystals. To the best of our knowledge, this is the first example of
ternary compound mesocrystal grown from ionic liquids. The BiOX products
prepared by the new method have low band gap energy, high surface to bulk ratio,
facile species transportation, as well as easy recovery and regeneration. These
properties make the materials ideal photocatalysts for generating hydrogen,
degrading organic pollutants and killing bacteria.

Our strategy for preparing BiOX is based on the solvothermal reaction involving
bismuth nitrate and an imidazolium-based ionic liquid in Iriethylene glycol. The key
in this method is the use of the 1 -butyl-3-methyl-imidazolium IL which forms an
ionic-liquid-bismuth complex which evolves into the final 3D superstructure. By
selecting an appropriate anion for the ionic liquid, bismuth oxybromide and
oxychloride can be synthesized. The chemical structures of the ionic liquids used in

this work are shown below.



B- H3C. #2~ACH,

1 -butyl-3-methyl-imidazoliiim bromide

cr Hc Iy

1 -butyl-3-methyl-imidazolium chloride

3.2 Experimental Section

3.2.1 Preparation of BiOBr Sample

In a typical synthesis of BiOBr, 0.485 g of bismuth nitrate (ACROS) was
dissolved in 10 mL of triethylene glycol (Panreac) in an ultrasonic bath. Then ionic
liquid, 0.5 mL of I-butyl-3-methyl-imidazolium-bromide (IL) was added into it
under stirring. Then the mixture was put into a 256 mL Teflon-lined stainless
autoclave. The autoclave was heated to 200 and maintained for 1 hour. The
resulting precipitates were collected and washed with ethanol and deionised water
thoroughly and dried at 80 in air. BiOClI was fabricated by replacing
1 -butyl-3-methyl-imidazolium-bromide with 1 -butyl-3-methyl-imiciazolium-chloride

(IL) while keeping the other conditions the same.



3.2.2 Characterization

The products were characterized by X-ray diffraction measurements which was
carried out in a parallel mode ((0 = 0.5°, 2G varied from 20° to 80 - ) using a Bruker
D8 Advance X-ray diffractometer (Cu Ka radiation, \ = 1.5406 \).The morphology
and the microstructures of the products were investigated by transmission electron
microscope (TEM) and selected area electron diffraction (SAED) with a
JEM-200CX (JEOL, 200 kV) TEM, and a high-resolution transmission electron
microscope (HRTEM, JEOL-2010). The electron microscopy samples were recorded
prepared by grinding and dispersing the powder in acetone with ultrasonication for
20 seconds. Carbon-coated copper grids were used as sample holders. The scanning

electron microscopy images were recorded on a FEI Quanta 400 FEG microscope.

3.2.3 Measurements of Photocatalytic Activity

In the hydrogen generation reaction, 100 mg photocatalyst were added into an
aqueous solution containing 100 mL H20, 20 mL methanol and 0.1 mL Ig/L HzPtCl,
The reaction cell was sealed with a rubber septum and irradiated using a 300 W
xenon lamp with a 400 nm optical filter. The platinum precursor was reduced to
platinum particles by photoexcited electrons and deposited on the surface of

photocatalysts at the initial stage of photoirradiation. Methanol acts as an electron



donor. The reaction system was cooled by the flowing water to minimize the
temperature rise. The amount of the hydrogen generated was determined by using a
gas chromatograph system (Techcomp, GC-7900) equipped with a molecular sieve
column (TDX-01,60-80 mesh).

The photocatalytic degradation of methylene blue was carried out in an aqueous
solution at ambient temperature. Briefly, in a 100 mL beaker, 0.03 g of BiOBr
photocatalyst was suspended in 80 ml aqueous solution containing 40 ppm

methylene blue. The aqueous suspension was stirredi for 2 h to reach an

. %

adsorption/desorption equilibrium. The photocatalytic degradation of methylene blue

was initialed by irradiating the reaction mixture with a commercial 300 W tungsten

halogen spotlight surrounded with a filter that restricted the illumination to the

400-660 nm range. The light source was located at 8 cm from the reaction solution.

The photodegradation rate was monitored by measuring the absorbance of the

solution of 664 nm. Preliminary tests demonstrated a good linear relationship

between the light absorbance and the methylene blue concentration. Only less than

2.0% methylene blue decomposed after reaction for 3 h in the absence of either the

photocatalyst or the light irradiation and, thus, could be neglected in comparison with

the methylene blue degraded via photocatalysis.



3.2.4 Measurements of Bactericidal Activity

Micrococcus lylae, a Gram positive bacterium, was used as a model bacterium in

the experiment. It was incubated in 10 % Trypticase soy broth (TSB) at 30°C and

agitated at 200 rpm for 24 h. The culture was washed with 0.9 % saline by

centrifugation at 21,000 rpm for 5 min at 25°C and the pellet was resuspended in

saline. The cell suspension was adjusted in centrifuged tube to the required cell

n |

concentration (1-2 x 10 cfu ml" ). The photocatalyst BiOBr was added to 0.9 %

saline in a conical flask and homogenized by sonication. The suspension was then

sterilized by autoclaving at 121 °C for 20 min, allowed to cool, and mixed with the

prepared cell suspension. The final photocatalyst concentration was adjusted to 100

mg/L and the final bacterial cell concentraton was 1-2x10* cfu mi". The

photocatalytic reaction was started by irradiating the mixture with fluorescent light

and stopped by switching off the light. The light source used was four 15 W

fluorescent lamps mounted closely on the top of the flask. The reaction mixture was

stired with a magnetic stirrer to prevent settling of the photocatalyst. Before and

during the light irradiation, an aliquot of the reaction mixture was immediately

diluted with 0.9 % saline and plated on TSB agar. The colonies were counted after

incubation at 37 °C for 48 h. The inactivation of bacterial population during PCO

was calculated by the equation:



Bacterial inactivation (%) = [(Pj -Pi )/ Pi] x 100 %
where Pi represented the initial population and P] represented the population after

irradiation time (T).

3.3 Results and Discussion

3.3.1 TEM and XRD Analysis

Fig. 3.1a-d shows the field-emission scanning electron microscopy (FESEM)

images of the ternary BiOBr powders with different magnifications. The samples

were obtained under the solvothermal condition at 200 for 1 hour. The

low-magnification FESEM images (Fig. 3.1a and b) show the high-yield synthesis of

mesocrystals with an average diameter of 4.5 fim. The particles are uniformly

dispersed without obvious aggregation. Close inspection (Fig. 3.1c and d) shows an

interesting 3D mangold-like morphology. The flower-like superstructures are

composed of nanosheets with thickness of 15 nm, forming an open porous structure.

The results of transmission electron microscopy (TEM) images give more detailed

information regarding the interior structure of the flower-like architectures. Fig. 3.1e

reveals that the entire structure is built from several dozens of nanosheets with

smooth surface. As shown in Fig. 3.If, clear lattice fringes can be observed and the

single crystalline nature of the nanosheet is revealed. The lattice spacing is about



0.276 nm as shown in the inset of Fig. 3.If, which is consistent with the d-spacing of
the (110) reflection for BiOBr. The selected area electron diffraction (SAED)
analysis (Fig. 3.1g) confirms the high polycrystalline nature of BiOBr. Results of the
energy dispersive X-ray (EDX) analysis (Fig. 3.1h) show the molar ratio of Bi:F to
be 1.1:1. Carbon and copper are from the conducting tape and the sample holder.
Besides, all the diffraction peaks of the product, shown in Fig. 3.2, match well with
those of tetragonal-phase BiOBr (JCPDS File No. 09-0393). In this work, only an
hour of reaction time is needed for the formation of highly crystallized BiOBr
products. Prolonging the reaction time is not advised since the same products were
obtained after 24 hrs of reaction. The high reaction efficiency is partly due to the
hydrophilic characteristics and high dielectric constant (E=I1.7) of the ionic liquid
which can well support the dissolution of bismuth nitrate/? facilitating the nucleation
of crystal growth and promote the formation of crystalline products. This is a
significant improvement over the conventional solvothermal process which often
requires very long reaction time (>12 h) due to the slow reaction kinetics."® This
solution-based approach should be easily extended to large scale production of

BiOBr mesocrystals.



Figure 3.1 SEM images (a-d), TEM (e) and HTTEM (f) images, SAED (g) and EDX
pattern (h) ofBiOBr.
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Figure 3.2 XRD patterns of as-prepared BiOX (X=C1, Br) powders.

lonic liquids are often considered "designer solvents > > due to the unique variability

of the ions. By changing the anion of 1 -butyl-3-methyl-imidazoliuiTi from bromide to

chloride, ternary bismuth oxide chloride can be prepared. Fig. 3.2 shows the XRD

pattern of the BiOCI product. The diffraction peaks can be well indexed to the

standard tetragonal phase of BiOCIl (JSPDS File No. 06-0249). FESEM images and

TEM image of the products (Fig. 3.3a, b and ¢) show the 3D marigold-like

morphology similar to that of BiOBr. The open framework is also composed of

interweaved nanosheets. The lattice spacing observed in the HRTEM image (Fig.

3.3d) is about 0.344 nm, which is consistent with the d-spacing of the (101)

reflection.
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Figure 3.3 FESEM images (a, b) and TEM (c) and HRTEM images ofBiOCI.

It is quite probable that imidazolium-based ILs form a complex with bismuth at an

early stage of the reaction. The assumption is based on the mesocrystal

transformation features in recent reports/'A' They indicate that primary

nanoparticles are the building units that assemble into larger structures, forming

mesocrystals by oriented attachment and fusion. We believe that the ILs distributed

over the nanosheets surface play an important role in the determination of

inter-nanosheet interaction leading a 3D assembly process to reduce the surface

energy and transforming into a marigold-like 3D structure. Our results are consistent



with the previous work, where 1 -butyl-3-methyl-imidazolium bromide (or choloride)

supports three-dimensional (3D) alignment of silver nanoparticles.44

3.3.2 I Adsorption-Desorption Analysis

The specific surface area and porosity of the marigold-like BiOBr and BiOCI

powders were measured from the nitrogen adsorption and desorption isotherms. The

samples exhibit type-IV isotherms (Fig. 3.4 > inset) which is typical for mesoporous

solids. The BET specific surface area of the BiOBr and BiOCI| samples calculated by

the Brunauer-Emmett-Teller (BET) method are 14 and 10 m*/g. The samples

contain small and large mesopores as shown in Fig. 3.4a and b, and the pore

diameters are estimated by using the desorption branch of the isotherm. The small

pores are from the nanosheets, while the large pores may be attributed to the open

space from interweaving. The 3D BiOX mesocrystals possess both micro- and nano-

structures, and can be a promising candidate for various applications in the field of

environmental remediation.
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Figure 3.4 Pore-size distributions and N2 adsorption and desorption isotherms (inset)
for the BiOBr powders (a,-_-) and BiOCI (b, -0-) powders.

3.3.3 Photocatalytic Activity

The photocatalytic activity of the BiOBr powders was evaluated by the reaction of

hydrogen (Hz) evolution from an aqueous solution of methanol. Commercial Ti02

powder, P25 (Degauss), was used as a reference. A suspension of the photocatalyst

powders and a small amount of hydrogen hexachloroplatinate (IV) (PhPtCls) was



irradiated by a 300 W Xenon lamp with a400 nm cut-off filter. Fig. 3.5a shows the

photocatalytic H2 evolution against time. The rate of H2 evolution by BiOBr powders

is higher than that of P25. The photocatalytic oxidative decomposition of organic

dyes is also of fundamental importance in water treatment. Fig. 3.5b shows the

changes in the methylene blue (MB) concentration versus reaction time under visible

light irradiation. Prior to irradiation, the suspensions were stirred in the dark for 2 h

to reach adsorption-desorption equilibrium. As a comparison, direct photocatalysis of

MB was performed under identical conditions. We observed that direct

photocatalysis of MB was negligible under visible light irradiation. The P25

photocatalyst is ineffective but the BiOBr product shows a high decomposition rate

for methylene blue. The degradation of MB on 3D marigold-1ike BiOBr is about

61 % after 2 hrs.

3.3.4 Bactericidal Activity

The bactericidal activity of the BiOBr sample was evaluated by killing M. lylae in

water under fluorescent light (commonly used for householding lighting, visible light

intensity = 7.48 mW/cm ) irradiation on the basis of the decrease in the colony

number of M lylae formed on an agar plate. The fluorescent light photocatalytic

disinfection is safe and cost effective as compared to disinfection using UV and



chlorine since the latter ones use hazardous irradiation and produce disinfection
by-products in the process.According to Fig. 3.5¢c, 50 % of M. lylae are killed in
180 min and only 10 % would survive after 360 min. However, BiOBr powder in the
dark shows no bactericidal effects on M. lylae, indicating that the photocatalyst itself
is not toxic to M lylae. Thus, the bactericidal effect is ascribed to the photocatalytic
reaction of BiOBr. Oxygen species such as hydroxy1 radicals oxidized the cell

membrane and damaged the microbial structure, causing various damages to living

. 46,47
organism.
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Figure 3.5 (a) Photocatalytic H2 evolution from an aqueous solution of 20 vol %
methanol containing BiOBr and P25 in the presence of HzPtCls. (b) Photocatalytic
oxidative decomposition of MB aqueous solution containing BiOBr and P25. (c)
Survival ratio of M lylae vs irradiation time for BiOBr powders.

The excellent photocatalytic performance in both water splitting and oxidative
reactions for 3D BiOBr can be mainly attributed to its special physicochemical
properties, such as a low band gap energy of 2.64 eV, a high surface to bulk ratio and
open hierarchical structure.” The low band gap energy makes it a promising
photocatalyst for solar-driven applications. The high surface to bulk ratio will not

only supply more active sites for the photocatalytic reaction, but also effectively



promote the separation efficiency of the electron-hole pairs.* Meanwhile, the light

harvesting is also enhanced due to the open hierarchical structure and multiple

scattering.49 Chemical reactions are most effective when the transport paths through

which molecules move into or out of the nanostructured materials are included as an

integral part of the architectural design® The 3D marigold-like BiOBr could be

recycled easily after the reaction due to its relatively large size. SEM and XRD

investigation showed that structure and the chemical composition were well

maintained, indicating very good stability.

3.4 Conclusion

In a conclusion, imidazolium-based ionic liquids are efficient reagents for the

fabrication of 3D marigold-like BiOBr and BiOCl mesocrystals. Owing to the high

surface to bulk ratio, hierarchical structures and narrow band gap, the photocatalytic

performance can be significantly improved compared to the P25. The details of the

interplay between the ILs and the formation of BiOX materials remain to be

determined, but our results raise the possibility of controlling the morphology by

careful selection of ILs. This facile method may allow us to produce other metal

halide plasmonic photocatalysts with 3D architectures, such as Ag/AgBr and

Ag/AgCl.
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Microwave-Assisted Architectural Control Synthesis of 3D

CdS Structures

4.1 Introduction

The formation of patterns and shapes in the natural world has long been a source
of fascination. Materials with various architectures attract much attention due to their
unique physical and chemical properties. Remarkable progress has been made in the
fabrication of nanomaterials such as 0 D nanoparticles, 1 D rods (wires, cables, tubes
and belts) and 2 D/3 D dendrites (disks, flowers, mesopores).! Compared with the
low-dimensional nanomaterials, complex 3D structures will offer the possibilities to
probe potentially new phenomena arising from their 3D organization. A As an
important type I1-VI semiconductor, with a room temperature bulk band gap of 2.4
eV, CdS is a promising functional material for photoelectric conversion in solar cells,
in light-emitting diodes for flat-panel displays, lasers, thin film transistors, and in
other optical devices based on its nonlinear properties.* Over the past few years,

tremendous effort has been made to control the shape of CdS nanocrystals.c‘o Those



synthetic methods usually give ID CdS nanostructures. Only few approaches can
lead to 3D CdS micropattems.* The shapes are restricted to sphere-based structures.
They are important for understanding the formation of spherical CdS crystals and
their potential applications of microelectronic devices. However, the successful
synthesis of complex architectures of anisotropic 3D CdS with multiple secondary
structures is difficult and remains a great challenge.

The application of microwave heating in synthetic chemistry has been a
fast-growing area of research since the first report of microwave-assisted synthesis
appeared in 1986.(1) Microwave allows rapid volumetric heating, often reducing the
reaction time by orders of magnitude. This opens up the possibility of realizing the
reactions in a very short time with higher selectivity, yield, and energy efficiency
compared to the conventional heating. Based on the one-pot solution-phase
microwave-assisted hydrothermal route, we have reported the synthesis of
alpha-Fe203 nanorings, hierarchically porous ZninsSq submicrospheres, coaxial Ag/C
nanocables and monodisperse alpha-FesC* nanocrystals.’ | In this work, we describe
a fast and economical microwave-assisted solvothermal process for fabricating novel
3D CdS structures (dendrites, stars, popcorns and spheres). To the best of our
knowledge, this kind of hierarchically self-assembled growth of CdS with

well-defined 3D shapes by a microwave-assisted process has never been reported.



The CdS products exhibit interesting shape-dependent UV-vis, PL and Raman

properties and photocatalytic activities.

4.2 Experimental Section

4.2.1 Chemicals

f

Cadmium nitrate (C(1(N03)2.4H20)' ethylene glycol (HOCH2CH20H) and thiourea
(CH4N2S) were purchased from Aldrich. Triblock copolymer F108 (EO132PO50EO132)

was purchased from Fluka.

4.2.2 Preparation

For the synthesis of dendrite-like CdS, Cd(N03)2.4H20 (0.62 g 2 mmol), CH4N2S
(04 g, 5 mmol) and triblock copolymer F108 (3 g, 0.2 mmol) were dissolved in
distilled water (15 mL) at 60 under vigorous stirring until homogeneous. The
mixture was sealed in a Teflon-lined double-walled digestion vessel. The mixture was
treated at a certain temperature for 30 min in a microwave digestion system (Ethos TC,
Milestone). The reaction vessel was fitted with a temperature probe that was housed in
a sturdy thermowell. The desired time and temperature were programmed by using
Milestone's EasyControl software. The temperature of the bulk reaction solution was

monitored, and the preset profile was followed automatically by continuously adjusting



the applied power. After the reaction the product was collected through centrifugation.

Then the yellow precipitates were washed by ethanol and water eight times in order to

wash out triblock copolymer and then dried in vacuum at 60  for 4 h.

For other morphologies of CdS crystals, a similar synthetic procedure was deployed

except that the conditions were varied, such as adding a co-solvent (ethylene glycol)

and changing the reaction temperatures and duration. The detailed conditions for

preparing some typical samples are listed in Table 4.1.

Table 4.1 Summaries of the experimental results indicating the influence of the
composition of a mixed solution on the shape of the product.

Sample® T (°C) veg/vVwater Time (min) Morphology
1 190 01 30 Dendritic

2 190 11 30 star-like

3 190 9 1 30 popcom-like
4 160 01 30 Sphere-like
5 160 11 30 Sphere-like
6 160 91 30 popcom-like
7 130 01 30 Sphere-like
8 130 11 30 Sphere-like
9 130 91 30 popcom-like
10 190 01 1 Nanoparticles
1 190 01 10 Sphere-like
12 190 01 20 Dendritic

reagents: 2 mmol Cd(N03)2-4H20, 5 mmol CH4N2S, 0.2 mmol F 108, 15 mL H20.



4.2.3 Photocatalytic Activity Test

The photocatalytic degradation of aqueous methylene blue was carried out in an

aqueous solution at ambient temperature. Briefly, the reaction system containing

methylene blue (Sigma-Aldrich Chemial Co.; 5x10"* M, 20 mL) and the CdS crystals

(10 mg) was magnetically stirred in the dark for 1 hr to reach the adsorption/desorption

equilibrium and then exposed to a commercial high-pressure Hg lamp (125 W, Philips).

Commercial Ti02 (Degussa P25) was used as the reference to compare the activities

under the same experimental conditions.

4.2.4 Characterization

X-ray diffraction measurements (XRD) were carried out in a parallel mode (0 =

05 2efrom20 °to 80 at ascanning rate of 0.02 using a Bruker D8

Advance X-ray diffractometer (Cu Ka radiation, X = 15406 L\ ).The general

morphology of the products was characterized by scanning electron microscopy

(SEM, LEO, 1450VP). The products were conductively coated with gold by

sputtering for 45 s to minimize charging effects using SEM image conditions.

FESEM imaging was performed on a FEI Quanta 400 FEG microscope. Standard

transmission electron microscopy (TEM) images were recorded using a CM-120

microscope (Philips, 120 kV) coupled with an energy-dispersive X-ray (EDX)



spectrometer (Oxford Instrument). High-resolution transmission electron microscopy
(HRTEM) was recorded by a JEOL-2010F microscope at 200 kV. The electron
microscopy samples were recorded prepared by grinding and dispersing the powder
in acetone with ultrasonication for 20 seconds. Carbon-coated copper grids were used
as sample holders. X-ray photoelectron spectroscopy (XPS) measurement was done
with a PHI Quantum 2000 XPS system with a monochromatic Al-Ka source and a
charge neutralizer. All the binding energies were referenced to the Cls peak at 284.8
eV of the surface adventitious carbon. Raman spectra were detected by a
RenishawRM3000 Micro-Raman system. Photoluminescence (PL) spectra were
recorded with a Hitachi F-4500 spectrophotometer equipment with a 150 W xenon
lamp as the excitation source. The operation parameters of PL test are the followings:
scan speed = 240 nm/min, delay = 0 s, EX slit = 25 nm, EM slit = 25 nm, and the
PMT voltage = 700 V. All the measurements were performed at room temperature.
UV-vis diffuse reflectance spectra (DRS) were recorded by a Varian Gary 100 Scan

UV-vis system equipped with a Labsphere diffuse reflectance accessory.



4.3 Results and Discussion

4.3.1 XRD and XPS Analysis

The wide-angle powder X-ray diffraction (XRD) pattern of sample 1 was shown in

Fig. 4.1a. All the diffraction peaks can be indexed to pure hexagonal structure CdS

with lattice constants of a=4.14 A and ¢ = 6.72 A, which are consistent with the data

in the standard card (JSPDS Card No0.41-1049). The significant sharp and narrowed

(002) peak at 26.5 ~{2 0) clearly supports the extended c-axis stacking domain of the

wurtzite lattice.”' The composition and the purity of the product were examined by

XPS. The typical survey spectrum (Fig. 4.1b) of sample 1 shows clearly the presence

of Cd and S elements. The C peak and O peak are due to the absorbed impurity gas

molecules. Higher resolution spectra were taken in the Cd and S regions as shown in

Fig. 4.1c and d. The strong peaks at 405.3, 412.5 and 161.6 eV are attributed to the

binding energy of the Cd 3d electrons and S 2p electrons of the CdS crystals. The ratio

of integral area for Cd 3d to S 2p is about 1.00:1.06 > which was close to stoichiometric

ratio of CdS. These results are similar to those previously reported.
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Figure 4.1 XRD pattern (a), Survey XPS spectrum (b). High-resolution XPS Cd 3d
spectrum (c) and S 2p spectrum (d) of sample 1.

4.3.2 SEM, TEM and EDX Analysis

It is composed of a large quantity of dendritic CdS microcrystals with lengths up to
fim. Fig. 4.2b shows the morphology of the product at a higher magnification,
indicating these CdS dentritic crystals with asymmetric trunks and branches. Many
nanorods growing from the trunks with particular angles constitute the multiple branch
arrays. TEM and HRTEM images provide further insight into the microstructure of the

product. Fig. 4.2c displays the representative bright-field TEM images of sample 1,

showing a well defined dentritic morphology. The high-resolution TEM image (Fig.

4.2d) recorded on the tip of the nanorod confirms the single-crystal nature and the



preferential [001] direction growth, which is similar to the results reported by Qian et
al.i5 The measured interplanar distance is in agreement with the typical hexagonal CdS
(002) fringe (0.67 nm),'™ which further indicates that the CdS dendrites grow along the
direction of c-axis. The EDX analysis (Fig. 4.2e) shows the products are composed of
Cd and S elements without other impurities. The average atomic ratio of Cd to S is
1.00:1.05, which is in good agreement with the XPS results.

It is well known that the shape of the crystals is determined by both thermodynamic
and kinetic factors. The equilibrium morphology always has the lowest surface energy
from the thermodynamic view. However, by tuning the kinetic factors, the equilibrium

morphology can be changed "

_ 5000, /A0 10D
Energy/eV
Figure 4.2 FESEM images (a and b) and TEM image (c) of sample 1. HRTEM

image (d) recorded on the tip of the nanorod. EDX spectrum (e) of sample 1. The

signal of Cu is generated from the Cu girds.



4.3.3 Solvent-Induced Morphology Variation

EG was selected as the co-solvent based on its high permanent dipole (2.45 GHz)
and higher boiling point (197 and it served as an excellent susceptor of the
microwave radiation.  After adding EG into the reaction system the morphology of
‘the products varied as the volume ratio of EG/water changed from 0:1, 1:1 to 9:1 while
keeping the other parameters constant. The detailed conditions for preparing the
followhtg- xiiateri®s ~e listed in Table 4.1. At a volume ratio of 1:1 (EG/water), the

products (sample 2) are 3D star-like CdS crystals as shown by the SEM image (Fig.

«

4.3a). The fine structure information was further revealed by the TEM image (Fig.
4.3b). Unlike with the dendritic CdS, the individual star-like CdS with smaller crystal

size has many petals without secondary or tertiary side-branches. The petals grow from

the centre of the CdS crystals, like a blossoming flower. By further increasing the ratio
of EG/water to 9:1 with the other parameters kept unchanged, popcom-like 3D CdS
crystals (sample 3) were formed (shown by Fig. 4.3c, 4.3d). A lot of small tubers exist
on the surface without many branches or petals. This method provides an efficient way
for selectively fabrication of 3D hierarchical CdS crystals with different morphologies.
The novel morphologies demonstrate that the solvent has a great influence on the
shape of the products. Similar results of solvent-dependent effect on the morphology

formation have been reported by Qianet al”



Figure 4.3 FESEM and TEM images of sample 2 (a and b) and sample 3 (c and d)

4.3.4 Reaction Temperature-Induced Morphology Variation

As known, the reaction temperature plays an important role in the formation of

crystal structure, shape and size. For systematic study, different samples were

prepared under 160 and 130 °C microwave irradiation using various volume ratios

of EG/water (listed in Table 4.1). It can be seen from the SEM images (Fig. 4.4) that

most of the particles are spherical in shape (sample 4 -5, 7> 8). Under high

concentration of EG (sample 6 and 9), popcom-like particles with rough surfaces were



obtained (Fig. 4.4c, f). The FESEM image (Fig. 4.5a) of sample 8 obtained at 130

(EG/water = 1:1) shows a large quantity of monodisperse sphere-like CdS nanocrystals
with smaller particle size (ca. 200-250 nm). The TEM image (Fig. 4.5b) reveals that
these spheres are hollow in its interior. These results suggest that it is possible to
control the architecture of the CdS crystals by choosing different reaction

temperatures.

Figure 4.4 SEM images of the samples obtained by different volume ratios of
EG/water at different temperature: (a) 0:1- 160, C (sample 4), (b) 1:1, 160
(sample 5), (c) 9:1> 160, C (sample 6) (©@0: 130, C (sample 7), (e) 1:1, 130, €
(sample 8), (f) 9:1’ 130, C (sample 9).



Figure 4.5 FESEM (a) and TEM images (b) of sample 8.

4.3.5 Reaction Time-Induced Morphology Variation

To explore the shape evolution of CdS crystals with the microwave irradiation time,

the dendrite-like CdS growth process was studied. Under microwave irradiation at 190

°C for 1, 10, 20, and 30 min, respectively, different morphologies of CdS crystals were

obtained. For 1 min a great number of uniform nanocrystals (shown by Fig. 4.6a,

sample 10) with small particle size (300-400 nm) were formed. By prolonging the

heating time to 10 min, the sphere-like crystals with some bulges on the surface

appeared (shown by Fig. 4.6b, sample 11). The particle size continued to increase with

longer reaction time. The more perfect crystal with side-branches appeared after 20

min irradiation (shown by Fig. 4.6c, sample 12). The hierarchical dendrite-like CdS

crystals with superstructures were finally obtained (Fig. 4.6d, sample 1) after 30 min

reaction. The efficiency of the shape control in the reaction system was further



supported by the XRD results (Fig. 4.7). Even for 1 min irradiation, the wurtzite CdS

crystals could be obtained. Upon prolonging the irradiation lime, the crystallinity was

guickly enhanced within 30 min.

Figure 4.6 TEM images of the products prepared at 190 C with various microwave
irradiation time: (a) 1 min (sample 10), (b) 10 min (sample 11), (c) 20 min (sample
12), (d) 30 min (sample 1).
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Figure 4.7 XRD patterns of CdS crystals obtained at 190 for (@) 1 min (sample
10), (b) 10 min (sample 11), (c) 20 min (sample 12) and (d) 30 min (sample 1).

20 30 40

4.3.6 Growth Mechanism

On the basis of the experimental results, a possible growth process of dendritic CdS

crystals was illustrated in Scheme 4.1. Thiourea serves as both a sulfur source and a

bidentate ligand to form a relatively stable Cd-thiourea complex » The S-C bond of

thiourea can be broken at a high temperature and pressure in the microwave process.

The resulting sulfide ions will further react with cadmium ions to produce the CdS

nuclei. Subsequently, these free nuclei in the solution will aggregate together to form

sphere-like nanocrystals (Fig. 4.6a), driven by minimization of surface energy and

H-bond interaction. Such phenomenon is similar to that reported by Zhang et al.™ It is

well known that fractal and dendritic growths are diffusion-controlled growths.



Nonequilibrium growth and molecular anisotropy are the prerequisites for the

formation of the dendritic structure.™ In the current close reaction system, H2S gas can

be continuously generated due to the decomposition of the excess thiourea. The

pressure in the close reaction system will be increased by prolonging the reaction time.

It is well known that a key macroscopic effect of the pressure field at the interface is

the diffusive instability,M' illustrated in Scheme 4.1. An interface is initially circular but

developed into a bulge. The pressure gradient along the surface is the greatest at the tip

of the bulge because it is the closest point on the interface to the outer boundary. Since

the velocity of a point on the interface is proportional to the local pressure gradient, the

bulge grows faster than other parts of the interface. Furthermore, for the highly

anisotropic wurtzite CdS structure, the growth rate is generally faster along the c-axis

[001] direction due to the intrinsic structure of CdS. As a result, an oriented growth

along the [001] direction takes place on the surface of the sphere-like particles (Fig.

4.6b). This process can be considered as the surface-tension dendritic growth. It can be

explained by the diffuse instability resulted from a key macroscopic effect of the

pressure field at the interface."® Meanwhile, the microwave in the diffusion field causes

the interface to break up into many growing bulges (Fig 4.6c). Such process can be

considered as the tip-splitting growth. However, when excess thermal energy is

supplied to the reaction system by microwave heating over 30 min, the growth process



appears to shift into the thermodynamic regime, the dendrite-like CdS with secondary

or tertiary side-branches on its trunks appears. This step can be called a kinetic

dendritic growth. The growth process was shown in Scheme 4.1.

Gp* I Thiourea ~ ] - - ,Cdd4hiourea jeee:?[]—
HjO, ri10s Complexadon complexes Nucleation "
Microwave Surface-tension
d deixJrftic growth/AAAAA = A

Kinetic dendritic «HM|"TTp-spIitting
growth growth
o

Scheme 4.1 Proposed growth process for dendritic CdS crystals (sample 1).

By changing the volume ratio of EG/H20, the CdS morphology changed. For the
shape evolution from dendrite-like to star- and popcom-like CdS crystals, the
microscopic dynamics occurring at the interface (determined by surface tension,
surface kinetics and anisotropy) are associated with its morphology. Previous studies
pointed out that the surface tension and surface kinetics were singular perturbations in
the dynamical equation for interface evolution, in the sense that surface tension may
totally alter the character of the solutions.® Comparing the surface tension of water
(72.8 mN/m » 20, C) » EG has a relatively low value of 47.7 mN/m. A plausible

explanation for the morphology evolution can be attributed to the decrease of surface



tension in the reaction system. Furthermore, the viscosity increases with the higher EG

concentration. The viscosity may cause the diffusion of ions more difficult and

suppress the anisotropic growth of CdS crystals. From this point of view, we can

conclude that adding EG will affect the surface-tension dendritic growth and lead to

different morphologies. Such explanation is in agreement with the experimental

observations.

A qualitative model that related growth habit and supersaturation for growing PbS

single crystals has been established by Sunagawa in 1981?" High supersaturation

causes the three-dimensional growth of preformed nuclei and results in the formation

of dendritic structure. Decreasing the supersaturation favors the formation of

thermodynamically preferred structure. Similar results have also been observed in the

shape control of CdSe and other semiconductors by Peng etal.24 ¥ present work,

dendritic CdS could be obtained upon increasing the temperature to 190 This is

because high temperature heating could accelerate the release of sulfide ions from

thiourea into the reaction system, resulting a higher degree of CdS supersaturation due

to an excess amount of dissolved cadmium ions in the system. However, at a lower

temperature such as 160 °C or 1301 Cépherical CdS crystals were obtained owing to

less available sulfide ions and the decreased supersaturation degree of CdS. Such



relationship between the supersaturation and morphologies can explain why various

morphologies of CdS crystals can be fabricated under different reaction temperatures.

4.3.7 Spectroscopic Study

The optical properties of different CdS nanostructures have attracted significant
attention recently. UV-vis absorption spectrometry is a useful technique to probe
shape-specific localized surface plasmas in the optical frequencies.™ Yang et al.
recorded the extinction spectra for colloidal suspensions of cubes, cuboctahedra and
octahedral structures and found highly complex plasmon signatures as a result of their
geometric anisotropy. Thus, the CdS crystals with different morphologies offer a
good opportunity to systematically study their optical properties. From the UV-vis
spectra (Fig. 4.8a), the absorption peaks for dendrite-, star- and popcom-like CdS
crystals are located at 518 > 515 and 503 nm. The blue-shifts from the bulk band gap
value of CdS (520 nm) are due to the quantum confinement effect.™ Fig. 4.8b shows
the room-temperature photoluminescence spectra of the different samples. Each curve
exhibits two peaks. The one at 500-550 nm is the green emission component. The
other at about 695 nm is the infrared band. These results are similar to those reported
for CdS nanocrystals.15 The green luminescence is usually attributed to the

near-band-edge (NBE) emission, where the latter (the infrared emission) can be



associated with structural defects that may result from the trap or surface states]5

Th”road PL peak observed is commonly attributed to the recombination of charged
1 fi

carriers trapped in the surface states and is related to the size of the CdS crystals.

Blue-shifted by about 15 nm from dendrite-like sample to popcom-like sample may by

relevant to the diversity of 3D morphologies, which is similar to that of previous

reported. | 5 These results suggest that the shape can affect the peak frequencies and

widths. Raman spectroscopy of semiconductors is a fast and non-destructive tool to

reveal the quality of crystalline materials, including surface conditions and

homogeneity.™ The CdS samples with different morphologies exhibit similar Raman

spectra, showing the two typical LO (longitudinal optical phonon) modes (Fig. 4.8c).

The Raman peaks of dendrite-like CdS appear at 297 cm'', attributed to the A1 (LO)

mode with a full width at half maximum (FWHM) of ca. 20.3 cm" and its overtone at

596 cm-ij™ The Raman peaks are blue-shifted to 301 cm™, 602 cm' and 302 cm", 607

cm" for the flower-like and popcom-like CdS, respectively. We know that in a

crystalline semiconductor or insulator the observed Raman shifts usually correspond to

the LOs, whereas other ihodes such as the transverse optical and surface phonon

modes are not observable because of symmetry restrictions and their low intensities.™
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Figure 4.8 UV-vis (a), PL (b) and Raman spectra (c) of sample 1:2:3(line a- b, c).



4.3.8 Photocatalytic Activity

Further experiments were performed to compare the photocatalytic activity of the

dendrite-, star-, popcorn-, sphere-like CdS crystals and the commercial P25 (Degussa).

The photocatalytic activities were measured in the liquid phase. The decomposition of

methylene blue (5x1 M , 20 mlL) in an aqueous solution was chosen as a

photoreaction probe. Fig. 4.9 shows the degradation rates of both dendrite- and

star-like CdS products are higher than that of commercial P25 (Degussa), popcorn- and

sphere-like CdS crystals under the irradiation of UV light. The photocatalytic

degradation velocity of the P25 is slow at first, and gradually increases with the

reaction time. However, the photocatalytic degradation rate of both dendrite- and

star-like CdS is fast at first. This is because the hierarchical structures may be

favorable for the fast adsorption of methylene blue on the surface of dendrite- and

star-like CdS crystals. As aresult, the hierarchical structure can provide more reactive

adsorption/desorption sites for photocatalytic reaction.
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Figure 4.9 A comparison of the photoactivities of dendrite-like (sample 1 - ) >
star-like (sample 2,-O-) > popcom-like (sample 3 - -a-), sphere-like (sample 8. --.-):
P25 (Degussa, —*- ) and without photocatalysts (-<-). A is the absorbance of

methylene blue (A"ax = 664 nm) and Ao is the initial absorbance.

4.4 Conclusions

Hierarchical dendrite-, star-, popcorn-, sphere-like CdS micro- or nanostructures
were synthesized via a programmed microwave-assisted solvothermal process. The
time-dependent growth process mainly involved four steps: (1) nuclei formation, (2)
surface-tension dendritic growth, (3) tip-splitting growth and (4) kinetic dendritic
growth. The shape controlled synthesis of CdS crystals with various morphologies was
realized by tuning the reaction conditions, such as the solvent, reaction temperature
and time. The as-formed CdS crystals exhibit shape-dependent optical properties and
photocatalytic activities. The dendrite-like CdS shows an enhanced photocatalytic

activity due to the hierarchical structure with multiple branch arrays. They should be



ideal candidates for better understanding the shapenJependent properties in optical
photocatalytic, nanoelectronic and photovoltaic devices. Compared to the conventional
hydrothermal method, the programmed microwave approach is more facile and more
suitable for large-scale industrial production. This versatile closed-vessel microwave
heating technique will provide a novel methodology for the synthesis of other

nanomaterials with controlled shapes and unique properties.

4.5 References

[1] (a) Alivisatos, A. P. Science 1996 » 277, 933; (b) Hu, J. T.; Odom, T. W.; Lieber,
C. M. Acc. Chem. Res. 1999, 52, 435; (c) Wang, X.; Zhuang, J.; Peng, Q.; Li, Y.
D. Nature 2005 > 47 121; (d) Yu, J. C.; Li, G. S5 Wang, X. C.; Hu, X. L.;
Leung, C. W.; Zhang, Z. D. Chem. Commun. 2006,2717; (e) Lei, Z. B.; Li, J. M.;
Ke, Y. X.; Zhang, Y.; Wang, H.; He, G. F. I Mater. Chem. 2001, 7> 1778.

[2] Jim, Y. W.; Lee > S.,M.; Kang, N. J.; Cheon, J. I Am. Chem. Soc. 2001’ I 23
5150.

[3] Manna, L.; Scher, E. C.; Alivisatos, A. P.J. Am. Chem. Soc. 2000,122, 12700.

{4] (a) Xie, R.'H. ; Bryant, G. W. ; Lee, S. ; Jaskolski, W. Phys. Rev. B 2002 > 65
235306/1; (b) Morkel, M. ; Weinhardt, L.; Lohmuller, B.; Heske, C. ; Umbach,

E.; Riedl, W.; Zweigart, S.; Karg, F. AppL Phys. Lett, 2001, 79 - 4482; (c)

u} %



Schlamp, M. C.; Peng, X. G.; Alivisatos, A. P. J. Appl. Phys. 1997, 82, 5837; (d)
Peng, X. G.; Schlamp, M. C.; Kadavanich, A. V.; Alivisatos, A. P.J. Am. Chem.
Sod 1997 - 779, 7019; (e) Wang, Z. L. Adv. Mater 2000, 12’ 1295; (f) Zhang, J.;
Jiang, F. H.; Zhang, L. D. J. Phys. Chem. B 2004, 108, 7002.

[5] (a) Liang, H. J.; Angelini, T. E.; Braun, P. V.; Wong, G. C. L. J. Am. Chem. Soc.
2004, J26, 14157; (b) Yang, C. S.; Awschalom, D. D.; Stucky, G. D. Chem.
Mater. 2002, 14, 1277; (c) Yao, Q. Z.; Jin, G.; Zhou, G. T.; Wang, X. C.; Yu, J.
C. J. Nanosci Nanotechnol. 2008, 5,3112.

[6] (a) Duan, X. F.; Huang, Y.; Agarwal, R.; Lieber, C. M. Nature 2003 * 421, 241;

(b) Ge, J. P.; Li, Y. D. Adv. Funct. Mater. 2004, 14, 157; (c) Kang, C. C; Lai, C.

)

W.; Peng, H. C.; Shyue, J. J.; Chou, P. T. Small 2007, i, 1882.

[7] (@) Gao, T.; Wang, T. H. J. Phys. Chem. B 2004’ 108, 20045; (b) Ip, K. M;
Wang, C. R.; Li, Q.; Hark, S. K. Appl. Phys. Lett. 2004, 84, 795.

[8] Chu, H. B.; Li, X. M. ; Chen, G. D.; Zhou, W. W.; Zhang, Y.; n-Z *; Xu, J. J;
Li, Y. Cryst. Growth Des. 2005, 5, 1801.

[9] (a) Zhang, Y. H.; Guo, L.; Yin, P. G.; Zhang, R.; Zhang, Q.; Yang, S. H. Chem.

Eur. J. 2007, J3, 2903; (b) Zhao, P. T.; Huang, K. X. Cryst. Growth Des. 2008 -

(5 717.



[10] (a) Gedye, R.; Smith, F.; Westaway, K.; AH, H.; Baldisera - L.; Laberge - L.;

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Rousell, L. Tetrahedron  Lett. 1986, 27, 279; (b) Giguere, R. J.; Bray, T. L;

Duncan, S. M.; Majetich, G. Tetrahedron Lett. 1986, 27, 4945.

(@) Hu” X. L.; Yu, J. C.; Gong, J. M.; Li, Q.; Li> G. S. Adv. Mater. 2007, 19,

2324; (b) Hu, X. L.; Yu, J. C; Gong, J. M.; Li’ Q. Cryst. Growth Des. 2007, 7>

2444; (c) Yu, J. C.; Hu, X. L.; Li, Q.; Zhang, L. Z. Chem. Commun. 2005, 2704;

(d) Hu> X. L.; Yu, J. C. Adv. Funct. Mater. 2008, 18, 1.

Kundu, S.; Liang, H. Adv. Mater. 2008 > 20, 826.

Yang, P.; Xie, Y.; Qian, Y. T.; Liu, X. M. Chem. Commun. 1999 - 1293,

Li, Y. D.; Liao, H. W.; Ding, Y.; Fan, Y.; Zhang, Y.; Qian, Y. T. Inorg. Chem.

1999 » 38 - 1382.

(a) Xiong, S. L.; Xi, B. J.; Wang, C. M.; Zou, G. F.; Fei, L. F.; Wang, W. Z.;

Qian, Y. T. Chem. Eur. J. 2007, 13, 3076.

Jang, J. S.; Joshi, U. A.; Lee, J. S.J. Phys. Chem. C 2007, 111, 13280.

(a) Barnard, A. S.; Curtiss, L. A. Nano Lett. 2005, 5, 1261; (b) Cao, H.; Gong,

Q.; Qian, X.; Wang, H.; Zai, J.; Zhu, Z. Cryst. Growth Des. 2ft07, 7 > 425.

Xu> D. ; Liu, Z. P. ; Liang, J. B.; Qian, Y. T. J. Phys. Chem. B 2005,109, 14344,

Zhang, B.; Ye, X. C-; Hou, W. Y.; Zhao, Y.; Xie, Y. J. Phys. Chem. B 2006,110’

8978.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(a) Dick, K. A.; Depper, K.; Larsson, M. W.; Wallenberg, L. R.; Samuelson, L.

Nat Mater. 2004, i, 380; (b) Fleury, V. Nature 1997 > 390, 145.

(@) Mullins, W. W.; Sekerka, R. F. J. Appl. Phys. 1963, 34, 323; (b) Li, S. W.;

Lowengrub, J. S.; Leo, P. H.; Cristini, V. J. Cryst. Growth 2005, 277, 578.

Ben-Jacob, E.; Garik, P. Nature 1990, 343, 523.

Sunagawa, |. Bull Mineral 1981 > 104, 81.

(@) Peng, Z. A.; Peng, X. G.J. Am. Chem. Soc. 2001, 123, 1389; (b) Peng, X. G.

Adv. Mater. 2003, 15, 459.

Cheng, Y.; Wang, Y. S.; Bao, F.; Chen, D. Q. J. Phys. Chem. B 2006 > 110, 9448.

Tao, A.; Sinsermsuksakul, P.; Yang, P. D. Angew. Chem. Int. Ed. 2006, 45,

4597.

Pinna, N.; Weiss, K.; Urban, J.; Pileni, M. P. Adv. Mater. 2001,13, 261.

Wang, F.; Xu, G. Y.; Zhang, Z. Q.; Xin, X. Eur. 1 Inorg. Chem. 2006, 7, 109.

Nandakumar, P.; Vijayan, C.; Rajakshmi, M.; Arora, A. K.; Murti, Y. V. G. S.

Phys. E200\JJ,311.

Donahue, E. J.; Roxburgh, A.; Yurchenko, M. Mater. Res. Bull. 1998, 33, 323.

Nanda, K. K.; Sarangi, S. N.; Sahu, S. N.; Deb, S. K.; Behera, S. N. Phys. B

1999 - 262,31.



Biocompatible Anatase Single-Crystal Photocatalysts with

Tunable Percentage of Reactive Facets

5.1 Introduction

Since the report of Fujishima and Honda in 1972, Ti0O2 has become the most
widely used semiconductor in photocatalysis due to their environmental and energy
applications. Research aimed at enhancing the photocatalytic efficiency has
intensified over the years.® Among the TiO2 found in nature, anatase exhibits a
higher activity than other polymorphs.) ,* Because of the ability of anatase (001) to
dissociatively adsorb water molecules, Ti0O2 with well-defined {001} facets is
particularly useful for solar energy applications.] However, the most stable and
frequently observed surface on anatase has a (101) orientation.»” The (001) is only a
minority surface due to its high surface energy (0.90 J/m”) comparing to that of the
(101) surface (0.44 J/m ).’ Up to now, surface science investigations have yielded
an amazing degree of atomic-scale structural and chemical information on rutile TiO!

(110), whereas work on anatase is scare," mainly because of the difficulty in



growing large anatase single-crystals. Although there are general and qualitative

rules that can assess the stability of oxide surfaces according to first-principles

calculations, controlling the shape of Ti02 single-crystals exposed with reactive {001}

facets is still a great challenge. Most available experimental information on the

structure surface chemistry of anatase single-crystals is still based on studies of

dispersed samples. Moreover, the use of different preparation techniques has led to

samples with various morphologies and impurity contents. It may be responsible for

the different or sometimes conflicting experimental results reported in the

literature. 1213 Therefore » a flexible and simple system to fabricate large anatase Ti02

single-crystals with a continuously tunable percentage of reactive facets by simply

changing one parameter is highly desirable. These single-crystals with controlled

exposed reactive facets are expected to possess the same morphology and physical

properties, such as surface area and particle size. They should be very useful as

model single-crystals for fundamental studies in surface science.

Lately, Lu and co-workers made an important breakthrough in the fabrication of

anatase single-crystals with 47 % of the highly reactive {001} facets by using

hydrofluoric acid as a capping agent under hydrothermal conditions.Soon after,

they developed new solvothermal method using 2-propanol as a synergistic capping

t
agent and reaction medium together with hydrofluoric acid to obtain anatase Ti02

=



nanosheets with 64 % of the {001} facets” Beside, Xie and co-workers used a
similar strategy to obtain anatase TiOz nanosheets with 89 % exposed {001} facets."”
All these available approaches require the use of an extremely corrosive and toxic
hydrofluoric acid as the shape controlling agent. This is against the principle of
"green chemistry". Recently, Xia and co-workers reported a novel hydrofluoric
acid-free method to anatase TiO? nanocrystals with 9.6 % chemically active {001}
facets. I7 The nanocrystals were prepared by digesting electrospun nanofibers in
acetic acid solution, following by hydrothermal treatment at 1500 for 20 h. Very
recently, Ohtani and co-workers have prepared single-crystalline anatase with

relatively high yield of decahedral particles through a gas-phase reaction using TiCU

as a titanium source. However, very harsh conditions including high temperature
(>1500 K) are needed.

Although the hydrothermal/solvothermal or gas reaction approaches have shown
their advantages in the fabrication of Ti02 with reactive facets, they are not an
energy-efficient process due to the long reaction time involved. Fortunately, such
issue can be solved by using an efficient microwave-assisted method.
Microwave-enhanced chemistry is based on the interaction of molecules in a reaction
mixture with electromagnetic waves generated by a "microwave dielectric effect".'?

Such a process mainly depends on the specific polarity of molecules. Solvents which



are polar in nature have good potential to adsorb microwaves and convert them to

thermal energy, thus accelerating the reactions as compared to results obtained using

conventional heating. To date, some studies have reported the preparation of TiCh
powders, films and colloids by microwave hydrothermal processing.”lonic liquids
(ILs), known for their nonvolatile, nonflammable, and thermally stable properties,
have been utilized as a green solvent for fabricating inorganic nanomaterial. A" M
They have been proven to be good media for adsorbing microwaves,so it is
logical to combine the “green” solvent aspect of ionic liquids with the “green”

chemistry aspect of microwave irradiation. Liu and co-workers have reported a facile

. »
synthesis of high quality TiO: nanocrystals in ionic liquids via a microwave-assisted

1n

process. However, using such method to fabricate of large micro-sized anatase TiOa
single-crystals is difficult. Recently, our group has reported an efficient
microwave-enhanced ionothermal approach for fabricating micrometer-sized Ti02
with 80 % {001} reactive facets.™ Nevertheless, how to subtly adjust the level of the
reactive facets still remains a strenuous task.

Herein, we report on the preparation and characterization of micrometer-sized
Ti02 single-crystals with continuously tunable percentage of reactive {001} facets
via a microwave-enhanced ionothermal approach. The products show excellent

photocatalytic efficiency for both oxidation of NO gas in air and degradation of



organic compounds in aqueous solution under UV light irradiation. Furthermore, the
biocompatibility of the anatase TiO: single-crystals was studied by using Zebrafish
(D. rerio) as a model. To the best of our knowledge, biocompatible TiO:

single-crystals with reactive facets have never been reported.

5.2 Experimental Section

5.2.1 Preparation of TiO: with Tunable Percentage of Reactive Facets

In atypical synthesis, 0.04 mol/L titanium tetrafluoride (ACROS) aqueous solution
was prepared by dissolving 1.24 g titanium tetrafluoride in 250.0 mL D.L water
which contains 0.2 mL hydrochloric acid (37 %, (MERCK). Then 0.5 mL ionic
liquid 1-methyl-imidazolium tetrafluoroborate, synthesized according to literature,*®
was added to 30.0 mL 0.04 mol/L titanium tetrafluoride aqueous solution while

stirring. The chemical structure of the ionic liquid is shown schematically below.

CH-
1 3

F—g— T
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The mixture was sealed in a Teflon-lined double-walled digestion vessel. After

treating at a controllable temperature of 210 °C for 90 minutes using a microwave

digestion system (Ethos TC, Milestone), the vessel was then cooled down to room



temperature. The products (Sample 1) were collected by centrifugation, washed with

deionized water and absolute ethanol, and dried in a vacuum at 80 °C for 4 h.

Samples 2-3 were prepared by changing the amount of ionic liquid to 1.0 mL and 2.0

mL while keeping other conditions unchanged. The experimental conditions of

different samples are summarized in Table 5.1.

5.2.2 Characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance

diffractometer with high-intensity CuKa irradiation {X = 1.5406 A). Transmission

electron microscopy (TEM) observations were carried out on a Tecnai F20

microscope (FEI, 200 kV). The general morphology of the products was

characterized by scanning electron microscopy (FEI Quanta 400 FEG microscopes).

X-ray photoelectron spectroscopy (XPS) measurement was done with a PHI

Quantum 2000 XPS system with a monochromatic Al-Ka source and a charge

neutralizer. All the binding energies were referenced to the Cis peak at 284.8 eV of

the surface adventitious carbon.



5.2.3 Photoactivity Test

The photocatalytic oxidation of NO gas in air was performed at ambient

temperature in continuous flow ion reactor with a volume of 4.5 L (10x30x15 cm

(HXxLxW). Four UV-A fluorescent lamps (TL 8W/08 BLB, Philips, Holland) were

vertically placed outside the reactor above the sample dish. The wavelength of the

lamps ranges from 300 to 400 nm with a maximum intensity at 365 nm. Four

minifans were fixed around the lamps to cool the system. For the activity test, the

Ti02 surfaces were firstly cleaned by simple heat treatment at 600 °C for 90 min to

remove the surface F element. Then 0.2 g products dispersed in D. I. water were

coated onto a dish with a diameter of 12.0 cm. Finally, the samples were dried at 70

and then cooled to room temperature. The stock NO gas had a concentration of 48

ppm (N2 balance, BOC gas) that was traceable to the National Institute of Standards

and Technology (NIST) standard. The initial concentration of NO was diluted to

about 400 ppb by the air stream supplied by a zero air generator (Thermo

Environmental Inc. Model 111). The humidity level of the NO flow was maintained

at 70 % (2100 ppmv) by passing the zero air streams through a humidification

chamber. The gas streams were pre-mixed thoroughly by a gas blender and the flow

rate was controlled at 4 L/min by a mass flow controller. Upon adsorption-desorption

equilibrium, the lamp was turned on. The concentration of NO was continuously



monitored by a chemiluminescence NO analyzer (Thermo Environmental
Instruments Inc. Model 42c¢) at a sampling rate of 0.7 L/min."»" The removal rate (%)
of NO was calculated based on the following equation:
NO removal rate (%) = ([NOJin - [NOJout) /[NOJ]in X 100%

The photocatalytic treatment of aqueous organic pollutants of these anatase Ti02
single-crystals was measured by the degradation of 4-chlorophenol in an aqueous
solution. The experiments were performed at 25 °C in a self-designed 150 ml reactor
containing 0.08 g catalyst calcined at 6000 ¢or 90 min and 60 ml of 10 ppm
4-chlorophenol aqueous solution. A 300 W high-pressure mercury vapor lamp was
used as the UV light source, which was mounted at 5 cm around the solution.
Vigorous stirring (900 rpm) was employed to ensure the adsorption equilibrium and
to eliminate any diffusion effect. The equilibrium 4-chlorophenol concentration was
used as the initial concentration of 4-chlorophenol. The photocatalysis was started by
irradiating the reaction mixture with UV light. The reaction time was 2 h. The
concentrations of 4-chlorophenol and its degradation products were measured with a
HPLC system (Waters Baseline 810) with a Waters 486 tunable UV absorbance
detector. A Supelco LC-18-DB column (250 mmx4.6 mm) was applied. The eluent
consisted of methanol : water (40:60) mixture, and the flow rate was 1 mL/min. The

aromatic compounds were detected at 220 nm. Millipore discs were used to separate



the catalysts before analysis of the solution™ The blank experiment shows the

4-chlorophenol degradation was less than 2 %. Conventional anatase TiO:

single-crystals were chosen as a reference under the same experimental conditions.

Conventional anatase Ti02 single-crystals were prepared by adding 5 mL TiCU

(ACROS) into a conical flask which contains 40 ml N2 (1) and 15 mL H2O. After

evaporation of N2 (1), the clear colorless TiCU solution was used as the stock solution.

Then 2 mL stock solution and 2 mL 1-methyl-imidazolium tetrafluoroborate were

added into 48 mL D.l. water under stirring. After treating at a controllable

temperature of 210 for 90 min using a microwave digestion system (Ethos TC,

Milestone), the solution was then cooled down to room temperature. Finally, the

product was collected by centrifligation, washed with deionized water and absolute

ethanol, and dried in a vacuum at 80 °C for 4 h.

5.2.4 Toxicity Study

Zebraflsh (D. rerio) adults were obtained from local pet shops in Hong Kong. They

were kept in a glass aquarium of filtered tap water with following conditions: 26+ 1

dissolved oxygen content between 90.2 % and 95.1 %, 14:10 h lightidark period,

and live brine shrimp fed twice a day.



The fishes with maleifemale ratio of 2:1 were put into a specific spawning

aquarium with a mesh bottom to protect the eggs from being eaten at about 7:30 p.m.

The fertilized eggs were collected the next morning as spawning and fertilization

took place within 30 minutes when the light is switched on. The eggs were rinsed

several times and raised at 28 till 96-hour Post-fertilization larvae, and then

divided to 28 beakers with each beaker 20 larvae for toxicity assessment of Ti02

single-crystals (calcined at 600, C for 90 min) aqueous solution (50, 100 - 250 > 500,

and 1000 ppb’ prepared under ultrasonication).

The larvae were then exposed in 3 beakers for the control experiment and 25

beakers with solution of 5 different concentrations (50’ 100 - 250, 500, and 1000 ppb,

5 beakers for each concentration) for exposure treatment. The number of surviving

larvae was recorded after 24, 72 and 96 h exposure and the survival rate was

evaluated for the three time periods.

Table 5.1 Summary of experimental conditions and physical properties of different

samples.
Sample Ti precursor(4) lonic liquidl... Degree of %({00I}
truncation
1 30 mL 0.5 mL 0.71 27
2 30 mL 1.0 mL 0.80 39
3 30 mr 2.0 mL OM 50

[do04 M TiF4 aqueous solution, ™ 1 -methyl-imidazolium tetrafluoroborate.



5.3 Results and Discussion

5.3.1 XRD and SEM Analysis

Fig. 5.1a shows a typical X-ray diffraction (XRD) pattern of a sample prepared
with 30 mL 0.04 M TiF* and 0.5 mL ionic liquid at 210 for 90 min. The
diffraction peaks can be indexed to pure anatase phase Ti02 (tetragonal, /4|/amd -
JCPDS No. 21-1272). There are no observable diffraction peaks at 27 ° or 31
indicating that the as-prepared samples are free of rutile or brookite impurities phases.
Fig. 5.1b-d show the representative field emission scanning electron microscope
(FESEM) images of Sample 1. From Fig. 5.1b, we can see that the”as-prepared
anatase TiO: Single-crystals are monodispersed with a relatively narrow average
particle size distribution (about 2.2 “m). From the S){mmetries of the well-faceted
crystal structure, the two flat square :urfaces are identified as {001} facets (shown in
Fig. 5.1c) while the other eight isosceles trapezoidal surfaces are {101}. facets

/

(shown in Fig. 5.1d). , "



(a)

Intensity (a.u.)

Figure 5.1 Typical XRD pattern (a) ’ low-magnification FESEM image (b) and side
view FESEM image (c, d) of Sample 1 prepared with 30 mL 0.04 M TiF4 and 0.5 mL
ionic liquid at 210 °C for 90 min.

The morphology of anatase TiOi single-crystals can be defined in terms of two
independent length parameters. The side of the bipyramidal is denoted A. The side of
the “truncation’ - facets is denoted B. The degree of truncation may therefore be
described by the size of B with respect to A (where 0 < B < A)/" The ratio of
reactive {001} facets to the total surface may therefore be described by
S{oo\[/Stoia\ or the value of B/A. Therefore, we estimate the degree of truncation for

Sample 1to be 0.71 (relative standard deviation a < 5 %). The percentage of reactive



{001} facets is up to 27 %. Generally, anatase crystals often exhibit a closed

tetragonal bipyramidal form or a truncated bipyramids with only 6 % reactive {001}

facets.44 The average size of the anatase single-crystals for Sample 1is 2.2 with a

thickness of 1.7 fim.

5.3.2 TEM Analysis

Transmission electron microscope (TEM) images and high-resolution TEM

(HRTEM) images provide further insight into the structural information on the

anatase single-crystals (Sample 1). Fig. 5.2a shows a typical bright-field TEM image

for an individual single-crystal of ~2.2 fim in diameter. Its corresponding electron

diffraction (ED) pattern is shown in Fig. 5.2b, indicating the single-crystal nature. It

can be indexed into diffraction spots of [001] zone. The high-resolution TEM

(HRTEM) image (Fig. 5.2c) further supports the claim of single crystallinity. A

representative intensity profile (inset) covers the line scan (labeled by a line in Fig.

5.2c) across the lattice fringes. The periodic fringe spacing of ~0.19 nm corresponds

to interplanar spacing between the (200) plane, which is in agreement with the

previous report.”*"
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Figure 5.2 TEM image (a), ED pattern (b), HRTEM image (c) and corresponding
intensity profile for the line scan across the lattice fringes (inset) of Sample 1
prepared with 30 mL 0.04 M TiFi and 0.5 mL ionic liquid at 210 for 90 min.

5.3.3 XPS Analysis

The X-ray photoelectron spectrum (shown in Fig. 5.3a) gives the surface
composition of these crystals. Four characteristic peaks of Ti, 0> F and C
observed. The binding energy of Ti 2p3/2 and Ti2pi/2(Fig. 5.3b) is 458.8 and 464.3
eV - indicating the oxidation state of the Ti element is the same to that of bulk Tich*®
The X-ray photoelectron spectrum of F Is core electrons for Sample 1 is shown in
Fig. 5.3c. The measured binding energy is only 684.5 eV, which is a typical value for

fluorated Ti02 system such as TiOF: or the surface Ti-F species.47 However, for



atomic incorporation of F atoms or their substitution for O atoms, the binding energy

of F Is is 688.5 eV. Therefore, we conclude that the F element is present as surface

atoms. Such fluorated surface, resulting from the F-riched molecule

1-methyl-imidazolium tetrafluoroborate, can significantly lower the surface energy

of {001} facets due to the high binding energy of F-Ti (569.0 kJ order

to illustrate the important role of F-riched environment, deeper evidence was

supported by a controlled experiment in the absence of ionic liquid, in which only

hollow anatase TiO? nanospheres were obtained in the absence of ionic liquid (see in

Fig. 5.4a). These results demonstrate the F-riched environment, attributed to the ionic

liquid, is a key determinant to form {001} facets exposed anatase Ti02

single-crystals.



Ti2p 125

C s Jiw |~ OKLL TiLMMCKLL

Ti3p
[ Ti3s

200 400 600 800 1000 1200
Binding energy (eV)

— 455 460 465 470 680 685 690 695 700
Binding energy (eV) Binding energy (eV)

Figure 5.3 X-ray photoelectron survey spectra (a), fine scan of Ti 2p (b) and F Is (c)
of Sample 1 prepared with 30 mL 0.04 M TiF4 and 0.5 mL ionic liquid at 210 °C for

90 min.
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Figure 5.4 TEM image of hollow anatase TiO: nanospheres obtained in the absence
of ionic liquid (a) and SEM image of anatase Ti02 single-crystal aggregates obtained

under conventional hydrothermal condition at 210 °C for 48 h (b).

5.3.4 The Mechanism for the Formation of {001} Facets Exposed TiO:

The mechanism for the formation of anatase TiO: exposing with {001} facets in
agueous solution by microwave irradiation is shown in Scheme 5.1. In the
microwave frequency range, polar molecules such as H20 orientate with the electric
field. When dipolar molecules re-orientate with respect to an alternating electric field,
they lose energy in the form of heat by molecular fiction. The ability of the solvent to
heat in the microwave field is dependent on the dielectric loss constant. Water has
high dielectric losses. Therefore, it is an ideal solvent for microwave rapid heating %
The ionic liquid in this reaction system provides a synergistic effect to adsorb the
microwaves. This may explain why the current method is efficient in the synthesis of

anatase single-crystals. A control experiment by using conventional hydrothermal



condition shows that at least 48 hours were required for the synthesis of Ti02

single-crystals exposed with {001} facets. Furthermore, the SEM image (see in Fig.

5.4b) shows that these anatase TiO2 single-crystals are highly aggregated sheets.

These results indicate that microwaves can provide rapid and uniform heating of

reagent and solvents. Fast heating accelerates the hydrolysis of TiF4 and nucleation

of the anatase cluster. The homogeneous microwave heating also provides uniform

nucleation and growth conditions, leading to anatase Ti0O2 with narrow size

distribution. Furthermore, due to rapid and homogenous microwave heating, a better

crystallinity can be obtained. Therefore, high-quality TiO? single-crystals exposed

with {001} facets can be synthesized with a high yield.

/.—\ %Z_:L A} A
277 BHE\ S0 IR Iy
TiFa+ [F-~Ff N i AA

Scheme 5.1 Formation mechanism of {001} facets exposed TiO)] by microwave

irradiation.



When the volume of ionic liquid was increased from 0.5 to 1.0 mL, the anatase

Ti02 single-crystals (Sample 2) exhibited a higher level of reactive {001} facets. As

shown in Fig. 5.5a and 5.5b, the anatase TiCb single-crystals with a small thickness

of —1.0 \xm exhibit a higher degree of truncation than that of Sample 1. The degree of

truncation and the percentage of the reactive facets are estimated to be 0.80 and 39 %

(shown in Table 5.1). Such enhancement of the degree of truncation can be attributed

to the high concentration of the ionic liquid. The anion of the ionic liquid used in this

work is [BF4-]. It has four F atoms in one molecule. As known, the stronger

stabilization effect of F atoms is in favor of the isotropic growth of {001} facets.

Therefore, the more bulky [BF4"] groups can promote the preferred growth of the

{001} facets. This explanation is further confirmed by Sample 3, prepared with 2.0

mL of ionic liquid. As shown in Fig. 5.5¢c and 5.5d, these single-crystals have the

highest degree of truncation with a small thickness of —500 nm. The ratio of surface

area of reactive {001} facets to total surface area was increased to about 50 %. The

models for the three samples shown in Fig. 5.6 demonstrate an increasing tendency

of the percentage of exposed reactive {001} facets. These anatase Ti02

single-crystals are expected to have great applications in environmental applications,

such as air and water purification.



Figure 5.5 FESEM images of Sample 2 (a, b) and Sample (c. d) prepared with 1
rtiL and 2 mL ionic liquid at 210, C for 90 min.

- P - &

2 7 % (001} 3 9 % {001} 50 % {001}
Figure 5.6 Simulated models for Samples 1- 3 > indicating increasing tendency of the

percentage of {001} facets.



5.3.5 Photocatalytic Performance Study

Recently, more attentions have been paid to indoor air quality with increasing

awareness of the public environment and health.** As an ambient temperature

catalytic process, photocatalysis has attracted considerable attention in view of solar

energy conversion and environmental cleaning.50-53 X0 evaluate the photocatalytic

performance of the anatase single-crystal samples with different percentages of {001}

facets, matching conventional Ti02 crystals dominated by {101} facets were chosen

as a reference. Results from XRD and SEM analyses (Fig. 5.7a and 5.7b) confirmed

that the reference materials had virtually the same crystalUnity and average particle

size distribution as the samples. The removal rate of NO pollution at typical

concentration levels in indoor air under UV irradiation was investigated. Fig. 5.8

shows the variation of NO concentration (C/Co) with irradiation time under UV

irradiation. The NO removal rate reaches 15 % > 24 %, 31 % and 38 % in 10 minutes

for the conventional Ti02 dominated by {101} facets and TiCh exposed with 27 % »

39 %, 50% {001} facets, respectively.
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Figure 5.7 XRD pattern (a) and SEM image (b) of conventional TiCh

We use the Langmuir Hinshelwood model (L-H) to describe the initial rates of
photocatalytic destruction of NO.54 The initial photocatalytic degradation of NO was
recognized to follow mass-transfer-controlled first-order-kinetics approximately as a
result of low concentration target pollutants, as evidenced by the linear plot of In
(C/Co) versus photocatalytic reaction time : (Fig. 5.8b). Fig. 5.8¢c shows the
relationship between initial reaction rate constant and the percentage of {001} facets.
The relationship of NO removal rate over different catalysts is also included in Fig.
5.8c. The initial rate constant of Ti02 with 50 % reactive {001} facets is estimated to
be 0.041 min"~ faster than that over the other Ti02 single-crystals with less exposed
reactive facets. The initial rate constant over TiO: single-crystals with dominantly
{101} facets is only 0.019 min". The removal rate of NO also increases with the
increasing percentage of {001} facets. The high level of photocatalytic activity of

Ti02 exposed with {001} facets might be related to the property of the exposed {001}
s

surface, in addition to the high crystallinity with a low density of defects.18
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Figure 5.8 (a) Plots of the decrease in NO concentration vs irradiation time in the
presence of different photocatalysts. (b) Dependence of In(C/Co) on irradiation time,
(c) Initial rate constant (-O-)and removal rate (-+-) of NO for TiCh single-crystals
with different percentage of {001} facets.

The photocatalytic performance of the prepared Ti02 single-crystals was also
measured in a liquid-phase reaction. The decomposition of agueous 4-chlorophenol
was used as a probe photocatalytic reaction. As shown in Fig. 5.9, all the truncated
bipyramidal shape anatase single-crystals (Samples 1-3) exhibit much higher
activities than that of the {001} unexposed Ti02 single-crystals. The photoactivity
enhances from 38.1 % to 66.3 % with increasing percentage of {001} facets from O

% to 50 %e This indicates that the reactive {001} facets are important in the



photocatalytic reaction owing to their strong ability to dissociatively adsorb water to

form hydroxyl radicals, which are key components in photocatalytic reactions.

#8\&\

QOO >0—0Cy

m

20
6 20 40 60
Percentage of {001facets (20)

Figure 5.9 The effectiveness of the conventional TiCh single-crystal and Samples

1-3 on the degradation of 4-chlorophenol under UV irradiation.

5.3.6 Toxicity Study

‘While rapid development of nanomaterials will certainly continue, the application
of these nanomaterials will be limited by their inherent toxicity."' ™ The anatase
Ti0O2 crystals with high percentage of reactive {001} facets are promising
photocatalysts, virus inhibitors and disinfectants. Massive quantities of this material
need to be produced for these applications thereby increasing the potential risk of

human exposure and raising additional concern about their short and long-term



toxicological effects. Therefore, the toxicity study of the anatase TiO: crystals is a
necessary first step in assessing their safety. As known, the Zebrafish embryo (Danio
rerio) » possesses a high degree of homology to the human genome s offering an
economically feasible platform for noninvasive real-time assessments of toxicity.™
The biocompatibility of the as-prepared anatase TiO: single-crystals were evaluated
using Zebrafish (D. rerio) as a model. The survival rate after 24 h exposure was
given in Fig. 5.10. These results illustrate a survival rate of virtually 100 % even
under the highest concentration 1000 ppb - suggesting that the TiO: single-crystals
are biocompatible. Interestingly, even after 72 h or 96 h exposure, the larvae

IivaE)iIity was still as high as 100 %, “
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Figure 5.10 Livability of 4day larvae after 24 h exposure to different concentrations

of aqueous anatase TiO] s:ingle—crystals (Sample 3).
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5.4 Conclusion

Biocompatible micrometer-sized anatase Ti02 single-crystals with large and
tunable percentage of reactive facets were synthesized in ionic liquid via a
microwave-assisted process. The fluorine-rich ionic liquid (1-methyl-imidazolium
tetrafluoroborate) serves as an essential structure-directing agent for the formation of
the {001} reactive facets. These anatase Ti02 single-crystals show good
photocatalytic performance for oxidizing nitric oxide in air and degrading
4-chlorophenol in water. A strong correlation between the percentage of {001} facets
and the photocatalytic activity was observed. The Ti02 single-crystals with 50 %
{001} facets were found to be nontoxic. This opens up many potential applications in

environment, energy and biomedical fields.
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A Micrometer-Size TiOi Single Crystal Photocatalyst with

Remarkable 80 % Reactive Facets

6.1 Introduction

Different facets of a single crystal exhibit distinctive physical and chemical
properties] Chemical properties of definite crystal planes by employing bulk single
crystal have been widely studied over the past decades. However, for TiO:’
promising photocatalyst, most studies are focused on controlling the nanostructure
or crystal phase for potential use.* There are very few investigations on the
relationship between definite facets of bulk anatase Ti02 single crystal and chemical
activities.5 This is due to the difficulty in synthesizing large anatase 7i0j single
crystals with well-defined ({101} or {001}) facets. Up to now > most of the reported
anatase TiO: single crystals had either no {001} facets or the {101} facets dominated
the surface.6,7 This is because the average surface energy of anatase TiOz for {001}
facets (0.90 J m"") is double than that of {101} facets (0.44 J m'*). As a consequence,

facets having high surface energy diminish quickly for minimization of surface



energy during a crystal growth process. Lu and co-workers overcame the technical

difficulties and synthesized mciro-sized anatase Ti02 single crystals with reactive

{001} facets. These relatively large TiCh single crystals should be very useful as

model single crystals for fiindamental studies in surface science. They also exhibited

promising applications in solar cells, photonic and optoelectronic devices, sensors

and photocatalysis. However, the percentage of {001} facets achieved was only 47 %.

Further increasing the percentage of {001} facets proved difficult. Recently,

anatase TiO: with more than 47 % reactive {001} facets was observed. However,

these crystals were nano-sized particles (30-130 nm) instead of large single crystals.

Very recently, Lu and co-workers improved their work by adding a synergistic

capping agent to increase the percentage

of {001} facets to 64 It should be

noted that all the currently available approaches require the use of an extremely

corrosive and toxic hydrofluoric acid. This is against the principle of "green

chemistry”". Therefore, a novel and green synthetic method that realizes an even

higher percentage of {001} facets is highly desirable.

lonic liquids (ILs) have been actively investigated as an environmentally benign

solvent media, especially for the synthesis of inorganic materials." For example,

Nakashima and Kimizuka found that ILs could provide an easy access to hollow

Ti02 microspheres. 22 Smarsly and colleagues used ILs for low-temperature synthesis



of both anatase and rutile TiO?s ] Although the synthesis of small TiO: nanocryslals

in ionic liquids' has been reported," the fabrication of large micro-sized anatase

single crystals is much more difficult. This is because anatase TiO: is a

thermodynamically metastable phase and rutile TiO2 is the most stable phase.To
|

the best of our knowledge, large micro-sized (>1.5|im) anatase TiO: single crystals

with more than 64 % exposed {001} facets have never been synthesized.

Herein, we report a simple and novel green synthetic route for the preparation of a

micro-sheet anatase TiO: single crystal photocatalyst with remarkable 80 % reactive

{001} facets. The high reactivity of {001} facets make these single crystals highly

photocatalytically active.9 They are easily recyclable and thermally stable up to 800

C.

The products were prepared by a microwave-assisted method involving an

agueous solution of titanium tetrafluoride and a tetrafluoroborate-based ionic liquid

(Experimental details are shown in Supporting Information). The chemical structure

of the ionic liquid, 7-butyl-i-methyl-imidazolium-tetrafluoroborate, is shown below.

Microwave heating provides energy to the reactants by means of the molecular

interaction with high frequency electromagnetic radiation, which is different from

that of conventional thermal treatment] 6 Microwave-assisted fabrication of TiO: can



reduce the time required for the synthesis and increase the crystallinity of the

product. 17

6.2 Experimental Section

6.2.1 Preparation of TiCh with Reactive Facets

In atypical synthesis, 0.02 mol/L titanium tetrafluoride (ACROS) aqueous solution
was prepared by dissolving 0.62 g titanium tetrafluoride in 250 mL D.I. water which
contains 0.2 mL hydrochloric acid (37 %, MERCK, Germany). Then 1 mL ionic
liquid 1 -butyl-3-methylimidazoliLim tetrafluoroborate ([bminf[BF4]-) > purchased
from International Laboratory, USA, was added to 30 mL 0.02 mol/L titanium

tetrafluoride aqueous solution under stirring. The mixture was sealed in a

Teflon-lined double-walled digestion vessel. After treating at 210 °C for 90 min
using a microwave digestion system (Ethos TC, Milestone), the vessel was then
cooled down to room temperature. The product was collected by centrifugation,
washed with deionised water and absolute ethanol, and dried in a vacuum at 80 °C
fordh. .

For comparison, ordinary anatase Ti02 single-crystals were prepared by adding 5
mL TiCU (ACROS) into a conical flask which contains 40 mL N2 (1) and 15 mL H20.

After evaporation of N2 (1), the clear colourless TiCU solution was used as the stock



solution. Then 2 mL stock solution and 2 mL 1-methylimidazolium tetrafluoroborale

were added into 48 mL D.l. water under stirring. After treating at a controllable

temperature of 210 for 90 min using a microwave digestion system (Ethos TC,

Milestone), the solution was then cooled down to room temperature. Finally, the

product was collected by centrifiigation, washed with deionised water and absolute

ethanol, and dried in a vacuum at 80 °C for 4 h.

6.2.2 Measurement of Photocatalytic Activity

The photocatalytic activities of the anatase TiCh single-crystals were measured by

the degradation of 4-chlorophenol in an aqueous solution. The photodegradation

experiments were carried out at 25 °C in a 150 ml reactor containing 0.08 g catalyst

calcined at 600 for 90 min and 60 mL of 10 ppm 4-chlorophenol aqueous solution.

A 300 W high-pressure mercury vapor lamp was used as the UV-light source, which

was mounted at 5 cm around the solution. Vigorous stirring (900 rpm) was employed

to ensure the adsorption equilibrium and to eliminate any diffusion effect. The

equilibrium 4-chlorophenol concentration was used as the initial concentration of

4-chlorophenol.

The photocatalysis was started by irradiating the reaction mixture with UV light.

The reaction time was 2 h. The concentrations of 4-chlorophenol and its degradation



products were measured with a HPLC system (Waters Baseline 810) with a Waters
486 tunable UV absorbance detector. A Supelco LC-18-DB column (250 mmx4.6
mm) was applied. The eluent consisted of a 40:60 methanol:water mixture, and the
flow rate was 1 mL/min. The aromatic compounds were detected at 220 nm.
Millipore discs were used to separate the catalysts before analysis of the solution.
The reproducibility was checked by repeating the runs at least three times and was
found to be within acceptable limits (5 %). The blank experiment shows the
4-chlorophenol degradation was less than 2 %. Conventional anatase TiO: single
crystals were used as a reference to compare the activities under the same

experimental conditions.

6.2.3 Characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker D8 Advance
diffractometer with high-intensity CuKa irradiation (k = 1.5406 A). Transmission
electron microscopy (TEM) observations were carried out on a Technai F20

microscope (FEI, 200 kV). The general morphology of the products was

I
characterized by scanning electron microscopy (FEI Quanta 400 FEG microscopes).



6.3 Results and Discussion -

6.3.1 FESEM, TEM and XRD Analysis

Field emission scanning electron microscopy (FESEM) images of the as-prepared

sample are shown in Fig. 6.1a. Evidence from the side-view FESEM image (Fig. 6.2)

gives us a simulated model (Fig. 6.1b) of these crystals. The products consist of

well-defined sheet-shaped structure with a square outline, side length of 2 jam. They

are highly truncated bipyramids in shape. The X-ray diffraction (XRD) pattern (Fig.

6.3) of the sample matches well with the standard pattern of anatase (JCPDS

21-1272). Moreover, there is no observable diffraction peaks at IT or 31" - indicating

that the single crystals are free of rutile or brookite impurities phases. The narrow

peaks indicate a very good crystallinity. According to the symmetries of anatase TiO[] >

the two square surfaces are the {001} facets and the eight isosceles trapezoidal

surfaces are the {101} facets of anatase TiO) . The ratio of the highly reactive {001}

facets to total surface area can be calculated from the degree of truncation (The

detailed calculations can be found in Fig. 6.4). The degree of truncation is 0.95 with

relative standard deviation of 3.2 %. We estimate the percentage of {001} facets to

be 80 %. Transmission electron microscopy (TEM) and selected-area electron

diffraction (SAED) patterns (Fig. 6.1c and 6.1d) confirm that these anatase crystal



blocks have the representative single-crystal characteristics. The SAED patterns can
be indexed into diffraction spots of the [001] zone. The high-resolution TEM image
(HRTEM) (Fig. 6.1e) shows the (200) and (020) atomic planes with a lattice spacing

of 0.189 nm and an interfacial angle of 90(

Figure 6.1 FESEM image a). Simulated model b), TEM image of a representative
anatase single crystal recorded along the [001] axis c), SAED pattern d) and HRTEM
image e) of the anatase Ti02 exposed with reactive {001} facets.



Figure 6.2 Side-view FESEM images of the anatase single crystals exposed with
{001} facets.

10 20 30 40 50 60 70 80
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Figure 6.3 XRD pattern of the anatase single crystal exposed with {001} facets.
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Figure 6.4 a) Simulated shape of the TiO: anatase single crystal samples, b)
Equilibrium shape of anatase Ti0O2 crystal, c) the calculation process of Souj .is the
theoretical value for the angle between the [001] and [101] facets of anatase, GH/IJ is

the degree of truncation).

6.3.2 The role of Ionic Liquid

First-principles calculations indicate that fluorine ions can greatly reduce the

surface energy of {001} facets, making them more stable than the {101} facets. This

is due to the low F-F binding energy (158.8 kJ mol"") and high F-Ti binding energy

(569.0 kJ mol.i) that can significantly lower the energy of the (001) surfaces, making

them more stable than the (101) surfaces. The anion of the ionic liquid used in this

work is [BF4]-. It has 4 fluorine atoms in one molecule. Such structure can create a

fluorine rich environment on the crystal surface compared to the system in which HF

is used as a fluorine source.® As shown in Fig. 6.5 the more bulky [BF4I' groups

protect and stabilize the (001) surface. Therefore, the preferred growth of the {001}

facets is promoted.



Experiments were carricd out to clarify the role of ionic liquid in forming {001}
exposed single crystal TiO?. Fig. 6.6a shows the TEM image of the sample
synthesized without the ionic liquid. Only hollow anatase TiO? nanosphcres were
obtained. The XRD pattern indicates the low anatase crystallinity (Fig. 6.6c).
Therefore, we can conclude that the ionic liquid 1 -bulyl-3-methylimidazolium
letrafluoroborate is not only favourable for improving anatase crystallinity, but also
beneficial for exposing the {001} facets. lonic liquid, as an excellent
microwave-absorbent,'"A"* can greatly enhance the microwave-absorbing efficiency

of the reaction system to promote the crystallization of anatase TiO].

a)

b)

Figure 6.5 F-(OOI) surfaces of anatase single crystal using, a) HF and b) ionic liquid
as the morphology controlling agent. The purple planes are the {001} facets. The

elements 0 > Ti, F and B are shown in red, blue, yellow and white.
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ilr —
Figure 6.6 SEM image a) and XRD pattern c) of the anatase hollow spheres prepared

without ionic liquid. SEM image b) and XRD pattern d) of the {001} unexposed
Ti02 single crystals.

6.3.3 Photocatalytic Activity

These anatase TiC” single crystals are expected to have higher reactivity due to the

large percentage of {001} facets compared with the crystals having normal majority

{101} facets. For applying these crystals in photocatalytic reaction, the fluorated

surfaces must first be cleaned with a heat treatment at 600 "C, without altering the

morphology. The activity of semiconductor photocatalysts depends on

physicochcmical properties, such as specific surface area, composition and crystal

size.20 The commercially available photocatalyst P25 (Degussa) is not suitable as a



Standard to compare with due to the distinct size difference.™ Herein, {001}

unexposed TiO: single crystals (shown in Fig. 6.6b,d), having almost the same

specific surface area (0.5 m" g"), particle size and crystallinity as those truncated

bipyramid shape anatase single crystals, were used as a standard to decompose

4-chlorophenol. The photodegradation experiments were carried out at 25 °C in a

150 ml reactor containing 0.08 g catalyst and 60 mL of 10 ppm 4-chlorophenol

aqueous solution. A 300 W high-pressure mercury vapor lamp was used as the UV

light source. The reaction lime was 2 h. As shown in Fig. 6.7, the anatase single

crystals exposed with {001} facets exhibit much higher activities than that of the

{001} unexposed TiC” single crystals. This suggests that the reactive {001} facets

play an important role in the photocatalytic reaction owing to their strong ability to

dissociatively adsorb water to form hydrogen peroxide and peroxide radicals.It is

obvious that the photoreactivity can be enhanced from 40.0 % to 845 % with

increasing the percentage of {001} facets. Furthermore, the sheet-like micro-sized

single crystals maintain the high photocatalytic activity even after eight cycles as

shown in Fig. 6.8. This is because the micro-sized anatase Ti02 single crystals are

easily recovered through a gravitational settling.
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Figure 6.7 The effectiveness of samples with (—:—) or without (-A-)exposed

reactive {001} facets on the degradation of 4-chlorophenol under UV irradiation.
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Figure 6.8 The recycle experiments of anatase TiCh single crystal exposed with
{001} facets.



6.3.4 Thermal Stability Study

It is worthy to note that these {001} exposed TiO? single crystals are thermally
stable up to 800 (Fig. 6.9). This temperature is much higher than the
phase-transfer temperature of 500 from anatase to thermodynamically stable
rutile for the amorphous TiC” prepared by conventional method (Fig. 6.9). Such
stable anatase TiO2 single crystals are useful in high temperature catalysis or

photo-electronic applications.

rutile
Ua.u 800 C
oJ ee A

il A c 1001} exposed
T 1.. I. M single crystal TiQj
f
/ 500CC

A®
/ Aa )\ Conventional
3000IC TiO, powders
20 30 40 60 70 80

|5% f .
Figure 6.9 XRD patterns of a) anatase single crystals exposed with {001} facets and
b) Ti02 powders prepared by conventional sol-gel method calcined at different
temperatures.



6.4 Conclusion

In conclusion, relatively large micrometer-size anatase TiO: single crystals with

remarkable 80 % reactive facets were prepared by a microwave-enhanced method

with the assistance of an ionic liquid. The anion of the ionic liquid ([BF4]") offers a

strong stabilization effect that promotes the growth along the {001} facets. The high

percentage of the reactive facets make these single crystals highly photocatalytically

active.
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Green Synthesis of a Self-Assembled Rutile Mesocrystalline

Photocatalyst

7.1 Introduction

Mesocrystals are oriented superstructures or colloidal crystals composed of
individual nanocrystals that align in a common crystallographic fashion." Many
mesocrystals built from three-dimensional (3D) and we 11-aligned nanocrystals have

been prepared. These include Ce02, CaCOMN" BaCr04'~ and even metals. M These 3D
78

hierarchical structures can bring forth new properties. ' Titanium dioxide has been
intensively studied in recent years for its applications in photocatalysis, solar cells
and self-cleaning coatings.”'For the synthesis of anatase Ti02 mesocrystals,
templates such as carbon nanotubes are often used as the support.”* The fabrication
of rutile TiO: mesocrystals unavoidably requires large amounts of organic solvents or
expensive biological additives as morphology-controlling agents.The high cost
and complicated procedures limit the TiC” mesocrystals from being used on a large

scale. Therefore, the development of a green and sustainable pathway for the



preparation of TiC” is of considerable general interest.

Microwave heating is emerging as a rapid and environmentally friendly mode of
heating for the generation of nanomaterials.™'‘ Here we present an efficient and
green approach for the preparation of rutile TiO: mesocrystal by healing titanium(lll)
chloride at 200 °C for 1 minute under microwave irradiation. As no templates or
organic additives are involved in the system, we believe it is the greenest way to
fabricate Ti02 mesocrystals. Importantly, the products exhibit a high
solar-light-driven photocatalytic oxidation rate for nitric oxide, a gaseous air

pollutant which is responsible for photochemical smog and acid rain.

7.2 Experimental Section

7.2.1 Preparation of Photocatalysts

Titanium(lll) chloride (solution about 15 % in about 10 % hydrochloric acid, for

synthesis) was purchased from Merck-Schuchardt and used as received. 10 mL
Titanium(l11) chloride was sealed in a Teflon-lined double-walled digestion vessel.
It was treated at 200 for 1 min with a heating rate 24 "C/min in a microwave
digestion system (Ethos TC, Milestone). The reaction vessel was fitted with a
temperature probe that was housed in a sturdy thermowell. The desired time and

temperature were programmed by using Milestone's EasyControl software. The



temperature of the bulk reaction solution was monitored, and the preset profile was
followed automatically by continuously adjusting the applied power. After the
reaction the product was collected through centrifugation. Then the white precipitates
were washed with water until pH = 7 and then dried in vacuum at 60 for 4 h. For
the synthesis of gold doped rutile sample, 0.13 g TiCh powder, 31 mL H20, 0.01 M
HAUCI4 4H20 aqueous solution, and 2 mL methanol were mixed together under

stirring. Then the mixture was irradiated with UV light for 20 min. The precipitate
\

was collected through centrifugation. After washing and drying, a light purple Au

doped Ti02 product was obtained.

7.2.2 Characterization

Wide-angle X-ray diffraction measurements (XRD) were carried out using a
Bruker D8 Advance X-ray diffractometer with Cu-Ka radiation. The N2-sorption
isotherms were recorded at 77 K using a Micromeritics AsAP 2010 instrument. The
Brunauer-Emmett-Teller (BET) approach was used for the determination of the
surface area. Standard transmission electron microscopy images (TEM) and
high-resolution transmission electron microscopy images (HRTEM) were recorded
by a JEOL-2010F at 200 kV. The scanning electron microscopy (SEM) images were

taken on a FEI Quanta 400 FEG microscope. The diffuse reflectance spectra were



recorded by a Varian Gary 100 Scan UV-vis system. X-ray photoelectron
spectroscopy (XPS) measurements were done with a PHI Quantum 2000 XPS system
with a monochromatic Al-Ka source and a charge neutralizer. All the binding
energies were referenced to the Cls peak at 284.8 eV of the surface adventitious

carbon.

7.2.3 Measurement of Photocatalytic Activity

The photocatalytic oxidation of NO gas was carried out in air at ambient
temperature in a continuous flow reactor. The volume of the rectangular reactor
which was made of stainless steel and covered with Saint-Glass was 4.5 L (10 x 30
X 15 cm (H XL X W)). A 300 W tungsten halogen lamp (General Electric) was
used as the simulated solar light source. Four UV-A fluorescent lamps (TL 8W/08
BLB, Philips, Holland) were used as the ultraviolet light source and were vertically
placed outside the reactor above the sample dish. The lamps had a maximum
intensity at 365 nm. Four minifans were fixed around the lamps to cool the system.
The weight of the photocatalysts used for each experiment was kept at 0.1 g. The
Stock NO gas was 48 ppm (N2 balance, BOC gas) that was traceable to the National
Institute of Standards and Technology (NIST) standard. The initial concentration of

NO was diluted to about 400 ppb with an air stream supplied by a zero air generator



(Thermo Environmental Inc. Model 111). The relative humidity level of the NO flow

was maintained at 70% (2100 ppmv) by passing the zero air streams through a

humidification chamber. The gas streams were premixed completely by a gas blender,

and the flowrate was controlled at 4 L min-1 by a massflowcontroller. After the

adsorption-desorption equilibrium among water vapor, gases, and photocatalysts was

achieved, the lamp was turned on. The concentration of NO was continuously

measured by using a chemiluminescence NO analyzer (Thermo Environmental

Instruments Inc. Model 42c). The removal rate (-/-)d NO was calculated based on

the following equation:

NO removal rate (/- )= ([NO],n - [NO]Jout) / [NO],n x 100%

7.3 Results and Discussion

7.3.1 XRD, SEM and TEM Measurements

Fig. 7.1 shows the SEM image of the products with hierarchical architectures,

assembled by nanowires. The corresponding XRD pattern of the products is shown in

Fig. 7.2a. The pattern can be assigned to a pure tetragonal rutile TiC”* phase (JCPDS

card, 21-1276) with lattice constants a = 4.593 A and ¢ = 2.958 A.18 No peaks for

other phases are observed, showing the high purity and well crystallinity of the

sample. A cross-section of a hemisphere displays the nanowires arrays that grow



radially (Fig. 7.2b). The nanowires are about 2 |j.m in length. The microstructure is

further revealed by the TEM image (Fig. 7.2c¢). It shows that the superstructure is

composed of individual nanowires. The high-resolution transmission electron

microscopy (HRTEM) image (Fig. 7.2d) indicates the nanowires are

single-crystalline in nature. The growth direction of the nanowires is along the (001)

direction. The periodic fringe spacing of —0.32 run corresponding to the interplanar

spacing between the (110) plane is in agreement with the literature value™ The

average diameter for the single nanowire is —75 nm. Therefore, the aspect ratio,

defined as the length of the major axis divided by the width of the minor axis, is

estimated to be 267. Previous reports suggested that ID ZnO nanostructure arrays,

such as nanowires, could exhibit higher photocatalytic activity due to their large

aspect ratio.23-25 Thus this rutile TiCh superstructure assembled by very high aspect

ratio nanowires could be an excellent photocatalyst.



Figure 7.1 SEM image of the self-assembled rutile TiO: by microwave heating TiCh
at 200 °C for 1 min.

Figure 7.2 XRD pattern (a), SEM (b), TEM (c) and HRTEM (d) image of the

self-assembled rutile TiO: by microwave heating TiCb at 200 °C for 1 min.



7.3.2 BET Analysis

Nitrogen sorption analyses were conducted to further investigate the textural

properties of the rutile TiO) . The N2 adsorption-desorption isotherm shows

characteristics of porous materials (Fig. 7.3a). The BET specific surface area of the

sample is 16 m”/g. There are two capillary condensation steps on the N2

adsorption-desorption isotherm. These results suggest that the rutile Ti02

mesocrystal is porous, possessing independently connected mesopores. The first

hysteresis loop, 0.2 < P/Po < 0.8, is attributed to the filling of the framework confined

smaller mesopores formed between intra-agglomerated primary particles.™ The

second hysteresis loop is at 0.8 < P/Po < 1, corresponding to the filling of larger

textural mesopores produced by inter-aggregated secondary particles. The results are

confirmed by the pore size distribution curve (Fig. 7.3b) calculated from the

desorption branch of a nitrogen isotherm by the BJH method using the Halsey

equation. Two types of pores can be defined in the sample, including small

mesopores (3 nm) and large mesopores (20 nm).
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Figure 7.3 Nitrogen adsorption-desorption isotherm (a) and BJH pore size
distribution plot (b) of the rutile TiO?.

7.3.3 UWVis Diffuse Reflectance Spectroscopy

UV/Vis diffuse reflectance spectroscopy (DRS) was used to characterize the

electronic states. Fig. 7.4 shows the UV-visible absorption spectrum of the sample. It

exhibits a broad absorption band from 200 to 420 nm, indicating the effective

photo-absorption property for this hierarchical structure oxide composite

photocatalyst system. The band gap energy of this sample can be calculated by using

(@ = k{hv - £g), where a is the absorption coefficient, k is the parameter that

related to the effective masses associated with the valence and conduction bands, n is



1/2 for adirect transition, hv is the absorption energy, and Eg is the band gap energy.

Plotting (a/iv)in versus hv based on the spectral response gives the extrapolated

intercept corresponding to the Eg value (see inset of Fig. 7.4). The optical band

energies of the rutile Ti02 (2.80 eV) exhibit an obvious red-shift of 0.2 eV with

respect to that of the pure rutile Ti02 sample (3.00 eV). According to the previous

report, the shape definition actually affects the optical properties.™ A series of

calculated spectra of Au nanorods with different aspect ratios show that the

red-shifted variation of the longitudinal mode appears with increasing aspect ratio.™

Therefore, the red-shift effect may be ascribed to the high aspect ratio of rutile

nanowires These results suggest that the mesocrystals are promising photocatalyst

for solar-driven applications.
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Figure .4 UV-visible absorption spectrum and determination of indirect interband
transition energy (inset) for the rutile TiOz.



7.3.4 Photocatalytic Activity

To evaluate the photocatalytic performance of the rutile TiO: mesocrystal, the

photo-oxidation of NO gas in a single pass flow was used as a photoreaction probe.

Fig. 7.5a and b show the relative variations of NO removal rate against irradiation

time in the presence of photocatalysts under ultraviolet and solar light irradiation. As

shown in Fig. 7.5a, both commercial Degussa P25 and the prepared rutile Ti02

photocatalysts exhibit high efficiency for the degradation of NO under UV light

irradiation. However, P25 shows little activity under solar light irradiation (shown in

Fig. 7.5b) while the removal rate of NO over the rutile Ti02 photocatalyst reaches 15

% after 5 min irradiation (Fig. 7.5b). After 25 min irradiation, the removal rate of NO

is further enhanced to 20 %, which is much better than that of carbon-doped

mesoporous TiO]. Such high photocatalytic capability is probably due to the unique

rutile Ti02 nanowires nanostructures, allowing fast charge transport. On the

high-aspect-ratio nanowires, more photons could be adsorbed and consequently, a

much higher quantum efficiency can be obtained. This is because such Ti02

nanowire array architectures may result in a large effective surface area, thus

enabling diffusive transport of photogenerated holes to oxidizable species >

Furthermore, the micrometer-sized architecture with meso/macro pore structures

allows efficient penetration of light and diffusion of NO molecules into the



photocatalyst.3i Besides, TiO: with macro-scale dimensions is easier to recycle than

the nano-sized photocatalytic powders.™ To test the recyclability, a sample after one

trial was washed and dried for the subsequent photoreaction cycles. As shown in Fig.

7.6, the NO removal rate for pure rutile Ti0O2 mesocrystal was well maintained even

after three cycles under solar light irradiation.
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Figure 7.5 NO removal rate of rutile TiO: » Au/rutile Ti02 and P25 in a single pass
flow of air under ultraviolet light (a) and simulated solar light (b). Initial

concentration of NO = 400 ppb.
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Figure 7.6 Cyclability of the rutile Ti0O2 for NO removal in a single pass flow of air.

The photocatalytic activity of the as-prepared rutile Ti0O2 can be further improved
by incorporating gold nanoparticles on the surface of the nanowires via a green
photochemical route to reduce Au™ to Au. Metal gold modification can accelerate
the photo-generated electron transition, resulting in a high quantum efficiency.33 It
can also enhance light absorption, taking advantage of the plasmon resonance effect
of gold nanopartilces.34 Results show that the loading of 1.0 mol % Au on the rutile
Ti0O2 would increase the degradation rate from 25 % to nearly 40 % under UV light
irradiation (Fig. 7.5a). While under solar light irradiation, 50 % improvement in the
photocatalytic performance, which is up to 30 % NO removal rate (Fig. 7.5b), is

observed.



X-ray photoelectron spectra (XPS) (Fig. 7.7) show the binding energies (BE) of

Au4f7/2 at 83.3 eV and Au4f5/2 at 87.0 eV, suggesting that gold is present in the

metallic state. The XPS spectra of Ti2p and Ols indicate a positive shift of about 0.3

eV for gold-doped sample relative to that of pure rutile TiO! It indicates a strong

interaction between gold and TiO) . This is further supported by the UV/Vis diffuse

reflectance spectroscopy (Fig. 7.8). As shown, the strong absorption at 200-400 nm

is characteristic of the rutile TiCh phase. Compared to the pure rutile TiO[] » the

gold-doped sample exhibits a significantly enhanced absorption in the visible range

(500 - 700 nm) owing to the plasmon resonance effect of gold nanoparticles”
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Figure 7.8 UV-visible absorption spectra for the rutile TiO: and gold doped rulile
TiOz.

7.4 Conclusion

In summary, we have demonstrated a novel and green synthesis route to the rutile

Ti02 mesocrystals assembled with ultra-long nanowires. We believe our method is

fast, cost-effective, energy-saving and environmental friendly. The Ti02

mesocrystals possess a well crystallized rutile phase, low band gap energy and fast

electron transfer property, resulting in an excellent sol*-light-driven photocatalytic

activity for NO removal in air. Gold modification can greatly enhance the

photocatalytic performance of the rutile TiO: mesocrystals.
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8.1 Conclusions

Various functional materials including magnetic materials and photocatalytic
materials were fabricated. Several fast and energy efficient methods were developed
for fabricating nanocrystals or mesocrystals with controllable size distributions and
morphologies.

Chapter Two reported the synthesis of size-tunable monodispersed hierarchical
metallic Ni nanocrystals using an improved solvothermal method. The diameter of
the particles could be tuned from 58 nm to 190 nm by simply changing the reaction
time. The as synthesized Ni crystals exhibited higher coercivities than the bulk
metallic material owing to the reduced size and the hierarchical surface structure.
The saturation magnetization (Ms) and the ratio of remanence to saturation (Mr/Ms)
increased with increasing particle size.

Chapter Three demonstrated that bismuth oxyhalide semiconductors (BiOBr,
BiOCI) with marigold-like open architectures could be prepared by the solvothermal
method involving imidazolium-based ionic liquids and ethylene glycol. The use of

ionic liquids shortened the reaction time to only 1 hour. The products were effective



photocatalysts for degrading organic pollutants and generating hydrogen.

In Chapter Four, a facile microwave-assisted solvothermal method was developed

for the controlled synthesis of novel 3D CdS structures including dendrite-, star-,

popcorn- and hollow sphere-like CdS structures. The products with different

morphologies exhibited interesting shape-dependent optical properties and

photocatalytic activities.

In Chapters Five and Six > biocompatible anatase TiOz single-crystals with 27 % -

80 % chemically reactive {001} facets were obtained in 90 minutes by using a

microwave-assisted method. The use of microwave heating was critical as it allowed

rapid and uniform heating of the reaction mixture. Comparing to TiOz without

exposing {001} facets, the products exhibited excellent photocatalytic efficiency for

both oxidation of nitric oxide in air and degradation of organic compounds in

aqueous solution under UV light irradiation.

In Chapter Seven, a simple, fast and environmentally benign microwave-assisted

hydrothermal approach was developed for the synthesis of photocatalytically active

rutile Ti0O2 mesocrystals. Titanium (111) chloride was employed as the only reactant.

The reaction time was only 1 min. It was the greenest way to fabricate TiO]

mesocrystals. Importantly, the products exhibited a high solar-driven photocatalytic

oxidation rate for nitric oxide, a gaseous air pollutant responsible for causing



photochemical smog and acid rain.
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