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Abstract

A general method is presented to deposit ligand-stabilised nanoparticles of TiO,,
Fes0,4 and CdS in photonic macroporous materials (SiO;, ZrO,, FTO) and mesoporous
Si0,. Composites of this type have application in catalysis and solar fuel technology.
Established literature methods to form supported nanoparticle composites are
often material specific, and cannot simultaneously control nanoparticle size,
loading, and crystal phase whilst attaining a homogeneous distribution of particles
within the pores. These factors are controlled in this work, and homogenous
materials containing high loadings (3 — 65 wt%) of nanoparticles have been
prepared. Nanoparticle-support interactions are enhanced by simple modifications
to the support surface. The method can be applied to a variety of nanoparticles and

substrates.

Nanoparticle loading in photonic materials caused a predictable red shift of the stop
band position as a function of the loading amount and refractive indices of the
components of the system. The potential for control over the optical properties of

materials is of interest for sensing applications.

CdS loaded 3DOM ZrO, powders have been used as photocatalysts for hydrogen
evolution from sacrificial reagents under visible light irradiation. The position of
photonic stop bands relative to the electronic absorption of CdS was varied
between composites. By colocating the blue edge of a photonic stop band with the
absorption edge of CdS, a maximum 4.7 times enhancement in activity was
observed in comparison to a non-porous composite, due to scattering and slow
photon effects. Twofold enhancement was observed by partial overlap with the red
edge of a stop band. This demonstrates the possibility to enhance the activity and
efficiency of a photocatalyst by independent modification of the structural and
optical properties of materials. No literature studies have reported the
enhancement of reactions relevant to water splitting by overlap of electronic

absorption with the blue edge of a stop band.
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Chapter 1

1.1: Overview

Composite materials in which nanoparticles are homogeneously loaded onto a
support are of interest for a variety of fields including catalysis,’ solar energy,” >
photoelectrochemistry,4 and as sensors.” In this work, an ex situ approach to
composite design is presented based on independent fabrication of an ordered
porous support and ligand-stabilised nanoparticles, which are then combined. The
overall aim of this work is to investigate the effect of an ordered porous photonic
support, which can influence the propagation of light of certain wavelengths within
its structure, on the hydrogen evolution activity of a photocatalyst material loaded

within the pores.

1.1.1: Solar Energy Storage

Increasing concerns over use of fossil fuels as an energy source have led to
widescale research into increasing and optimising our use of renewable energy. Of
the options available, solar energy is an attractive prospect, as it is plentiful, carbon
neutral, and potentially available to all. Global power consumption in 2001 was 13.5
TW, a small fraction of the 120 PW of solar energy received at the earth’s surface.®’
Silicon solar panels can be used to convert the suns energy directly into electricity,
but storage of this energy for later use is problematic, typically achieved in
expensive and inefficient batteries. Alternatively, solar energy can be stored in
chemical bonds, using solar fuels produced by photocatalysis or electrolysis.
Semiconductor photocatalysts have been used for redox transformations to form
solar fuels, due to the ability of the photoexcited state to act simultaneously as a
strong oxidising and reducing agent. This chapter will describe the mechanisms
involved, and give a brief review of methods to improve activities of semiconductor

photocatalysts by structural modification reported in the literature.
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1.1.2: Semiconductor Photocatalysis

1.1.2a: Exciton Formation

Photocatalysis can be used to produce solar fuels, for example hydrogen from
water. Water splitting is an endoenergetic reaction, requiring energy input to break
the O-H bonds and form H-H and O-0O bonds, as shown in Equation 1. By combining
a light absorbing material with catalysts for product formation, the energy needed
for this transformation can be supplied by light, and some of the photon energy is

stored in the chemical bonds of the products.
hv
Equation1  H,0 > H, + %02 AG° = 237.1 kI mol™* (Haynes)?

Semiconductor materials can absorb electromagnetic radiation to form an excited
electron/hole pair, also known as an exciton, which can be used for redox reactions.
The photoelectrochemical splitting of water was first demonstrated in 1972 by
Fujishima and Honda, using a TiO, photoelectrode under UV light irradiation for
oxidation and a platinum electrode for reduction.? Ten years later, powdered Pt
coated TiO, was used as a heterogeneous photocatalyst to split water.? Since these
reports, a variety of oxide and non-oxide materials have been used as

photocatalysts or for fabrication of photoelectrodes.

Contact between any two phases results in an equilibration of the Fermi levels of
the two components. In the case of heterogeneous semiconductor photocatalysis,
solid particles in solution are in contact with reagents in the liquid or gaseous
phase. For micrometer sized particles, equilibration of the Fermi levels causes
excess charge to accumulate on the semiconductor in a space charge region near
the surface. The opposite charge builds up in the solution, creating an electric field,
and resulting in band bending at the semiconductor/liquid interface. On excitation
of a semiconductor with electromagnetic radiation of wavelength equal to or
greater than the band gap (Eg), an electron is promoted from the valence band to
the conduction band, leaving behind a positive hole. The electric field causes
opposite movement of the photoexcited electron and hole. For nanoparticulate

materials, including those studied in this work, the size of the space charge layer is
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comparable to the particle size.? The effect of band bending is reduced, and instead

transport of e /h* pairs is driven by diffusion.™

If the charge carriers reach the surface, redox transformation of adsorbed reagents
can occur. However, thermal and radiative relaxation of e”/h* pairs competes with
this process.!’ Co-catalysts for oxidation and reduction are often employed to trap
holes and electrons respectively, minimising recombination in addition to providing

a surface for reaction. A visual representation of the process is shown in Figure 1.

hv

Energy
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e_ +
: / "
Oxidation =-’VV\-> Reduction s H,
H.O Co-catalyst E,: hv’ Co-catalyst

\
0,<”

g(relaxation)

Semiconductor
Photocatalyst

Figure 1: Schematic of photocatalysis using semiconductor materials. Absorption of
a photon generates an excited e’ /h" pair. Co-catalysts can simultaneously act as
e”/h’ traps to reduce recombination by thermal or radiative relaxation of the excited

state, provide a surface for adsorption, and catalyse redox reactions.

1.1.2b: Band Structure

For a semiconductor to act as a photocatalyst for a redox reaction, the conduction
band (CB) must be at a more negative potential than the reduction potential of the
reaction. This permits donation of an excited electron to the lower energy state to
achieve reduction of the reagent. Similarly, the valence band (VB) must be at a
more positive potential than the oxidation potential of the reaction. This allows
regeneration of the semiconductor by acceptance of an electron transferred during

oxidation of the substrate. In addition, since the oxidation/reduction potentials are

29



Chapter 1

Nernstian, solution pH is important for defining their position versus NHE. For
water, AG® = 237 kJ mol™ which corresponds to an energy of 1.23 eV under
standard conditions. Consequently, the band gap of a semiconductor must be
greater than this value to be used for overall water splitting. For a typical metal
oxide, the top of the valence band consists of oxygen 2p orbitals, and the bottom of
the conduction band is composed of metal d, s or p orbitals. The band positions of
several semiconductors at pH O relative to the potentials for water splitting are
shown in Figure 2. The most active photocatalysts for overall water splitting involve
ions with either d® or d*® electronic states, such as Ti(IV), Ta(V) or Ga(lll).}* Metal
ions with partially filled d subshells tend to have lower photocatalytic activities as
the d electrons are isolated on the metal centre, and may not form an effective
conduction band which prevents recombination. In addition, transition metal
cations with incomplete d shells can act as recombination centres for
photogenerated holes. NiTa,0¢ can show photoactivity for water splitting under UV
light as the Ni(ll) does not act as a recombination centre, however the observed

activity is poor (11 pmol H, h™* g™%).2
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Figure 2: Valence band (black) and conduction band (blue) edge positions of selected
semiconductor materials relative to proton reduction and oxygen oxidation

14-18

potentials. Band positions at pH 0 were obtained from the literature. Unit

increases in pH shift the band position upwards by 59 mV.

1.1.2c: Sacrificial Reagents

Due to the high thermodynamic and kinetic energy cost to drive overall water
splitting, sacrificial reagents, which have lower thermodynamic and kinetic barriers
to reaction, are often used to test water oxidation or proton reduction half
reactions. Using methanol as a sacrificial reagent, holes in the valence band oxidise
methanol instead of water, and excited electrons reduce protons to form hydrogen.

Using AgNO3 or Na,S,05 as a sacrificial reagent, excited electrons reduce Ag* to Ag
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metal or 52082' jons to 5042', and photogenerated holes oxidise water to 02.19
Sacrificial reagents can also be used to prevent photocorrosion of materials. The
reactions involved in these processes will be discussed further in chapter 4 (section

4.1a).

1.1.2d: Visible Light Photocatalysis

Many groups are actively researching improved visible light photocatalysts. For
oxide materials, the top of the valence band consists of O 2p orbitals, and the
bottom of the conduction band metal s or d orbitals, typically leading to wide band
gaps with energies corresponding to UV absorption. Modification of metal oxides by
ion doping can be used to reduce the band gap energy into the visible range. For
example, nitrogen doping in Ta,0s reduces the band gap from 3.9 eV to 2.4 eV in
TaON and 2.1 eV in TasNs.'® As N* ions replace O* in the crystal lattice, N 2p
electronic contributions raise the position of the valence band maximum. The
bottom of the conduction band is fixed as the Ta 5d orbitals, hence the band gap

decreases from the oxide to oxynitride and nitride.”

TaON and TasNs show high oxygen evolution under visible light from sacrificial
AgNO3.* 2> Other examples of anion doped compounds which can produce
hydrogen or oxygen (or both) from sacrificial donors under visible light irradiation
are LaTiO;N, CaTaO;N, and YzTaZOSNz.B'25 The oxysulfide Sm,Ti,S,05 has a band gap
of 2 eV, with a higher valence band position compared to the parent pyrochlore due
to S 3p contributions. Sm,Ti,S,05 shows activity for visible light hydrogen evolution
from sacrificial methanol with Pt as co-catalyst and oxygen from sacrificial AgNO;

with IrO, as co—catalyst.26

Doping of TiO, with nitrogen and other elements has been used to introduce
absorption in the visible region. N-doped TiO, has been used as a photocatalyst for
2-propanol decomposition under UV and visible light irradiation.”’ However, in
many cases the dopant introduces defect states in the band gap which can act as

surfaces for recombination, reducing the quantum efficiency. For example, methyl
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orange and 2-mercaptobenzothiazole can be photodegraded under visible light
using N-doped TiO,, but the photoactivity under UV light is observed to decrease

with increasing N content.?

Cation doping can also be used to modify the band gap of a semiconductor material.
SrTiO3 has a band gap of 3.2 eV and can be used as a photocatalyst under UV light.?
By simultaneous Na(l) and Mo(VI) doping, the conduction band minimum of SrTiO;
is lowered by introduction of Mo 4d character, enabling absorption of visible light.*
Cu(ll) co-catalyst loaded materials showed activity for 2-propanol photodegradation

under visible light.

1.1.2e: Photocatalyst Efficiency

The efficiency of a photocatalyst can be expressed in many ways. Generally, the
useful output of a material (for example product formed or current produced) is
related to the number of photons absorbed by the material. The quantum yield (QY)

of a photocatalyst material is expressed by Equation 2:3132

Number of moles product formed

Equation 2 QY % = x100

Number of moles photons absorbed

The quantum yield of a material varies with the wavelength of light absorbed, and
hence values are often quoted for a specific wavelength range. A related term,
guantum efficiency (QE), is used when the action spectrum of the irradiation source
is not known. The apparent quantum yield (AQY) for water splitting reactions
relates the number of moles H, formed to the incident photon flux.®® For
electrochemical processes the efficiency is often described by the incident photon

to current conversion efficiency (IPCE), as defined by Equation 3:

Number of moles charge carriers collected

Equation3  IPCE % = x100

Number of moles photons absorbed

The efficiency of photoelectrochemical devices discussed below is reported in terms
of the efficiency of fuel formation, which is based on the IPCE but takes into account

the number of electrons involved in the chemical process. For solar cells, efficiency
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is described by the external quantum efficiency (EQE) or internal quantum
efficiency (IQE), which are defined as the probability that an incident photon will
generate an electron which is collected by the cell. For EQE measurements, all light
that enters the cell is considered, whereas for IQE measurements, photons which

are reflected or not absorbed are discounted.

1.1.2f: State of the Art Materials

In powdered photocatalyst materials, the most active material reported for overall
water splitting using UV irradiation is La-doped NaTaOs; with NiO co-catalyst,
exhibiting an apparent quantum vyield of 56 % at 270 nm.** Using sacrificial
reagents, a quantum yield approaching unity has been reported for ZnS (90 % QY,

313 nm) in aqueous Na,SO3 solution under UV Iight.35

For visible light photocatalysis, the oxynitride GaN:ZnO solid solution coated with
Rh,-CryO3 nanoparticles exhibits the highest reported apparent quantum yield for
overall water splitting of 5.9 % at 420 — 440 nm.™® 338 Other oxide photocatalyst
materials that have demonstrated visible light activity for overall water splitting
include Ni-doped InTaO4 with NiO co-catalyst (0.66 % QY, 402 nm),39 and Pt/WO;
coupled to Cr/Ta-doped Pt/SrTiO; (0.1 % QE, 420.7 nm).*® Using sacrificial donors,
much higher efficiencies have been reported, for example PdS-Pt co-catalyst loaded

CdS (93 % QE, 420 nm) in aqueous Na,S/Na,S03 solution.**

1.1.2g: Electrochemistry

Electrochemical methods can be used to evaluate potential semiconductor
materials as photocatalysts. By supporting the material of interest on a conducting
surface, in the absence of light a voltage can be applied to provide energy for
chemical transformations. Redox catalysts are also often required to increase the
reaction kinetics. Development of photoelectrochemical cells for production of solar

fuels is of great interest for future energy applications.
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For a semiconductor based electrode, two main mechanisms exist for product
formation. In a similar fashion to heterogeneous photocatalysis, the semiconductor
can act as both light harvester and catalyst, for example forming hydrogen with
photogenerated electrons on the semiconductor surface and injecting holes into
the electrode to perform oxidation at an external electrode. Alternatively, the
semiconductor can be used as a light harvester, transferring photogenerated charge
carriers into the electrode to provide a current which drives a reaction at an
external electrode, for example formation of H, from H,0 at a platinum working
electrode (Figure 3). Many semiconductors have small electron diffusion lengths
(for example, a-Fe,05),*® which can be an issue for thick film electrodes (> 5 pum),
resulting in recombination of electron hole pairs formed away from the contact.
Nanostructuring of electrodes is of interest to decrease the recombination rate and

enhance the efficiency of devices.

Working /—% ®

Electrode
Gas out
/ Potentiostat
Ag/AgCl Auxiliary
reference electrode
electrode

Gaseous product
evolution

Electrolyte solution

Figure 3: Schematic showing electrochemical setup for solar fuel production.

Transparent conducting oxide (TCO) materials are commonly used electrode
materials for electrochemical testing of semiconductors. Tin-doped indium oxide
(ITO) and fluorine-doped tin oxide (FTO) are two such materials with high electrical

conductivity, and when cast as a thin film, optical transparency. Electrodes can be
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fabricated from thin surface films of TCO materials on silica glass. Due to the
transparency of the materials, rear illumination can be used to photoexcite
materials deposited on the surface. ITO has a lower resistivity and higher free
carrier density than FTO,* but is more expensive due to the comparative scarcity of
indium. FTO is more thermally and chemically robust than ITO, in which leaching of
indium ions is observed at high temperatures. The fabrication of porous FTO
supported semiconductors for use as electrodes will be presented in the following

chapters.

1.1.2h: Electrochemical Devices

Electrochemical devices based on multiple p-n junctions have been used for overall
water splitting. An example from the literature is shown in Figure 4.%% The sj
based triple junction absorbs light to form an excited e /h* pair. The doping in the
triple junction is designed to separate the charges, with holes mediated to the Co
based oxygen evolution catalyst and electrons to the NiMoZn hydrogen evolution

catalyst. Gases are evolved by redox reactions at the surface, as shown in Figure 4a.

stainless

steel

ITO layer 3]n-a-8y OERcalalysl{
l NiMoZn &
Co-OEC \ ) '

catalyst
4H* + O, <>
2H,0

catalyst

Stainless steel

[

HER catalyst { NiMoZn

Figure 4: Example of an electrochemical device for overall water splitting from the
literature. (a) Wireless device operation and (b) layer design of Si based triple

junction. Adapted from Reece et al. and Nocera.* *°
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A similar study was reported previously with a CoMo hydrogen evolution catalyst
and a separate anode coated with NiFe,O, oxygen evolution catalyst.47 Stable
operation was observed over 300 days with 1 M KOH electrolyte (pH 14), with an
efficiency of 7.8 % for hydrogen production. The device shown in Figure 4 has been
run in a wired configuration with the NiMoZn layer on a separate electrode with 7.7
% efficiency for fuel production, operating at pH 7. The configuration without the

wire in Figure 4 exhibits 4.7 % efficiency for fuel production.**

The most efficient device currently reported consists of a monolithic p-
Gapslnp4sP/n-GaAs/p-GaAs electrode with an external Pt counter electrode, which
can achieve an efficiency of 12.4 % for H, production in 3 M HZSO4.48 The
combination of GaAs and GagsylngssP absorbs the entire range of the solar
spectrum. Stable photocurrent of 120 mA cm™ was observed for 20 hours, after

which degradation was observed.

1.1.3: Methods to Improve Photocatalyst Activity

Many attempts have been made to improve the activity of photocatalyst materials
by miniaturisation and nanostructuring. Particle size is an important factor for a
photocatalyst. Semiconductor materials have an intrinsic diffusion length, defined
as the average distance a charge carrier travels before it recombines. This distance
varies depending on the electronic band structure of a specific compound. For
nanoparticles, the reduced dimensions increase the probability that charge carriers
will reach the surface before recombining in comparison to a material of the same
composition with larger particle size. If the charge carriers at the surface can be
extracted, either by redox reactions with adsorbed reagents or via an external

circuit, the recombination rate of the material will be decreased.

Surface area is another important factor for a photocatalyst. Highly efficient charge
transport is irrelevant if recombination occurs at the surface due to limited
adsorption/desorption of species. For nanoparticle materials, higher specific surface

areas are inherent as a function of miniaturisation. Porous materials with high
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surface areas are of great interest for catalysis applications. In addition, porosity
and microstructuring of a material can also influence the propagation of light,
offering enhanced light absorption properties. Interplay of all these effects is often
present in real examples of photocatalyst materials. In this section, literature
examples of photocatalytic activity enhancements by structural modifications will
be analysed. Where available, photocatalytic activity of materials is presented in

units of moles gas per hour, per gram of catalyst.

1.1.3a: Surface Area

Surface area is an important factor to consider for photocatalyst materials.
Increased surface area implies an increased number of active sites for molecules to
adsorb. High surface area photoactive materials can be prepared by loading of
catalyst species into porous supports, or by fabrication of porous photocatalysts.
TiO, loaded MCM-48 shows high activity for H, production from sacrificial aqueous
methanol without the requirement for a co-catalyst. The highest activity observed
was 12.75 mmol h™ g‘1 for a sample with surface area 1146 m? g‘1.49 For
comparison, with a Pt co-catalyst, activity of P25 TiO, has been reported as 16
mmol h™* g‘1 for a surface area of 48 m? g'1.5° Mesoporous silica loaded with
Cu/TiO, shows activity for reduction of CO, to CO (60 pmol h™* g™) and CH,4 (10
pmol h™t g'l) under UV irradiation without a co—catalyst.51 Mesoporous N-doped
TiO, has been used for rhodamine B degradation, showing higher activity as a
function of increasing surface area.>> One dimensional structures such as nanowires
have also shown high activities for photocatalysis due to efficient charge transport,

. . . . 4
light collection and increased surface areas compared to bulk materials.”®>

Zeolites loaded with CdS nanoparticles have been tested for H, production from
sacrificial aqueous ethanol under visible light.>> The order of activity and surface
area of CdS loaded materials was Zeolite-Y (6.6 umol h™, 380 m? g™) > SBA-15 SiO,
(2.7 umol h™}, 351 m? g ™) > Zeolite-L (1.7 umol h™, 122 m? g*). However, the CdS
loadings in these samples were not quantified, and hence the activity enhancement

could be due to differences in adsorption of Cd(ll) in the synthesis steps.
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Comparison between photoactivity of similar composites of this type is not often
made with respect to both nanoparticle loading and surface area. For crystalline
mesoporous La;Ti,O; synthesised by hydrothermal reaction, rates of photocatalytic
hydrogen evolution from agqueous methanol scaled with the sample surface area.
Hydrogen evolution rates were observed to decrease from 209 umol h™' g™ (50 m®
g ™), to 160 pmol h™* g™ (43 m? g%) to 20 pmol h™* g (5 m? g for La,Ti,O;
prepared by solid state reaction (SSR).”® Less crystalline materials exhibited a higher
surface area but lower catalytic activity. Similar influence of crystallinity and surface
area on photodegradation of rhodamine B was observed for mesoporous hollow
shell TiO,.>” High crystallinity is important for photocatalysts, to minimise
concentrations of defect sites and surface states which can act as recombination

centres.®

1.1.3b: Particle Size and Morphology Effects

As mentioned above, nanoparticle-sized materials can be more active as
photocatalysts than larger particles due to the increased surface area and the
decreased distance to the surface for photogenerated charge carriers. Hydrogen
evolution from agqueous methanol was measured for 30 — 50 nm sized and 300 —
500 nm sized TasNs particles modified with Pt co-catalyst, with a rate three times
higher in the smaller particles.59 Other studies have demonstrated a threefold
increase in methylene blue photodegradation using 18 nm TasNs particles in
comparison to 75 nm TasNs particles.60 Enhancements in hydrogen evolution
activity from sacrificial methanol as a function of decreased particle size, and hence
increased surface area, have been observed for SrTiO; and the sodium tungstates
NaTaOs and NazTaZOG.Zg’Gl’ 82 For NaTaOs, comparison was made between samples
prepared by solid state reaction (SSR) and an exotemplating (ET) method, where
particles are grown inside a porous carbon host which is then removed. Crystallite
sizes were measured at 1 — 5 um for SSR and 20 — 25 nm for ET prepared samples,
with corresponding surface areas of 1.4 m? gtand 224 m? g ! respectively. Rates of

hydrogen evolution from sacrificial methanol under UV light were 0.34 mmol h™* g™
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(SSR) and 5.96 mmol h™* g™ (ET), reflecting the increased surface area for reaction
and reduced distance to the surface for smaller particles. Addition of multilayer
reduced graphene oxide and photodeposited gold nanoparticles increased the
hydrogen evolution rate of ET NaTaO; to 13.78 mmol h™ g, due to efficient
electron transfer and hence decreased recombination as confirmed by EPR
studies.®? Enhancement of visible light hydrogen evolution from sacrificial lactic acid
has been demonstrated for Pt/CdS loaded graphene oxide.”® Coupling of light
absorbers with carbon nanotubes to facilitate increased charge separation has also
been used in a variety of studies, including enhancement of photocatalytic

degradation of phenol, 4-nitrophenol and rhodamine B.** ®

Structures consisting of small ridged particles, or nanosteps, have demonstrated
increased activity compared to bulk materials due to efficient charge separation.
SEM images of Pt loaded (Agln)o12ZNn156S; containing nanosteps from the literature
are shown in Figure 5.°° Thermal treatment of Cd(OAc), formed sintered CdO
nanoparticles, which were reacted with H,S gas to form ridged CdS nanoparticles
(100 — 300 nm).*” Pt nanoparticles as co-catalysts were loaded onto the material,
with EDX analysis showing a higher concentration of Pt on the edges of the step in
comparison to the grooves. Photoexcited electrons migrate to the Pt co-catalyst
particles on the edges of the steps and reduce surface adsorbed species, and
photogenerated holes migrate to the grooves, with the close proximity of the two
faces promoting multihole injection for oxidation.>* Stable hydrogen production
from sulfide/sulfite sacrificial donors was observed, at an increased rate of 5.4
mmol h™* g'1 in comparison to 2.1 mmol h™t g‘1 for non-structured CdS formed by
precipitation methods.®” The apparent quantum yield at 420 nm was also increased
from 11.7 % to 24.1 % for the nanostep structures. The improved activity is
explained by the physical separation of the oxidation and reduction surfaces,
decreasing the recombination rate of excitons. (Agln)o2:ZNn156S; with Pt co-catalyst
(Figure 5) shows a rate of H, production of 3.15 mmol h™ g™* from sulfide/sulfite
sacrificial donors and a quantum yield of 20 % at 420 nm, similarly attributed to
nanostep structuring.66 Nanosteps were observed in 2 % La-doped NaTaOs;, in

addition to a decreased particle size relative to bulk NaTaO3 by the same synthesis.
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The materials were active for overall water splitting with a rate of hydrogen
evolution from pure water of 0.45 mmol ht g_1 for La-doped NaTaO3 compared to
0.17 mmol h™ g™ for NaTaOs. Stoichiometric oxygen evolution was also measured.
NiO co-catalyst deposition was observed preferentially on the step edges. With 0.2
weight % NiO loading, NaTaOs:La produced hydrogen at a rate of 19.8 mmol h™' g™,
compared to 2.18 mmol h™ g_1 for 0.05 weight % NiO loaded NaTa03.**

t cocatalysts

\The edge of
nanostep

Figure 5: Literature SEM images of (a) uncoated (Agin)o.22Zn1.56S> and (b) Pt loaded
(Agin)o.22Zn1 56S5. Pt is deposited preferentially on the edges of the steps. Adapted

from Tsuji et al.®®

Bulk CdSe is inactive for photocatalytic hydrogen production in water and sacrificial
ethanol donors due to poor band alignment between the valence band, conduction
band and redox potential:;.68 1.4 nm thick CdSe nanoribbons have been fabricated,
with an increased band gap of 2.7 eV compared to 1.7 eV in the bulk due to
guantum confinement. The nanoribbons can produce hydrogen from water,
sacrificial methanol solutions, and sacrificial sulfite/sulfide solutions under UV light.
Using visible light, a hydrogen evolution rate of 0.4 mmol ht g_1 and apparent
guantum efficiency of 13.4 % from 400 — 500 nm was observed from sacrificial
sulfite/sulfide solutions.”® CdSe quantum dots have also been used for
photocatalytic hydrogen production from sulfite solutions. Activity decreased with
increasing particle size from 1.75 to 3.05 nm, and for particles greater than 3.05 nm
no activity was observed due to the decreased band gap. As the band gap widens
the thermodynamic potential of excitons and hence electron transfer rate are
increased, correlating with the higher activity observed for smaller particles.7°’ &

Mixtures of Pt loaded 3 nm mesoporous CdS particles and hollow CdS nanorods
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have shown a hydrogen evolution rate of 27.3 mmol h™ g™ from sacrificial
sulfide/sulfite solutions, with an apparent quantum vyield of 60.34 % at 420 nm.”?
The catalysts show a high surface area of 112.8 m® g™}, and the decreased distance
to the surface for photogenerated charge carriers due to the nanoparticle size can
reduce the recombination rate, contributing to the high efficiency of the material. In
comparison, for a bulk CdS powder with surface area 0.26 m? g_l, the quantum yield
for photocatalysis with a Pt co-catalyst from sulfide/sulfite solutions has been

reported as 25 % at 450 nm.”

1.1.3c: Layered Materials

Intrinsically layered structures can show high activity for photocatalysis due to the
nanometre-scale separation of the structural moieties, which provides good contact
for electron transfer, and efficient exciton transfer to the surface. Layered titanate
nanosheets (Hoe7Ti1.8304) With interlayer CdS have been used as photocatalysts for
hydrogen production from sulfide/sulfite sacrificial donors, with the most active
sample producing 1.02 mmol h™t g'1 without a co-catalyst under visible light.
Photoluminescence of CdS within the composites was observed to decrease to 5.3
% of the intensity of as prepared QDs, suggesting efficient charge transfer within
the material and a reduced recombination rate for excitons.”* InFeO3(ZnO),, oxides
have shown photocatalytic hydrogen evolution activity from aqueous methanol

with a rate of 19.5 mmol h™* g™*.*®

The high rate is attributed to spatial charge
separation within the structures, which consist of edge sharing InO¢ octahedra
separated by a string of Fe and Zn occupied trigonal bypyrimidal and tetrahedral
sites, with an increased separation of In layers as m increases. The band gap also
increases with m, from 2.85 eV (n = 1) to 3.02 eV (n = 4). InFe03(Zn0); showed the
highest stable activity, due to interplay of the increased band gap (2.97 eV) in

comparison to n = 1 and the decreased distance of exciton travel from the Zn/Fe

layer to the In layers compared to n = 4.

Layered perovskites with general formula A(M,-;Nb,03,+1), (A = alkali metal and M =

La, Ca, Sr) are highly active for photocatalytic hydrogen evolution from aqueous
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methanol.”>’® For H* exchanged KSr,NbsO;9, hydrogen is evolved at a rate of 8.9
mmol h™ g_l, which can be increased to 43 mmol h™ g_1 by loading 0.1 weight % Pt
as co-catalyst.”® Migration of water and methanol into the interlayer spaces
expands the sheet separation, and provides close contact between the generated
excitons and reagents. Ni loaded K,La,Ti301 has been used as a photocatalyst for H,
and O, generation in aqueous KOH.”’ Activity of 2.19 mmol ht g_1 H, and 1.13
mmol h™ g™ 0, was observed for a sample with surface area 5 m? g}, and
approximately half these values for a sample with 3 m? g™*. Samples with higher
surface area showed lower activity, however differences in crystallinity and

morphology were observed.

1.1.3d: Light Collection

Enhancement of light collection and absorption is of great importance in solar
devices. By increasing exciton formation a higher quantity of product can be
formed. Reflective Ag back contacts and deposited light scattering Al,O3
nanoparticles on silicon nanowires have been used to demonstrate a
photoelectrochemical cell with 90 % internal quantum efficiency from 400 — 900
nm.”® Reflective surfaces have also been employed to increase the efficiency of dye

sensitised solar cells (DSSCs).” &

Surface Plasmon Resonance (SPR) effects can have an influence on the light
absorption of a photocatalyst.2* Metal nanoparticles dispersed on the surface, most
commonly gold, absorb electromagnetic radiation causing resonance of electrons
and generation of an electric field at the surface. Enhancement of activity for
photocatalysis is explained in the literature either by injection of excited electrons
into the conduction band, or by enhanced exciton formation in strong local electric
fields at the surface.®? Au/TiO, composites have shown visible light hydrogen
evolution from sacrificial methanol of 1.32 mmol h™ g™, due to electron injection
from Au to TiO,.2% Under simulated solar irradiation, 2 weight % Au/TiO, composites
have shown hydrogen evolution of 7.2 mmol h™ g™ from 1 % methanol, in

comparison to 1.08 mmol h™* g™ for 0.3 weight % Pt/TiO, from 25 % methanol, but
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differences in methanol concentration and co-catalyst loading and identity cloud
the SPR effect.? Au@SiO, core shell nanoparticles have been used to increase the
IPCE of BiVO,*> and the photocatalytic hydrogen evolution of CdS from 2-

propanol.86

Periodic 1D, 2D or 3D structures can influence the propagation and velocity of
electromagnetic radiation (Figure 6). In photonic crystals (PCs), modular variation in
refractive index within the structure can be exploited to trap light and increase
absorption to enhance the efficiency compared to an equivalent non-photonic
structure. In addition, the microstructuring involved bestows an inherent increased
surface area in comparison to a bulk material. Photonic crystals have been used to

87-89

enhance the efficiency of solid DSSCs. Photonic crystal based photocatalysts are

the focus of this work, and will be described in more detail in the following section.

Figure 6: Examples of the effect of dimensionality in structures on light propagation.

Photons of green light are reflected from photonic crystal planes within the

structures. (a) 1D sheets, (b) 2D rods and (c) 3D opaline sphere arrays.

1.1.4: Photonic crystals

Three-dimensionally ordered macroporous (3DOM) materials can exhibit photonic
properties, in which interaction of the material with certain frequencies of light is
modified. These effects can be used to increase the efficiency of a photocatalyst.

The following section presents a brief overview of the relevant theory, and a review
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of literature examples incorporating photonic structures to achieve enhancements

of photochemical and photoelectrochemical device activities.

1.1.4a: Photonic Effects

Photonic crystal materials can be observed to reflect light of certain wavelengths by

%031 These materials consist of an ordered structure, comprising a

Bragg diffraction.
regular array of objects of similar dimension to the wavelength of light of interest.
Structures can include arrangements of rods or spheres or their inverse porous
structures. A criterion for photonic behaviour is that there must be a difference in
refractive index between at least two materials that comprise the photonic
structure. In these materials, photonic behaviour prevents the propagation of
certain light wavelengths within the structure, which are reflected if the source of
illumination is external. Figure 7 shows a schematic of this reflection for the (111)
planes in an opaline structure. The wavelengths of light reflected typically range
over regions of around 20 — 100 nm known as photonic stop bands. In the case of
3DOM materials, the high refractive index walls and empty or solvent filled pores
form a photonic crystal lattice. The (111) and (220) planes of 3DOM photonic
crystals are shown in Figure 8. For most materials, partial photon reflection is
observed due to imperfections in the photonic crystal lattice and because complete

reflection within a 3DOM structure requires a refractive index ratio greater than 3.3

for the components of the lattice.
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Figure 7: (a) Visualisation of adjacent (111) planes in an opaline sphere array, across
multiple unit cells. (b) Bragg diffraction of electromagnetic radiation from lattice
planes. Lattice points can be atoms (X-ray diffraction) or colloidal crystal

spheres/3DOM walls (reflection from photonic materials).

of Magn et WD Exp - n F Acc V r)f Magn Dot WD Exp
5.00 kv 30 20000x TLD 49 1 %5.00 KV 3.0 40000x_TLD 6.0 |
T E " - -~ AT

Figure 8: SEM images of 3DOM materials showing (a) 3DOM SiO, (220) planes and
(b) 3BDOM FTO (111) planes. Yellow circle represents a window between adjacent

pores, red circle represents the pore size.

For a 3DOM semiconductor, or a 3DOM material containing semiconductor particles
homogeneously loaded on the pore surface, overlap of the photonic stop band with
the band gap can modify the absorption and emission properties of the
semiconductor. If the band gap energy of the semiconductor coincides with the
position of the photonic stop band, e”/h* recombination can be inhibited. This
effect is shown schematically in Figure 9. Propagation of light of energy equal to the
band gap is forbidden within the photonic crystal (Figure 9a). Absorption of photons

with greater energy than the band gap excites an electron to the middle of the
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conduction band. After relaxation to the conduction band minimum, further
radiative relaxation by band gap emission is suppressed by the photonic structure.
Excited state lifetime enhancement from 2.8 ms to 4 ms has been reported in
Tb(lll)-doped LaF; nanoparticle loaded 3DOM SiO, by overlap of the emission band
and photonic stop band.?> 3DOM materials can also exhibit multiple light scattering
effects, increasing the effective absorption of light in comparison to non-photonic

materials.” Light trapping effects in 3DOM materials can lead to increased quantum

efficiencies for photocatalysis.

Semiconductor Nanoparticle

White Light
Irradiation

StopBand
Reflection

3DOM Support

Photonic

Stop Band Semiconductor

Photonic Nanoparticles

Crystal
<«—— Absorption Edge

Absorbance (A.U.)
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Figure 9: (a) Schematic showing inhibition of spontaneous e /h* recombination for
semiconductor nanoparticles embedded in photonic crystals. Coloured lines
represent approximate photon energies. The photonic stop band inhibits
propagation of certain wavelengths within the structure. (b) Example UV-Vis
absorbance spectra for the nanoparticle material and 3DOM support. Squares

represent regions of slow photons at the red and blue edge of the stop band.

In addition to light trapping, the effective absorption of photons by the
semiconductor can be increased by a photonic crystal. Photons of energy directly
above and below the stop band positions in a photonic structure have their group
velocity slowed within the lattice. The wavelengths affected are commonly referred
to as slow photons. The effective path length of slow photons is increased, hence

for a semiconductor material with band gap energy on the red or blue edge of the
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photonic stop band, increased photon absorption is predicted.’® * Practically,
broad stop bands would be advantageous for slowing a greater range of
wavelengths, and this has been demonstrated for the photocatalytic degradation of

methylene blue using photonic TiO,.*

Light at the edges of the photonic band gap can be described as a standing wave.””
% At the red edge of the stop band, the wave maxima are localised in the walls, and
the nodes in the voids. At the blue edge of the stop band, the wave maxima are
localised in the voids. For effective enhancement of devices using slow photons at
the edge of a stop band, the physical position of the light absorbing material within
the photonic structure should be located to match the maximum intensity of the

wave. This concept will be discussed further in chapter 4 (section 4.2.2b).

1.1.4b: Definition of Stop Band Positions

Bragg diffraction of electromagnetic radiation from the photonic crystal lattice
shows stop bands corresponding to diffraction from different lattice planes, by the
same principles as X-ray diffraction from an atomic lattice (Figure 7). For an
oriented photonic crystal material, for example a thin film in which a specific crystal
plane is grown normal to the surface, a singular stop band is observed. The position
of the photonic stop band maximum (A) has an angular dependence as defined by

Equation 4:

2d

Equation 4 1 = mh"l\/na,,g2 — sin2 6

Where n, is the average refractive index of the walls and voids, 6 is the angle of
irradiation, m is the order of Bragg diffraction and dy is the separation of the lattice
planes. The Miller indices h, k and | define the crystal planes within the photonic
crystal lattice. As 8 - 90, sin 6 - 1 and hence the value of the square root term
decreases. The effect of this is to blue shift the stop band position. As an example,
230 nm polystyrene films show a blue shift in stop band from 570 nm to 450 nm
when the angle of the reflectance probe to the surface is changed from 0 ° (surface
5 o.lOO

normal) to 7 For a powdered photonic crystal, a random assortment of crystal
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planes can be present. Multiple photonic stop bands are observed if reflection from
more than one of these crystal planes is constructive. Due to the random
orientation of the crystal planes, the angular dependence of the stop band positions

is relaxed, as defined by Equation 5:

Equation 5 1 = fol"’ [Pnwau + (1 — PINyoiql

Where ¢ is the filling factor of the walls and n is the refractive index of the material
composing the walls and void spaces. In opaline sphere arrays, a face centred cubic
(FCC) arrangement of particles is observed. A 3DOM material shows the inverse of
the opal structure, consisting of an FCC arrangement of air spheres encapsulated by
the wall material. In an FCC lattice, only crystal planes consisting of all even or all
odd h, k and | values show constructive interference of electromagnetic radiation,
and hence a reflection.’® Diffraction from the (1112), (200), (220) and (311) planes
are expected to produce stop bands in polycrystalline materials.” Equation 6 and
Equation 7 relate the lattice plane separation to the unit cell parameter a and the
periodicity of the photonic crystal lattice, D. In 3DOM materials, the periodicity of

the structure is described by the pore size and wall thickness.

a

Equation 6  dpy = Fomps

i - 4
Equation7 D = 7%

For a material of given refractive index, stop band positions can be controlled by
varying the size of the pores and wall density. Of these, pore size is significantly
easier to modify than wall thickness, and hence is the most common method for
stop band modification. Stop band positions can be determined by diffuse
reflectance UV visible spectroscopy (DRUVS). For a 3DOM heterogeneous
photocatalyst in solution, the voids are filled with liquid which will typically have a
refractive index greater than air (1.00029), resulting in a red shift of the stop band
position. Measurement of the position of stop bands when the voids are filled with

solvent is an important characterisation step in 3DOM photocatalyst design.
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1.1.4c: Quantum Dot Emission Modification in Photonic Crystals

Inhibition and enhancement of spontaneous emission of CdTe quantum dots within
3DOM ZnO has been demonstrated as a function of the stop band energy (Figure
10).1% A composite consisting of 3DOM ZnO was loaded with CdTe by atomic layer
deposition (ALD), followed by growth of ZnO overlayers. Variation in the thickness

of the overlayers was used to modify the position of the stop band.

Compared to a crushed photonic sample, photoluminescence was compared for
samples with stop band positions centred on and at either side of the CdTe
emission. The effect of the photonic structure is observed in Figure 10c. For the
photonic samples, photoluminescence (PL) enhancement is observed compared to
the crushed sample at the edges of the stop band due to slow photons.
Enhancements of magnitude around 1.2 are observed due to slow photons at the
red edge (left hand side) of the stop band, compared to 1.4 times enhancement at
the blue edge (right hand side). In the centre of the stop band, the PL signal is
reduced due to suppression of emission by the photonic crystal lattice, to around
0.6 — 0.7 times the intensity of the band in the crushed sample. Simultaneous
inhibition and enhancement of emission has also been shown for CdS,103 CdTe,104

ZnS*® and ZnS:Mn*® in opal structures.
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Figure 10: Literature photoluminescence spectra for ZnO/CdTe composites. Ordinate
axis represents lattice parameter a/wavelength A. From left to right, reflectance
spectra (a) show red shift in the stop band position on increasing ZnO overlayer. (b)
Photoluminescence (PL) trace (solid line) compared to crushed sample (dashed line).

(c) Ratio of PL of sample to crushed sample. Adapted from Garcia et al.'*

The IPCE of CdS loaded 3DOM TiO, films on FTO glass electrodes has been studied
as a function of the overlap between photonic stop bands and CdS emission.
Maximum enhancements of IPCE by a factor of 4.7 were observed when the blue
edge of the photonic stop band overlapped with the emission band, attributed to
slow photon effects, compared to a factor of 1.8 for red edge overlap.”®

Modification of the excited state lifetimes of CdS quantum dots has also been

observed within 3DOM TiO, due to the photonic structure.™®’

It should be noted that the emission suppression observed in all of these examples
is achieved using a pseudo photonic band gap, in which complete reflection is not
observed. The emission intensity depends on the angle of measurement in
accordance with Equation 4. Improved emission suppression could be achieved with
a full 3D photonic band gap which fully overlaps the photoluminescence band, but a
3DOM sample that displays this would require a refractive index contrast of 3.3 and
a fill factor of 22.4 % in a 3DOM structure.’®® The emission lifetime of PbS quantum
dots has been increased by a factor of 10 in a silicon inverse woodpile structure

1 .. . . .
% Non-radiative recombination can still

with a full 3D photonic band gap at 1.4 um.
contribute to photon loss. To the best of our knowledge, complete photonic band

gap 3DOM materials have not yet been coupled with light emitters in the visible
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region. High fill factor 3DOM GaP (n = 3.42 at 560 nm)™® has been prepared by
atomic layer deposition (ALD), and is calculated to have a full photonic band gap at
726 nm.™ TiO, woodpile structures with a full 3D photonic band centred on 701

nm have also been fabricated.*?

1.1.5: 3DOM Photocatalysts

1.1.5a: Photochemistry

TiO, is a commonly studied material in 3DOM photocatalysis. Photocatalytic activity
of Pt loaded 3DOM TiO, has been evaluated as a function of the photonic stop band
position. Enhanced hydrogen evolution and quantum vyields from sacrificial aqueous
methanol were reported for samples with overlap of TiO, absorption and (111) stop
band position (247 umol h™, QY = 11.9 %) compared to samples with overlap of
TiO, absorption and (220) stop band positions, (128 pmol h™ g™, QY = 6.2 %) and
nanocrystalline TiO, (99 pmol h™ g'l, QY = 4.8 %), attributed to slow photon effects
and multiple scattering in the 3DOM materials.'*> However, the reflectance spectra
in this study do not indicate they were measured with solvent filled voids, and
hence the position of the stop band may be shifted in the photocatalytic medium.
The difference in activity observed could be due to variation in the loading of the
platinum co-catalyst. Ag loaded 3DOM TiO; has shown a 1.25 times enhancement in
methylene blue degradation in comparison to a disordered porous analogue.114
Porous photonic TiO, spheres have also been used for methylene blue
photodegradation, showing increased degradation rate constants (0.0685 min~Y) in

comparison to P25 (0.0413 min!) due to slow photon effects.™™

The photocatalytic
degradation of acid orange has been enhanced 4x in comparison to nanoparticle
films using Pt loaded 3DOM TiO,, due to slow photon effects and co-catalyst
mediation of e’/h* pairs.”® Enhancement in photocatalytic efficiency due to slow
photon effects have also been reported in mesoporous walled 3DOM Ti-Si oxide
photonic crystal films for the degradation of rhodamine B,'** and 3DOM TiO, films
surface coated by poly(3-hexylthiophene) for methylene blue degradation under

visible light.**’
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Modification of fill factors and the angle of irradiance have been used to influence
photocatalysis in 3DOM films. 3DOM TiO, dispersions were tested for degradation
of aqueous methylene blue to evaluate the slow photon effect in solution.'*®
Observed decay rate constants were improved from nanocrystal TiO; (6.63 min~*
m?) to 3DOM TiO, (11.3 min~' m?). By seeded TiO, growth from TiF¢>, the wall
filling factor was increased, and the rate constant was increased to 15.9 min~! m?.
The enhancements in activity in the 3DOM materials are attributed to slow photon
effects, which are postulated to be increased for a higher filling fraction, however
the corresponding shift in stop band position will also affect the overlap with the
electronic absorption of TiO,. 3DOM TiO, films have been studied as a photocatalyst
for the degradation of methylene blue using monochromatic radiation (A = 370 nm).
Compared to TiO, nanocrystals, samples with a stop band centred on the
illumination wavelength showed a decreased photodegradation rate at normal
irradiation angle (0.85 times), due to restricted propagation of light within the
photonic crystal. Variation of irradiance angle was used to blue shift the stop band
such that the extent of overlap of the electronic absorption with the red edge of the
stop band is adjusted, resulting in rate constant enhancements of 1.4 (10 °) and 2.4
(20 °). For samples in which slow photon effects were observed at normal incidence,
the rate constant enhancements were reduced from 1.9 (surface normal) to 1.35

(10 °) and 1.25 (20 °) due to reduced overlap with the red edge of the stop band.*

3DOM Pt coated with TiO, has been used to photodegrade aqueous phenol. A
conversion activity of 98.1 % over 4 hours was observed where slow photon
wavelengths on the red edge of the stop band coincided with TiO, absorption,
compared with 95 % for samples with non-optimised stop band overlap and 90 %

°® 3DOM ZnO has demonstrated enhanced

for a non-photonic analogue.™
photocatalytic degradation of methyl orange in comparison to disordered porous

. 12
and nanocrystal films.**

Bi,WOg infiltrated SiO, opal arrays have been used for photodegradation of
rhodamine B and phenol, showing enhanced activity in comparison to pure Bi,WOg
under visible Iight.121 3DOM Bi,WOg films have also been used for methylene blue

photodegradation. A maximum of 95 % degradation in 2 hours was observed using
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a 55 ° angle of irradiance, compared to 83 % degradation at 30 ° and 63 % for a
nanocrystal film.'* 3pOM Ta,O0s, TaON and TasNs have also been studied as
photocatalysts for H, evolution from aqueous methanol. 3DOM TaON showed an
enhanced H; evolution rate (212.5 umol h™t g_l) in comparison to the bulk material
(30 umol h™* g™), attributed to a mixed phase composition of B/y-TaON in the

porous material.}?

The rate of photoisomerisation of azobenzene has been studied in 3DOM SiO,.
Enhancements due to slow light at the edges of the stop bands were studied as a
function of the thickness of the 3DOM layer. An increased rate was observed up to
1.35 times at the blue edge of the stop band with 27 layers of pores. On further
increasing the thickness of the layer, the enhancement factor remained constant,

attributed to scattering within the photonic crystal.124

1.1.5b: Photoelectrochemistry

Thin film photonic crystal arrays deposited on surfaces are of interest due to
potential enhancement of activity of devices in numerous fields, including optics,
electrochemistry, and solar fuel production.87’ 97, 125127 3pOM TiO, films on FTO
glass infiltrated with CdS have been studied as photoelectrodes. Three pore sizes
were investigated, with a maximum photocurrent of 4.84 mA cm™ observed for a
material with 288 nm diameter pores under simulated sunlight, with activity
differences between samples attributed to the variation in surface area.'”®
Architectures based on TiO, photonic crystals have been used to produce a device
which can generate a photocurrent of 6.2 mA cm™ at 0 V vs. Ag/AgCl, with 60 %
IPCE at 460 nm. Electrodes consisted of ZnO nanowires grown in 3DOM TiO,,
sensitised with CdS QDs. The high efficiency was attributed to visible light scattering
by the 3DOM structure.’® Enhanced photocurrents have also been observed in
3DOM Ti0,/Zn0 nanowire arrays in comparison to ZnO and 3DOM Ti0,.*° Reduced
TiO, nanotube/3DOM TiO, film composites have shown photocurrents of 2.5 mA
cm2 at 1.23 V vs. RHE and an IPCE of 79 % at 350 nm."®! CdSe sensitised hybrid

mesoporous/photonic crystal TiO, composite electrodes have shown high
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photocurrents (14.2 mA cm2at 0.5V vs. Ag/AgCl) under visible light, and increased
IPCE at 575 nm (70.1 %) in comparison to CdSe/P25 (43.7 %).13?

Disordered 3DOM antimony doped tin oxide (ATO) films as electrodes have been
fabricated on FTO glass surfaces. The electrochemical activity of Fe,03/3DOM ATO
electrodes for water oxidation in the absence of light was compared to 3DOM Fe,03
films, 3DOM ATO and 2D equivalents. Planar Fe,0s films showed increased currents
(11.7 mA cm™ at 2 V vs. RHE) in comparison to 3DOM Fe,0; (8.7 mA cm™2at 2 V vs.
RHE), due to poor charge transport in the porous material. The Fe,03/3DOM ATO
showed a higher current (31.7 mA cm™ at 2 V vs. RHE) and earlier onset potential in
comparison to Fe,0s/planar ATO (20.8 mA cm™2 at 2 V vs. RHE). The enhancements
were attributed to light trapping effects of the porous film, increased surface area,
and efficient charge transport through the conducting pore network.'?® Other
studies have also demonstrated 3DOM a-Fe,03; photoelectrodes for water
oxidation, showing an earlier onset, increased photocurrent (3.1 mA cm™ at 0.5 V

vs. Ag/AgCl) and higher IPCE in comparison to planar films. 1?3

3DOM BiVO, films with controlled pore and window sizes have been used as
photoelectrodes. All 3DOM electrodes showed an increased photocurrent in
comparison to a non-ordered reference sample (0.3 mA cm™? at 1.2 V vs. Ag/AgCl),
with a maximum of 1.35 mA cm™2 at 1.2 V vs. Ag/AgCl observed for a material with
180 nm pores. The effect of window size between adjacent pores was studied.
Enhanced charge migration throughout the structure, and hence increased
photocurrents were observed with smaller windows due to increased available

surface area for reaction.™*

The photocurrent of disordered porous and 3DOM WOs; films has been studied with
respect to the stop band position. By alignment of the red edge of a stop band and
WO;3 absorption, observed photocurrents under UV and visible light were doubled
in comparison to disordered porous WOs3 films due to the slow photon effect. IPCE
values from 300 — 420 nm were also enhanced by 0.1 — 0.15 in the 3DOM

125

samples.””> Photoelectrochemical water splitting over 3DOM Bi,WOg films has been

demonstrated, showing a photon-to-hydrogen efficiency three times higher (0.13
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%) than for nanocrystal Bi,WOg films due to enhanced light penetration. Evolved
gases at a rate of 4.5 umol h™ cm™ (H,) and 1.7 pmol h™ cm™ (0,) were observed,
with slightly lower O, yield than stoichiometry would suggest due to adsorption at

the electrode.??

1.1.5c: Coupling of Plasmonics with Photonic Crystals

Photonic FTO nanocone arrays have been demonstrated as photoelectrodes.
Photocurrents for Ti-doped Fe,03 coated FTO increased from 1.2 mA cm™, to 2.24
mA c¢cm™ and 2.78 mA cm™ for planar, 3D, and Au NP coated 3D electrodes
respectively. Overall power conversion efficiency of 0.7 % at 0.88 V vs. RHE and
photocurrent density of 3.39 mA cm™ were observed on further addition of a Co-Pi
co—catalyst.4 Coupling of SPR and slow light effects to enhance efficiency has also
been used in Ag/3DOM TiO, and Ag/3DOM TiO,/nanorod TiO, composites.’*> **® In
the latter, photoelectrochemical water splitting to hydrogen (20 umol h™!) and
oxygen (10 pumol h™) is observed, with a twofold enhancement in IPCE from 450 —

580 nm due to red edge slow photons.

CdS@Au core loaded 3DOM WO3; composites have been tested for photocatalytic
water splitting. Slow photons at the red edge of the stop band contributed to a 1.5
times enhancement in O, evolution (18.2 pmol h™") from sacrificial aqueous AgNO;
for 3DOM WO3; in comparison to crushed 3DOM WOs;. With the addition of CAS@Au
nanoparticles, gas evolution rates of 32 umol h™ (H,) and 42 pmol h™ (0,) were
observed from sacrificial aqueous sulfide/sulfite and AgNO;s respectively, in

comparison to 20 umol h™ (H,) and 26 umol h™ (0,) for crushed samples.*?’

Photocatalytic decomposition of 2-propanol has been demonstrated over photonic
Au/hollow TiO, nanosphere (Au/TiO,-3DHNS) composites. Enhanced CO, evolution
under polychromatic visible light was observed for Au/TiO,-3DHNS samples (0.73
umol h™) compared to a crushed sample (0.17 umol h™) and non-ordered Au/TiO,-
HNS (0.24 umol h™*) of similar surface areas due to slow photon effects. Under

monochromatic UV light (A = 365 nm), CO, evolution rate of Au/TiO,-3DHNS (9.4
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umol h™") was higher than the crushed sample (4.3 umol h™) and Au/TiO»-HNS (6.7
pmol h™!). Slow photon effects were not observed at this wavelength, hence the
enhancement in activity was attributed to multiple light scattering effects in the

porous materials.”®

1.1.6: Summary of Photocatalytic Activity Enhancements by Structural

Modification

Direct comparison between the numerous literature reports of photocatalyst
materials in the literature is difficult due to the multiple definitions of efficiency
presented. In addition, the active mass of photocatalyst is not always specified,
complicating comparison of product formation rates. However, an overarching
theme towards efficiency enhancement by miniaturisation of components in
devices can be seen. Numerous methods for enhancing the activity of materials are
reported, and the observed enhancement factors vary greatly with the structuring
of the material. In particular, a desired photocatalyst material would contain
nanoparticle light absorbers, exhibit high surface area, and contain structural
moieties that can influence the propagation of photons within the material to

enhance absorption of light.

The aim of this work was to fabricate composite photocatalyst materials with these
properties. 3DOM semiconductor materials have been shown to exhibit
photoluminescence emission modification, enhanced photocurrents and IPCE, and
enhancements in degradation rates of organic materials due to the photonic
structure. In terms of photocatalytic hydrogen evolution, very few literature reports

have studied the activity of 3DOM semiconductor materials.*** **’

Synthetic requirements restrict the formation of 3DOM semiconductors mostly to
simple binary oxide materials, with some examples of ternary materials.B** 13
Instead, the fabrication of composites consisting of nanoparticle photocatalysts
deposited within photochemically inert 3DOM materials with intense stop bands

was targeted. The main aim of the project was to evaluate the activity of these
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composites for photocatalytic hydrogen evolution. The decreased distance to the
surface for photogenerated charge carriers in nanoparticle materials combined with
the effects of the photonic structure should effectively enhance the rate of
photocatalysis. In addition, the confinement of photocatalyst species to the surface
would reduce the amount of active material required in comparison to a 3DOM

photocatalyst.

To ensure retention of the photonic structure on addition of nanoparticles,
deposition must be homogeneous throughout the pores. In the following section, a
brief literature review of techniques for deposition of nanoparticles will be
presented. The relative strengths and weaknesses of each method will be
considered, along with examples of their application for nanoparticle deposition in

porous materials.

1.1.7: Techniques for Nanoparticle Deposition

1.1.7a: Chemical Bath Impregnation

The simplest and most commonly used method for deposition of nanoparticles is
the chemical bath technique. A support is soaked in a precursor solution, for
example metal nitrates or sulfates, allowing adsorption of metal ions on the surface.
The sample is then removed, or the solution heated to evaporation. Depending on
the material of interest, the sample may then be calcined to form the
thermodynamically favoured oxide material, or placed in a second bath containing
another precursor in a technique often referred to as successive ionic layer
adsorption and reaction (SILAR). In some cases, multiple layers are built up by

repeated dip/drying of the substrate.

Chemical bath techniques are often used for deposition of planar films on oxide
surfaces, for example ZnO,139 Co-doped CuO,MO BivO,,**! and cdse.'* Chemical
bath methods have also been used for deposition of CoO and Co304 on LaTiOZN,143
and Co(OH)y species on TasNs,'* showing the method is applicable to oxynitride

and nitride materials in addition to oxides.
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As examples in porous materials, Ag nanoparticles have been deposited in 3DOM
TiO, films by the chemical bath method. Deposition of 5 — 10 nm particles was

achieved by evaporation of aqueous AgNOs solutions containing ethanol at 50 °C for

114

5 hours.”™™ The photonic stop band intensity drops on nanoparticle loading,

accompanied by a slight red shift in the position as predicted by Equation 5. Au
nanoparticles have also been deposited on 3DOM TiO, photonic crystals films by
sequential dipping in aqueous HAuCl; and ethanol solutions,® or by hydrothermal
methods.”®> Example TEM images from these literature works are displayed in

114,136

Figure 11. SILAR techniques have been used to coat TiO; films, nanotubes and

3DOM TiO, with CdS, building up multiple layers by sequential dipping in solutions

128, 145

of cadmium acetate and sodium sulfide. The same approach has been used

for deposition of CdS in the pore spaces of aluminosilicate zeolites.>

5000

Figure 11: Literature TEM images of 3DOM TiO, supported nanoparticles deposited
by the chemical bath technique. (a) Ag loaded 3DOM TiO, and (b) Au loaded 3DOM

TiO,. Adapted from Zhao et al. and Zhang et al.*** 3¢

Chemical bath techniques are simple, and have been applied to deposit a wide
variety of materials on planar, porous, and particulate surfaces. While versatile,
control of the crystal phase of the particles formed is difficult, and the orientation
of crystal planes is often dictated by the support. Direct control over the particle
size is not possible, but can be influenced by the chemical composition and
concentration of the precursor. In addition, aggregation of nanoparticles is

unavoidable in some systems, and non-uniform adsorption of the precursor can

59



Chapter 1

cause local variation in concentrations within the system. Adsorption of single to
multiple monolayers of metal salt by repeated immersion/withdrawal of the

substrate from solution can avoid these problems in some cases.

1.1.7b: Photodeposition

Nanoparticle deposition can be achieved by irradiating metal containing solutions
(photodeposition). Typically used for deposition of metals on semiconductor
materials, a high intensity light source is used to irradiate suspensions of metal salts
in the presence of a support. Metal nanoparticles are formed by reduction of the
metal salt by photoexcited electrons. An electron donor, such as acetic acid, is often
present to prevent re-oxidation of the deposited metal species by the photoexcited
holes. This technique is commonly used in situ to deposit co-catalysts for
photocatalytic reactions by measuring gas evolution from an illuminated aqueous
solution of sacrificial electron donor and photocatalyst in the presence of a metal

precursor.

There are many literature examples of photodeposited metal nanoparticles. Well
dispersed Pt nanoparticles around 2 nm in size can be deposited on CdS from an
aqueous solution containing H,PtClg and acetic acid.'*® Using the same precursor, Pt
nanoparticles have also been deposited on oxides, for example TiO,,'* and nitrides,
for example Ta3N5.148 Nanoparticles of Pt, Rh, Pd and Ir have been loaded onto Ag-
Sm,Ti,S,05 by both photodeposition and chemical bath techniques.149 The observed
activity for photocatalytic hydrogen evolution was higher for nanoparticles
deposited by chemical bath approaches, attributed to a better quality of dispersion.
Au nanoparticles have also been loaded on NaTaOs3 by photodeposition, with a wide
size distribution of 2 — 10 nm.%? The particle size of the support can govern the
dispersion quality of photodeposited Au and Ag on TiO,. For large particles,
aggregates were observed, concentrated on grain boundaries and particle edges. In

. . . . . . 1
comparison, well dispersed 1 nm particles were deposited on TiO, nanoparticles.
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In addition to metal nanoparticles, deposition of metal oxides has also been
reported by photodeposition. Ni,O3 nanoparticles were deposited on CdS as a co-
catalyst for photocatalytic hydrogen production.™! CdS powder was dispersed in an
aqueous solution of nickel acetate and methanol, followed by irradiation with
visible light to generate excitons, forming nanoparticles around 5 nm in size. A
similar approach has been used for photodeposition of NiOOH films on TiO,
substrates. The mechanism for this process involves band gap excitation of TiO,
followed by transfer of photoexcited electrons to an external platinum electrode for
oxygen reduction, coupled with oxidation of Ni(ll) by photogenerated holes at the

152

TiO, electrode.”™ Photogenerated holes have also been used to deposit RuO, on

TiO; and CeO,, followed by reduction in H; gas to form Ru metal nanoparticles.153

In porous materials, photodeposition has been used to deposit Au and CdS

14 HAuCl; was used to

nanoparticles on meso-/macroporous N-doped TiO,.
photodeposit Au nanoparticles on the surface. A solution of Sg and Cd(NOs), was
added to the N-doped TiO,/Au composite, forming S clusters preferentially on the
Au particles. Further irradiation was used to generate excited electrons which are
transferred to the Au particles, reducing S to $* jons and facilitating reaction with
Cd(ll) ions in solution to form CdS nanoparticles on the Au surface. Photodeposition

155

has also been used for coating 3DOM TiO, with Ag,> and mesoporous TiO, with Ag,

. . 1
Cu and Ni nanoparticles.™®

Compared to chemical bath techniques, control over the distribution of particles is
difficult using photodeposition methods. Theoretically all of the precursor should be
deposited on the support, however in practice material may also be deposited on
the walls of the reaction vessel, and particles may form agglomerates. Despite these
issues, the method is facile, and is commonly used for deposition of noble metal

nanoparticles.
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1.1.7c: Vapour Deposition Techniques

Various vapour phase deposition techniques exist in the literature. In basic chemical
vapour deposition (CVD), a metal precursor in the gaseous state is passed over a
substrate, followed by deposition on the surface. Solid or liquid precursors can be
heated or exposed to plasma in order to form vapour, which is then transported to
the substrate. In simple setups the precursor can be placed in the same chamber as
the deposition target. Decomposition of the precursor can be induced by heat or
introduction of a reducing or oxidising gas to form solid particles on the surface.
More complex techniques such as atomic layer deposition (ALD) can be carefully
controlled to build layers of a specific thickness. Sputtering is a related technique
that can be used to form nanoparticle films. A precursor target is bombarded with
high energy particles, releasing atoms which are then directed onto a substrate.
This technique is also commonly used for coating non-conductive samples with

films of carbon or gold prior to electron microscopy imaging.

In porous materials, tungsten, molybdenum and tantalum metals have been
deposited on 3DOM carbon materials.™>’ W(CO)s, Mo(CO)¢ and TaCls were used as
precursors, and were heated to 300 — 500 °C in an evacuated chamber to form
vapour, forming metal films by decomposition on the hot carbon surface. The films

were observed to be uniform, penetrating depths of up to 20 um within the sample.

Vapour phase deposition techniques are a powerful technique for formation of
homogeneous surface films and nanoparticles. The major drawback of these
techniques is typically the requirement of specialist equipment, which can be
expensive. Simple thermal evaporation methods can be setup cheaply, but typically
produce low quality films without extensive optimisation. For these methods,
access to a precursor which can be vaporised is a requirement for deposition, which
can be a problem for some materials. To produce higher quality nanoparticle films,

techniques like ALD and sputtering can be used.
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1.1.7d: Electrostatic Stabilisation

In chemical bath techniques, simple metal salts are employed as precursors to
nanoparticle materials. In large concentrations, films of material are often
produced. Formation of homogeneously distributed individual nanoparticle samples
requires a low concentration of precursor, distributed evenly throughout the
sample. Synthesis of stabilised nanoparticles, followed by deposition can be used to
increase the homogeneity of the dispersion. Stabilisers such as EDTA and sodium
citrate can be added to simple metal salts to form complexes which can cluster
together to form charge stabilised nanoparticles. Deposition from these sols should

favour homogeneously dispersed individual nanoparticles.

Platinum nanoparticles have been deposited from citrate complexes.®%° H,PtCle
and sodium citrate were refluxed for 4 hours to form a platinum citrate sol. The
citrate was then removed using an ion exchange resin, and replaced with
polyethylene glycol protecting groups. The sol was dispersed across the surface of
TiO, powder by sonication. Citrate stabilised Au nanoparticles have been deposited
on methacrylate polymer surfaces, after previous modification with pendant amine

161

and thiol groups.™ " Electrostatic stabilisation has also been used for deposition of

. . 162
PdNi nanoparticles on carbon.*

As an example of deposition within porous materials, LaCoO; perovskites have been
dispersed in mesoporous silica using citrate precursors.'®® La(NOs); and Co(NOs);
were mixed with citric acid in aqueous solution and allowed to react for 24 hours.
The mixture was added to the mesoporous support, dried and calcined to form the
loaded material. TEM analysis showed the deposition had occurred throughout the

porous channels, but agglomerates and surface coatings were also observed.

Zeolite NaY has been loaded into 3DOM ZrO, by electrostatic interactions.'®* 3DOM
ZrO, with surface sulfate groups was coated with multiple layers of polyelectrolyte
with positive outer layer, to which a solution of zeolite NaY was added.
Hydrothermal reaction was used to bond the particles to the support.
Homogeneous coatings were achieved due to the strong attraction between the

positively charged polyelectrolyte layer and the basic zeolite surface. The same
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method has been used to homogeneously deposit TiO, nanoparticles in 3DOM

165

carbon, TEM images of which are shown in Figure 12.

Figure 12: Literature TEM images of 3DOM carbon (a) and TiO, loaded 3DOM
carbon (b) deposited using polyelectrolyte layers and charged precursors. Adapted

from Wang et al.®®

Using charge stabilised nanoparticles, access to more complex ternary systems is
possible, and formation of nanoparticles rather than films is preferred. However,
agglomeration of particles is prevalent. High quality dispersions have been achieved
with polyelectrolyte surface coatings, utilising strong ionic nanoparticle-support

interactions to direct the deposition.

1.1.7e: Sterically Stabilised Nanoparticles

For electrostatically stabilised nanoparticles, dispersion is dependent on the choice
of electrolyte, and is often difficult at high concentrations due to screening of the
electrolyte charge. The surface charge of particles is also important, and can be
sensitive to the pH of solution. As an alternative, long chain molecules grafted at

the surface of a nanoparticle can be used to stabilise particles against aggregation.

The mechanism for steric stabilisation can be explained in terms of the free energy
of solution. Considering two particles coated with long chain molecules, as they

approach in solution the surface coatings will overlap. The movement of the chains
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is restricted, resulting in a decrease in the entropy of the system. To counteract this
unfavourable increase in the Gibbs free energy of the system, solvent floods in from
around the particles to fill the void between them, and the particles are

separated.166

Exploitation of strong Au-S and Au-N bonds has been used in a variety of the
methods to deposit nanoparticles already described in this section. Depositions of
ligand stabilised nanoparticles in the literature involve similar methods. Using
preformed dodecanethiol functionalised Au nanoparticles, a general method for
homogeneous deposition of up to 5 weight percent Au on a variety of oxide
surfaces has been reported.167 Calcination was used to remove the surface coating
and anchor the particles to the support. Co nanoparticles have been deposited on

Au/mica and Au/Si surfaces using long hydrocarbon chain thiols as anchors.'®®

In addition to Au particles and surfaces, colloidal techniques exist for formation of
planar Fe,03 films.'®® Stabilised nanoparticles were formed by dialysis against
HCIO4. FTO coated glass slides were dipped in nanoparticle solution for 1 minute,
then a carboxymethylcellulose solution for 1 minute to bind the particles together,
growing larger films by multiple repetitions of this process. Fes0, nanoparticles
have also been deposited on carbon surfaces.”® Oleic acid stabilised nanoparticles
have been deposited as thin films within polymer membranes by aerosol-assisted
CVD (AACVD).'! In porous materials, oleylamine stabilised Pd nanoparticles have

been deposited on 3DOM SnOz.172

1.1.8: Summary of Nanoparticle Deposition Technigues

Many other techniques exist for deposition of films and nanoparticles,*” including

1 1
75176 The examples

aerosol based techniques'’* and electrochemical approaches.
presented above represent the most applicable methods to the systems of interest
in this study. However, with all existing methods for deposition, simultaneous

control of nanoparticle size, distribution, crystal phase and loading is difficult.
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The nature and concentration of precursor used often plays a role in the final
product. The thickness of the initial layer is controlled by the adsorption of the
liquid or gaseous precursor onto the walls of the porous host, but this can vary
wildly between different materials and multiple depositions may be required to

build up a useful amount of material.

In general, multiple approaches exist for the synthesis of nanoparticle loaded
materials. The homogeneity of the coating cannot be guaranteed, and for some
materials has not been demonstrated. Composite materials with homogeneously
distributed, space separated nanoparticles have application in a wide range of
fields, limited only by the availability of a reliable synthetic route, hence the

development of general methods to provide these materials is highly desirable.
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1.2: Project Aims

As this chapter has discussed, increased efficiency for photocatalytic reactions using
semiconductors can be achieved by controlling the size and structure of the
material. Of particular interest are nanoparticle facets, which can show a higher
surface area and exhibit reduced recombination due to the decreased distance to
the surface for photogenerated charge carriers, in comparison to particles of micron
size and above. In this study, composite photocatalysts consisting of semiconductor
nanoparticles homogeneously distributed in photonic hosts will be fabricated, and
the photocatalytic hydrogen evolution activity evaluated with respect to the optical

properties of the support.

3DOM SiO, and ZrO, materials with a range of periodicities and stop bands in the
visible region will be fabricated from polystyrene sphere templates. As discussed
above, many techniques exist for deposition of nanoparticle materials, however the
distribution of particles is not always homogeneous, and simultaneous control of
the size and crystal phase is often problematic. Ligand stabilised nanoparticle
materials will be synthesised, and a general method will be developed for their
deposition in 3DOM powders. In addition, the generality of the method will be
evaluated by its application to 3DOM films and mesoporous materials. The
synthesis of ordered porous materials using established literature techniques will be
described in chapter 2, and the subsequent deposition of nanoparticles within the

pores will be presented in chapter 3.

Composite photocatalysts will be fabricated, consisting of CdS and TiO,
nanoparticles deposited in 3DOM ZrO, with different stop band positions. The
photocatalytic activity of these materials for hydrogen production from sacrificial
electron donors will be investigated. The effect of overlap of the stop band position
and the band gap of the semiconductor on the rate of hydrogen evolution will be

analysed. This work will be presented in chapter 4.
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2.1: Introduction

2.1a: Synthetic Approaches to Photonic Crystals

Fabrication of high quality photonic crystal architectures can be achieved by a
variety of methods, including electron beam lithography and infiltration of colloidal

99,175, 177,178 Elactron beam

templates by electrodeposition, ALD or capillary action.
lithography is typically used to etch a substrate to form a 2-dimensional structure
with high precision. Electrodeposition, ALD and capillary infiltration can produce
high quality 2D and 3D photonic crystal films on a planar substrate. In
electrodeposition, a voltage is applied between an underlying conducting substrate
and an auxiliary electrode to deposit a precursor from solution inside the voids. In
an ALD experiment, sequential exposure to two or more precursors is used to build
layers of material in a colloidal template. Structures with minimal defect

concentrations can be fabricated by ALD. These methods are typically limited to the

fabrication of photonic crystal films.

Three dimensionally ordered macroporous (3DOM) materials, or inverse opals, can
show photonic properties as discussed in section 1.1.4a. Capillary infiltration of
packed templates by liquid precursors can be used to form 3DOM powders and

. 99, 179-181
films.

Common templates include monodisperse SiO, spheres synthesised
by the Stéber method,*®® or polymer spheres such as polystyrene (PS) or poly-
methylmethacrylate (PMMA) synthesised by emulsifier free emulsion
polymerisation. Template spheres can be packed to form CCP arrays of spheres by
convective self assembly or vertical capillary deposition at a planar interface to form

films, or by centrifugation to form monolithic powders as shown in Figure 13.%9 100,

183-185
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Figure 13: Packing of spherical templates, by assembly at a surface to form photonic

crystal films (left) or by centrifugation to form powders (right).

The 3DOM structure is fabricated by infiltration of the interstitial volume between
the colloidal spheres (Figure 14a). Precursors are typically metal alkoxides, nitrates
or acetates, which are hydrolysed within the voids of the template to form a solid
network. Fabrication of high quality photonic crystal structures requires a balance
between the rate at which liquid is drawn into the template and the rate of
hydrolysis of the precursors. Rates of hydrolysis are often controlled by additives
and pH adjustment of the precursor solution. Template removal is achieved by
calcination, electrochemical etching, or leaching with acid such as HF. Calcination
creates windows between adjacent spheres which allow trapped gases to escape.
These windows are advantageous for catalysis applications as they allow diffusion
of reagents within the pores. However, for photonic crystal films template removal
by calcination can cause contraction of the film, leading to cracks in the surface

which are detrimental to the connectivity of the structure.

3DOM films can also be synthesised by co-deposition of precursor nanoparticles
and template spheres as illustrated in Figure 14b. The colloidal particles self

assemble at an interface to form 3DOM structures. This method is particularly
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useful for ternary or higher phases in which synthesis by capillary infiltration is

difficult due to variation in the hydrolysis rate of the precursors.

G000 ..
precursor Template
O Q O addition removal
@000 m——

Ordered sphere array Template/precursor Inverse Opal
composite
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nanoparticle s

. e* ¢ »  Co-deposition Template
Q.. removal

.
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Disordered Template/precursor Inverse Opal
sphere/nanoparticle array composite

Figure 14: Methods for preparation of ordered porous structures. (a) Liquid
infiltration of CCP spheres and (b) Co-deposition of nanoparticle precursors and
spherical template particles. Template removal can be achieved by calcination,

electrochemical etching, or by leaching with HF."®

Photonic crystal arrays can be fabricated from template spheres with a core-shell
structure. After packing of the template, the core is removed, leaving the shell as a
macroporous network of hollow spheres. In these systems, wall thickness can be
directly controlled by variation of the shell thickness. Interpore windows in these
materials are smaller,®® which is of less benefit for photocatalysis as it can lead to
increased tortuosity. Diffusion of products from within the pores to the surface may

be an issue for small windows.

The relative ease of colloidal crystal templating methods allows for wide ranges of
compositional flexibility. Functionalised 3DOM materials can be obtained by pre- or

post- processing, for example mercaptopropyl functionalised 3DOM SiO, and

99, 117

poly(3-hexylthiophene) functionalised 3DOM TiO,. 3DOM materials with

mesoporous walls have been synthesised using surfactants in the precursor

solution. % 187
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In this project, 3DOM powders and films were fabricated by liquid infiltration of CCP
templates. Polystyrene spheres synthesised by emulsifier free emulsion
polymerisation were used as templates. The mechanisms involved in this process

will be discussed below.

2.1b: Emulsifier Free Emulsion Polymerisation of Styrene

To form high quality 3DOM materials, monodisperse template spheres must be
used. The mechanism of polymerisation of styrene is an important consideration to
achieve a monodisperse sphere distribution. At room temperature, styrene is
sparingly soluble in water, and hence two phases will be present. On elevation of
the temperature to 70 °C, the solubility of styrene in water increases to 4 g L
allowing some monomer to dissolve in solution.'®® As styrene is consumed during
reaction, more molecules diffuse into solution from the styrene droplets on the
surface. K,5,05 (KPS) is used as an initiator, which when heated in solution forms
SO,  radical anions. On addition to styrene, oligomeric radicals are generated
(Figure 15). Reaction of these radicals with further styrene molecules propagates
the chain, forming surfactant like molecules with a hydrophobic carbon chain tail
group and hydrophilic sulfate head group. The nucleation step begins when the
hydrophobic chain reaches a critical size such that its interactions with water are

energetically unfavourable.
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Figure 15: Polymerisation initiation steps using persulfate ions. (a) Formation of

sulfate radicals from persulfate ions and (b) formation of an oligomeric radical.

There are two mechanisms by which nucleation can occur. As the oligomers
become surface active, they can either precipitate out of solution or form micelles.
Which effect takes place depends on the relative concentration of surfactant in
solution. Below a critical micelle concentration (CMC) for the surfactant oligomers,
homogeneous nucleation occurs, where the instability of the oligomers in solution
leads to precipitation. Nuclei are formed as chains entangle each other and
accumulate. Above the CMC, micellar nucleation occurs, where the surface active
oligomers form spherical micelles with the sulfate head groups at the surface. In
both cases the driving force is the increasing hydrophobicity of the growing chains.
To form monodisperse spherical particles, micellar nucleation is preferred for
isotropic growth, and the nucleation step must be fast such that it occurs before the
particles begin to grow. For persulfate initiators, studies have shown that over time
the activity of the initiator decreases,’® hence the number of surface active
oligomers in solution can decrease to zero if the rate of absorption of oligomers by
the micelles is high enough. Thus, nucleation ends, and uniform growth of particles

Can occur.

Growth of particles proceeds by diffusion of styrene monomers into the nuclei.
Growth can occur by coagulation of nuclei, capture of new oligomers and
terminated polymer molecules from solution, or polymerisation of absorbed

styrene within the growing particles. The latter is preferred for isotropic growth of
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spheres. As the particles swell, any surface active oligomers remaining in solution
will adsorb at the surface and further stabilise the micelle. The growing polymer
particles are stabilised against aggregation by the electrostatic interaction between
negatively charged sulfate groups on the surface. Growth of particles ends when all
the monomer droplets are consumed, or can be stopped by addition of a

polymerisation inhibitor.

The size of polystyrene sphere obtained is greatly dependent on the rate of
diffusion of monomers into the growing droplets, the number of nucleation sites
formed, and the growth time of the particles. Variation of these factors by adjusting
reaction parameters were studied within our system to elucidate trends in the
growth of polymer spheres, and form a wide size range of suitable templates for

3DOM materials.

2.1c: Chapter Aims

The synthesis and characterisation of porous supports will be reported in this
chapter. The fabrication of these materials has been reported previously,*® but was
modified to produce specific support pore sizes. Deposition of nanoparticles within
these materials to form novel composites will be presented in the following

chapters.

The synthesis of polystryrene spheres by emulsifier free emulsion polymerisation is
presented, with variation in the conditions used to modify the sphere size. Using PS
templates, powdered 3DOM SiO, and ZrO,, and 3DOM FTO films were synthesised.
Mesoporous SiO, was synthesised using a triblock copolymer template. Powder
XRD, SEM, TEM, porosimetry and DRUVS were used to probe the quality of all

materials produced.
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2.2: Results and Discussion

2.2.1: Polystyrene Template Synthesis

Attaining highly ordered packed sphere templates is an important factor for
formation of good quality 3DOM materials. Templating from disordered spheres
can lead to structures with local ordering, however due to the limited regularity on
larger scales, little to no photonic properties will be observed from the 3DOM

material. &

Centrifugation can lead to well ordered arrays of spheres, as long as the
spheres are perfectly spherical (Figure 13, above). A face centred cubic (FCC) close
packed array of spheres is formed as the solvent is removed from between
particles, and as a result of electrostatic repulsion of the sulfate groups on the

180

surface of adjacent spheres.”™ Theoretically, FCC packing has been shown to be

energetically preferred over hexagonal, and other close packing arrays.190

Polystyrene balls with sizes ranging from 200 — 600 nm were synthesised by
emulsifier free emulsion polymerisation methods as described in the literature.'®®
91 The colloidal dispersion was centrifuged to pack the spheres into a close packed
array. The supernatant was removed and the solid dried at 66 °C overnight to yield
polystyrene spheres as a brittle white solid. Literature reports suggest centrifuging

above 1000 rpm is necessary to avoid merging of spheres.192

However,
sedimentation from the dispersion takes much longer at slower speeds, often over
24 hours or more. Using a faster centrifuge speed of 4000 rpm the colloid was
packed in a shorter time of 3 hours, with no discernible loss of quality or
coalescence of polymer spheres observed via SEM. Typically, 4 g of packed

monolithic PS spheres were obtained from 50 mL of colloidal dispersion.

The reaction conditions were modified to evaluate the effect of various reaction
conditions on the quality and the sphere size obtained, in comparison to an initial
set of control conditions. SEM imaging was used to determine the diameter D of the
spheres, by averaging measurements of a minimum of 100 particles (N) from
multiple images. The number average diameter D, and weighted average diameter

D. were calculated from the following equations:**?
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D D}
Equation8 D, = % D,, = gxi;

The ratio of D,,/D,, was used to express the polydispersity of a polystyrene colloid
batch. Typically in the literature values of D,/D, between 1.0 and 1.05 are
considered to be monodisperse, however to ensure high quality 3DOM materials
only batches with D,/D, less than 1.03 were used as templates. Batches with
polydispersity > 1.03 were discarded. All latex suspensions were stable against

sedimentation for at least 6 months, and in some cases up to a year.

Temperature, stir speed, reaction time, initiator concentration and addition of a
stabiliser polyvinylpyrrolidone (PVP) were varied in a series of experiments. It has
been reported that monomer concentration is proportional to the sphere size
produced, however in this study monomer concentration was kept constant.*®* The
purpose of this study was not to rigorously test the effect of each parameter on the
sphere size, but to elucidate general trends in the reaction and allow synthesis of a

range of sphere sizes as templates for 3DOM materials.

As an initial series of experiments, effect of variation in stir speed, reaction time and
temperature were investigated. Table 1 summarises the effect of these parameters
on the size of sphere obtained. The conditions for batch PS-1 were found to
reproducibly produce a particle size of around 500 nm by SEM, and were used as a
baseline for comparison. SEM images showing the various particle sizes are

displayed in Figure 16.
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Figure 16: SEM images showing variation in polystyrene sphere size by modifying
reaction stir speed, initiator concentration and temperature. (a) PS-3, 402nm
spheres, (b) PS-7, 436 nm spheres, (c) PS-1, 492 nm spheres, (d) PS-2, 601 nm

spheres.

In batches PS-2 and PS-4, the stir speed was modified. For PS-2, increasing the rate
of stirring increased the size of the spheres obtained. A decreased stir speed slightly
decreased the sphere size. High stir speeds would be expected to produce large
spheres, as faster stirring ensures a well mixed solution, where surfactant oligomers
diffusing at the surface of emerging nuclei are constantly being replaced from
solution. This leads to less nucleation sites, and hence larger particles grow for the
same monomer concentration. For lower stir speeds, it is likely that more nuclei
form due to higher local concentrations of surfactant oligomers, forming micelles to
reduce their surface tension. More nucleation sites result in less growth on

individual sites, and hence smaller polymer spheres.

For batch PS-3, the reaction temperature was increased. In comparison to PS-1,

smaller balls were observed, attributed to the higher reactivity of the initiator at
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elevated temperatures. In a given period of time, a larger amount of smaller
oligomer radicals are formed in comparison to lower temperature reactions. When
the chains grow to a critical length, more micelles are formed, resulting in more
nucleation sites. For a fixed monomer concentration, the final sphere size is

therefore smaller.**

Temperature | Stir speed | Reaction
Batch D,/nm? | Dy/nm | Dy /D,
/°C / rpm Time / h
PS-1 70 245 28 492+21 494 1.006
PS-2 70 360 28 601+15 602 1.002
PS-3 80 245 28 402112 403 1.003
PS-4 70 180 28 469+14 470 1.003
PS-5 70 245 48 496%10 497 1.001

Table 1: Effect of temperature, stir speed, and reaction time on the size of
polystyrene spheres obtained. All syntheses used 1.23 mM K>S,03. The conditions for
reaction 1 were used as a control experiment to evaluate the effect of each

parameter. “Averaged over > 100 spheres, see Equation 8.

Reactions at higher temperatures of 85 °C and 90 °C produced smaller spheres of
350 nm and 250 nm respectively. However, after centrifugation disorder could be
observed in the packing of spheres, which when templated to form 3DOM
materials, resulted in low photonic stop band intensities. Polymerisation reactions
at 95 °C have been reported in the literature, forming polydisperse spheres

196

attributed to decomposition of the initiator.”” Other methods were investigated to

access sphere sizes below 400 nm.

For batch PS-5, the polymerisation reaction was allowed to continue for an
additional 20 hours. SEM analysis shows a similar sphere size to batch PS-1,
suggesting that further growth of the spheres does not occur after 28 hours due to
total consumption of the monomer in solution. Images showed a disordered
packing of spheres, in addition to some non-spherical particles (Figure 17). The
colloidal dispersion obtained was more viscous in comparison to other reactions,

suggesting non-isotropic growth and promoted reaction between adjacent spheres
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after longer times at high temperature. It was concluded that 28 hours was
sufficient time to produce well ordered spheres with good size distribution. Shorter
reaction times have been reported by other groups to form well ordered spheres,*®’

but were not investigated here.

Figure 17: SEM image of PS sphere batch PS-5, formed by reaction for 48 h. A

disordered packing array and some elongated spheres can be observed.

Variation in initiator concentration was also used to control the size of polystyrene
spheres obtained. Table 2 lists the conditions used and resulting particle sizes. From
the conditions for PS-1, the initiator concentration was reduced for PS-6 and PS-7,
and increased for PS-8. The particle size is seen to decrease with the initiator
concentration, however for batches PS-6 and PS-7 the sphere sizes obtained are
comparable, suggesting there is a lower limit to the effect of decreasing initiator
concentration. A minimum sphere size obtainable by decreasing initiator
concentration has also been observed in literature reports, attributed to insufficient

. e ey . 1
conversion of reagents at low initiator concentration.**®
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K5S,0g initiator Initiator
Batch D,/ nm?® | D,/nm | D,/Ds
used/g concentration / M
PS-6 0.1105 3.07x10™* 430+12 431 1.002
PS-7 0.221 6.13x107* 43618 437 1.001
PS-1 0.442 1.23x 107 492+21 494 1.006
PS-8 0.663 1.84x 107 584+14 585 1.002

Table 2: Effect of initiator concentration on polystyrene sphere size. All reactions
were operated at 70 °C for 28 hours, stirred at 245 rpm. ° Averaged over > 100

spheres.

At constant aqueous phase ionic strength, a decrease in initiator concentration
would be expected to increase the size of the resulting colloidal spheres.'®®
However, if the only ions present in solution are from the initiator, changing
initiator concentration will have a significant effect on the ionic strength of the
solution. At high ionic strength, surface charges are screened by the electrolyte,
allowing larger spheres to be formed by fusion of growing polymer particles.
Conversely, at low ionic strength particle repulsion inhibits growth, leading to

smaller spheres.194

The trends in particle sizes obtained for PS-6, PS-7 and PS-8
suggest the effect of ionic strength is dominant, hence the particle size decreases
with decreasing initiator concentration down to a limiting size of 430 nm in this

system.

Synthesis of ordered polystyrene spheres of < 400 nm was not possible via the
above methods. Instead, a modified literature method was used in which PVP is

191

added to the reaction mixture.”~ PVP molecules can interact with growing PS

spheres through a partial positive charge on the amide nitrogen, stabilising them

91 Eor a

against aggregation, and hence increasing the number of nucleation sites.
constant initiator concentration, the growth of individual particles will therefore be
decreased, resulting in smaller spheres. Table 3 lists the reaction conditions and

sphere sizes obtained.

Using PS-11 as a base reaction, increasing the temperature for synthesis of PS-12

decreased the size of the spheres as observed previously. For PS-9 and PS-10 the
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PVP concentration was decreased, and larger spheres were obtained. The
decreased stabilisation of the growing polymer particles results in the formation of
fewer nuclei, leading to more growth on individual spheres. For PS-13 and PS-14 the
amount of PVP in solution was increased, however the effect on the size of the
spheres was minimal, in addition to causing a detrimental effect on the quality of
the packing as observed by SEM. Using this method provided access to highly

ordered spheres in the 200 — 400 nm size range.

PVP added | Temperature /
Batch D,/ nm? Dy / nm D. /D,
/8 °C
PS-9 0.1 70 362124 366 1.012
PS-10 0.25 70 251423 257 1.024
PS-11 0.5 70 220114 222 1.013
PS-12 0.5 80 185+14 188 1.017
PS-13 0.75 70 224+13 226 1.010
PS-14 1.0 70 210120 217 1.031

Table 3: Effect of added stabiliser on polystyrene sphere size. All reactions were
performed under N, and used 133 mL total solution, 300 rpm stir speed, 9.7 vol %

styrene and 8.34 mM K,S,0s.° Averaged over > 100 spheres.

2.2.2: Synthesis of Powdered 3DOM Materials

2.2.2a: Method Development

Polystyrene spheres of size 200 — 600 nm were used as templates to form 3DOM
structures with periodicities ranging from around 150 — 500 nm.* By centrifugation,
the spheres were packed into cubic close packed arrangements, and infiltrated with
liquid precursors. The voids within the CCP opal structure are filled by capillary
action of precursors, followed by hydrolysis and solidification. Silicon and zirconium
hydroxides are formed by hydrolysis of the precursors. If hydrolysis is too fast, full

penetration of the interstices in the template will not be achieved, hence control of
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the hydrolysis rate is important for the formation of good quality photonic
structures.®° Adjusting the pH of a precursor mix can also be used to control the
rate of condensation. On calcination, the template is removed and further
condensation occurs to form the oxides, yielding coloured 3DOM SiO, and ZrO,
materials as judged by SEM, TEM and DRUVS. Using 1 g PS powder and 3 mL Si/Zr
precursor, yields were typically 50 — 150 mg for 3DOM SiO, and 150 — 250 mg for
3DOM ZrO,.

By eye, all photonic samples exhibited colours, unlike their bulk counterparts.
Reflectance measurements show photonic stop bands due to the ordered
modulation of refractive index within the structure. A range of synthetic conditions
were attempted in order to produce high quality 3DOM materials with intense stop

bands.

A typical synthesis employs the impregnation of a layer of polystyrene by alkoxide
diluted by alcohol, followed by calcination to remove the template. For 3DOM SiO,
formation, tetraethyl-orthosilicate (TEOS) is used as Si source, with calcination at
500 °C for 10 hours (ramp rate 2 °C min~!) to remove the template. Typical yields
were 50 — 150 mg of opalescent 3DOM SiO, powders. Under these synthesis
conditions, an amorphous microstructure is expected.199 Literature reports suggest
neat alkoxide can be used to form 3DOM materials,® however when this was
attempted using TEOS no pores were observed after calcination. This is likely due to
the viscosity of the liquid, preventing full penetration of the opal network over the
timescales used. When processed, high local concentrations of alkoxide in and
around the template form a thick layer of SiO, on the surface of the polystyrene.180
This prevents escape of trapped gases, resulting in a non-porous material as judged
by SEM. Further experiments utilised mixtures of TEOS with ethanol, water and HCI.
Table 4 details the conditions used and the periodicities obtained from four
precursor solutions. The quality of 3DOM structure was analysed by comparison of

DRUVS spectra and SEM images (Figure 18 and Figure 19).
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Periodicity / | Wall Thickness | A;1; position Precursors (ratio by
Method
nm /nm /nm volume)
SiO,-A N/A N/A N/A TEOS
SiO,-B 424120 6519 742 TEOS:EtOH, 1:1
TEOS:EtOH:H,0:1M
Si0,-C 407+16 6918 719
HCl, 6:4:3:1
TEOS:EtOH:H,0:16M
Si0,-D 415+16 5949 702
HCl, 6:4:3:1

Table 4: Reaction conditions for 3DOM SiO, formation using 492 nm PS spheres as a

template.

The difference in precursor mix affects the rate of hydrolysis and polymerisation of
the hydroxide network within the voids of the template. The methods SiO,-B, SiO,-C
and SiO,-D all produced porous samples, as judged by SEM and DRUVS analysis. The
difference in the stop band position for these samples observed by DRUVS can be
explained in terms of the differences in periodicity and wall thickness of the
materials. Using method SiO,-D, the material produced appeared disordered on the
macroscale, displaying ordered porous regions 10 — 100's of microns wide
interspersed with non-porous silica regions. The limited ordering of this sample is
confirmed by the low-intensity stop band in the DRUVS spectrum. The non-porous
regions result from premature hydrolysis of the TEOS before it fully permeates the
interstices of the colloidal crystal, suggesting that this pH is not optimal for full
penetration of the interstitial sites before precipitation of the alkoxide occurs. The
methods SiO,-B and SiO,-C produce well ordered materials as judged by SEM
analysis, with no discernible differences between them. From DRUVS, the intensity
of the photonic stop band is enhanced for method SiO,-C in comparison to SiO,-B.
Due to the surface characterising nature of SEM imaging it is impossible to probe
the ordering in the centre of the particles, variation of which may explain the
difference in the stop band intensity. The conditions described for method SiO,-C

were used in future syntheses of 3DOM SiO,.
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Figure 18: DRUVS spectra of 3DOM SiO, prepared from different precursor mixes.

The Miller indices of the photonic crystal planes for SiO»-C are shown in brackets.

agn Det WD Exp F——
0x TLD 50 1

Figure 19: SEM images of 3DOM SiO, prepared using different precursor mixes. (a)
SiO,-B, (b) SiO,-C, (c) SiO>-D.
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For synthesis of 3DOM ZrO,, impregnation was achieved from a 1:1 volume ratio of
zirconium acetate to methanol. Composites were calcined at 450 °C for 4 hours
(ramp rate 1 °C min™"). Typical yields were from 150 — 250 mg of coloured 3DOM
ZrO, powder. As the template is removed, crystallisation of the precursors occurs to
form a dense wall structure.’® Higher ramp rates as with silica were used initially,
but were found to cause collapse of the 3DOM structure. This method produced
high quality photonic structures as evidenced by the intense colours of the powders
(Figure 24b), SEM images (Figure 21) and intense stop bands (Figure 23b). Different
precursor mixes involving addition of acid and water, and different ratios of
methanol to zirconium acetate were investigated, but showed similar photonic

architectures as judged by SEM and DRUVS.

Due to the amounts of 3DOM materials obtained in a typical synthesis, for
nanoparticle deposition experiments multiple batches of 3DOM support were
sometimes used to obtain a wide range of loadings. Batches with similar periodicity,
photonic stop band position and wall fill factor were used. In the following chapters,
full characterising data including these parameters will be included for the
individual materials used for nanoparticle deposition. In the following section,
characterising data is presented for individual batches of 3DOM SiO, and ZrO, based

on 3 different sized templates.

2.2.3: Characterisation

2.2.3a: Powder X-Ray Diffraction

Powder XRD was used to characterise the crystal phases of the 3DOM materials
(Figure 20). For SiO,, no crystalline peaks are observed, but all samples analysed
show a broad feature centred at 21.5 ° 20. This is typical of SiO, calcined at these
temperatures. ZrO, PXRD patterns can be indexed to tetragonal ZrO,, JCPDS file

number 01-079-1763. The peaks show line broadening suggesting nanoparticle size.

The crystallite size of nanomaterials can be estimated from line broadening of PXRD

peaks using the Scherrer equation (Equation 33, section 5.2.1). For the peak at 30.5
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° 26, the FWHM of 1.6 ° was used to calculate an estimated crystallite size of 5.1 nm

for 3DOM ZrO,.
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Figure 20: Powder XRD patterns for 3DOM SiO, and ZrO,. (a) 3DOM SiO,, * = Al
holder, (b) 3DOM ZrO,, + = tetragonal ZrO,, JCPDS 01-079-1763.
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2.2.3b: Electron Microscopy

SEM images of 3DOM SiO, and ZrO, templated from 402, 492 and 601 nm spheres
are shown in Figure 21. The pores sizes, wall thicknesses and calculated filling
factors of these materials are listed in Table 5. On calcination of the composite
material, the silica/zirconia network in the voids of the material condenses and
contracts, resulting in periodicities smaller than the diameter of template sphere
used. The shrinkage is greater for 3DOM ZrO,, due to sintering of the grains which
compose the microcrystalline walls. The contraction observed is similar to values
observed in the literature for SiO, (15 %) and ZrO, (34 %).%° As the template size is
increased, the wall size in the 3DOM material is also seen to increase as a result of
the larger interstitial voids in the template. For all 3DOM SiO, samples used in this
work, fill factors between 5 — 9 % were calculated, compared to 15 — 17 % for
3DOM ZrO, samples. Comparable wall fill factors are reported in the literature.*
Samples were denoted yyy-MO,, where yyy and MO, are the periodicity and

chemical identity of the photonic crystal structure respectively.

Template
3DOM Wall Thickness | Fill Factor ¢° /
Material Sphere Size /
Periodicity / nm / nm %
nm
SiO, 402 351+15 5619 6.8
SiO, 492 395+12 58+10 8.0
SiO, 601 503t16 67110 8.2
ZrO, 402 271120 4717 16.8
ZrO, 492 343+17 6019 17.0
ZrO, 601 412423 6919 16.7

Table 5: Periodicity, wall thickness and fill factors of 3DOM SiO, and ZrO,.

calculated using Equation 9 (Section 2.2.3c).
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Figure 21: SEM images of (a) — (c) 3DOM 351-Si0,, 395-Si0, and 503-Si0, templated
from 402, 492 and 601 nm PS spheres respectively, (d) — (f) 3DOM 271-ZrO,, 343-
Zr0, and 412-Zr0, templated from 402, 492 and 601 nm PS spheres respectively.

TEM was also used to image the 3DOM materials (Figure 22). Consistent with the
PXRD data, the walls in 3DOM SiO, are amorphous judged by both the absence of
lattice fringes and the broad features in electron diffraction patterns. For 3DOM
Zr0O,, single crystalline particles are observed at high magnification. The lattice
spacings of the circled particles in Figure 22b were measured to be 2.59 A,

corresponding to the (200) crystal plane. An indexed electron diffraction pattern for
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3DOM ZrO, is shown in Figure 22c. The average particle size over 200 particles was
measured to be 3.47 £ 0.33 nm, similar to the crystallite size estimated by PXRD (5.1
nm). Literature studies have shown that small grain sizes are important for

observation of powders coloured by Bragg diffraction of light due to minimisation of

random scattering of light that occurs for larger grains.*

Figure 22: TEM images of 3DOM SiO, and ZrO,. (a), (b) 271-ZrO,, with circles
showing indexed lattice fringes on crystalline walls, (c) electron diffraction pattern of

region in (b), (d) 351-Si0,.
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2.2.3c: Diffuse Reflectance UV-Vis Spectroscopy

Diffuse reflectance spectroscopy was employed to characterise the photonic
structure of these materials. Figure 23 shows the diffuse reflectance spectra for
3DOM SiO; and ZrO, as a function of increasing template size. The positions of the

observed photonic stop bands are explained using the Bragg-Snell equation:

_ 2d
Equation9 A= n’:kl [Pnwan + (1 — PINyoial

Where A is the stop band position, m is the order of diffraction, dyy is the lattice
plane separation for a plane with indices (hkl), ¢ is the fill factor of the walls, and n
represents the refractive index of the walls and voids. The lattice plane separation is
related to the periodicity D and unit cell parameter a for the material by Equation
10:

a _ DV2
VhZikZ+12  VhZ+kZ 12

Equation 10 dhkl =

Table 6 lists the positions of the photonic stop bands observed in Figure 23. A red-
shift of the stop band is observed for materials with larger pores, in agreement with
Equation 9. The SiO, sample with a periodicity of 503 nm, denoted 503-Si0O,, shows
three stop bands at 454, 540 and 881 nm. These represent diffraction of light from

different lattice planes within the photonic crystal.99
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Figure 23: DRUVS spectra of (a) 3DOM SiO, and (b) 3DOM ZrO, samples with
different periodicities. Numbers in brackets indicate the Miller indices of the crystal

plane.
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Material Periodicity / (111) stop band Minor stop band
nm position / nm positions / nm
351-Si0, 351+15 591 363 (220)
395-Si0, 395412 724 370 (311), 435 (220)
503-Si0, 50316 881 353 (331), 454 (311),
540 (220)
271-Zr0O, 271+20 510 N/A
343-7r0, 343+17 629 405 (220)
412-7r0, 412+23 790 408 (311), 503 (220)

Table 6: Stop band positions for 3DOM SiO, and ZrO, templated from 406, 500 and

604 nm polystyrene spheres. Miller indices of the crystal planes are assigned in bold.

For an FCC packed array of pores, only reflections from planes with all even or all
odd h, k, |, are allowed. For electromagnetic radiation interacting with other planes
within the crystal, destructive interference occurs, and no reflection is observed.
(1112), (200), (220) and (311) are four possible Miller indices for planes which will
show a reflection. From Equation 10, it follows that dy is inversely proportional to
the square root of the sum of the Miller indices. Compared to the (111) plane, the
(200), (220), and (311) planes are expected to be observed at smaller wavelengths,

with ratios as detailed in Table 7.

Miller indices Theoretical ratio to 503-Si0, ratios to (111)
(111) plane plane
(111) 1 881nm, 1
(200) V3/V4 = 0.866 N/A
(220) V3/4/8=0.612 540 nm, 0.612
(311) V3/4/11=0.522 454 nm, 0.515
(331) v3/4/19 =0.397 353nm, 0.401

Table 7: Miller index assignments for stop bands exhibited by 503-Si0, sample (see
Figure 23)
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The Miller index assignments in Table 6 and Figure 23 were deduced using Equation
10. From the reflectance spectrum of 503-SiO,, the major stop band at 881 nm can
be defined as the (111) plane, as it is the most intense and longest wavelength
peak. The ratios of the positions of the minor stop bands to the position of the (111)
reflection are 0.612 and 0.515, agreeing well with the theoretical values, hence the
stop bands at 540 and 454 nm can be assigned as the (220) and (311) photonic
crystal planes respectively. The stop bands in all other materials were assigned

using the same method.

3DOM SiO, appears colourless in the bulk powder, due to diminished reflection of
stop band wavelengths by random scattering of light from the amorphous walls.
When illuminated, colours can be observed, which vary depending on whether the
light is reflected or transmitted. In reflected light, colours corresponding to stop
band wavelengths are observed. Scattering is also decreased for thin films, hence
the colours observed in Figure 24a. In transmitted light, the perceived colour of the
powder is that of the light which is allowed to propagate within the photonic
crystal. These properties of 3DOM SiO, materials are of interest for optical filtering

applications.99

In the images of 3DOM ZrO, shown, the colours of the samples are the same
irrespective of light irradiation. This is due to the structure of the walls, consisting of
packed nanoparticles which can scatter light in a non-random fashion.” This results
in brightly coloured bulk powders as illustrated in Figure 24b. The small grain size is

important for the observation of coloured samples, as described above.
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Figure 24: Photographs of (a) 3DOM SiO, and (b) 3DOM ZrO,, showing vibrant

colours due to the photonic structure.

2.2.3d: Effect of Solvents on the Reflectance Spectra

The refractive indices of the components within the photonic crystal system are an
important factor in the position of the stop band, as described by Equation 9. In a
dry powder the photonic stop band is well defined as the voids are filled with air,
which has a refractive index of 1. By filling the voids with a liquid which has a
greater refractive index, a red shift in stop band position occurs, along with a
decrease in the intensity of the stop band due to the reduced refractive index
contrast between the walls and the voids. As this shift is accompanied with a
change in colour, addition of solvent can be used as a facile empirical test to
determine whether a newly synthesised sample displays photonic properties. All
photonic samples synthesised here show an instant colour change on addition of
solvent. Figure 25 shows the diffuse reflectance spectra of a 319-ZrO, sample,
templated from PS-7 spheres, both dry and in the presence of ethanol. The stop

band moves from 618 nm to 776 nm on addition of solvent. Using the periodicity of
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this sample, 319 nm, and the refractive index of ZrO,, nzo, = 2.2, Equation 9 was
used to calculate a fill factor () of 15.6 %. Addition of ethanol with refractive index
1.36 would be expected to shift the stop band to 775.7 nm, in good agreement with
the observed shift. Evolution of stop band position as a function of solvent
refractive index has been reported for a variety of solvents in the literature,

showing a linear relationship as predicted by Equation 9,%9,200
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Figure 25: DRUVS spectra of 319-ZrO; dry (green line) and wet (red line).

2.2.3e: Surface Area Analysis

The surface areas of 3DOM SiO, and ZrO, were measured from nitrogen
adsorption/desorption porosimetry using BET theory. In this technique, the
adsorption and desorption of nitrogen molecules at the surface of materials is
analysed as a function of pressure at a constant temperature of 77.4 K.
Adsorption/desorption isotherms for SiO, and ZrO, are shown in Figure 26. The
201

shapes of the graphs resemble a type Il adsorption isotherm as defined by IUPAC.

The steady slope as the pressure increases corresponds to adsorption of a
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monolayer of nitrogen onto the porous surface, with a sudden increase in
adsorption due to capillary condensation of nitrogen as the pressure approaches
saturation (P/Py = 1). The desorption trace follows that of adsorption, with no
discerning features such as hysteresis loops as observed for mesoporous materials.

This corroborates the presence of a network of larger pores as evidenced by SEM.

Surface areas of 3DOM SiO, and ZrO, were calculated from the volume adsorbed in
the low relative pressure (P/Po) region of the adsorption/desorption isotherm using
BET theory (section 5.2.5), and are listed in Table 8. Multiple samples were tested
and gave similar values regardless of the batch in which they were synthesised,
showing the reproducibility of the method. The surface areas of 3DOM ZrO,
samples are much lower than 3DOM SiO, samples, suggesting the amorphous walls
in 3DOM SiO, have additional microporosity. The surface areas obtained were
comparable to literature values. For some literature reported 3DOM SiO, materials
higher surface areas are observed (173 - 231 m? g), however the
adsorption/desorption isotherms show hysteresis implying mesoporous walls. '
Similar values to this work have been reported in the literature for 3DOM ZrO,, and

other crystalline 3DOM materials. 8% 202

Sample BET Surface Area / m? g‘1
395-Si0, 91+1
271-ZrO; 20.6+0.3

Table 8: BET surface areas of 3DOM SiO, and ZrO,.
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Figure 26: Nitrogen adsorption/desorption isotherm for (a) 395-Si0,, and (b) 271-
Zr 02_
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With relevance to future chapters, fully characterised samples of 395-Si0, and 271-
ZrO, were used for method development to study deposition of pre-synthesised
nanoparticles within porous materials. 3DOM ZrO, materials with different
periodicity and well defined photonic stop bands were identified as targets for CdS

and TiO, deposition for photocatalysis.

2.2.4: Synthesis of 3DOM Transparent Conducting Oxides

As discussed in section 1.1.2g, recombination in semiconductors makes their use as
macroscopic electrodes problematic. In the literature, 3DOM electrodes have been

fabricated from transparent conducting oxide (TCO) materials.'?* 2%

The deposition
of nanoparticles on the surface of these materials is of interest for
photoelectrochemical fuel production. Compared to a 3DOM semiconductor
electrode, enhanced photocurrents can be produced due to efficient conductivity of

the support, resulting in decreased recombination.

The synthesis of 3DOM fluorine doped tin oxide (3DOM FTO) glass has been

reported in the literature.”®*

This synthetic procedure was modified, with the aim of
producing high quality 3DOM films as deposition targets for nanoparticle
photocatalysts. The synthesis and characterisation of the 3DOM FTO films on FTO

coated glass is presented in the following section.

2.2.4a: Deposition of PS films

Polystyrene films were deposited on fluorine doped tin oxide (FTO) substrates by a
vertical deposition method. Colloidal polystyrene dispersions in water were
evaporated at constant temperature over 1 — 3 days. As the solvent evaporates, the
meniscus travels down the surface of the substrate, depositing polystyrene spheres
by capillary forces as shown schematically in Figure 13 (section 2.1a). The attractive
lateral capillary immersion forces between adjacent particles contribute to the

205

formation of CCP sphere arrays.” " The dispersion concentration was found to be
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especially important for the deposition process. For high concentrations (>>2 g L'l),
the films often flake off as they become too heavy due to gravity, whereas if the
concentration is too low, the number of layers may be insufficient to form a
photonic band gap which regulates light in all 3 dimensions. Dispersions containing
around 2 g L™ polystyrene were found to produce good quality films, and were

further improved by addition of polyvinylpyrrolidone as per literature methods.'?

Photographs of polystyrene films are shown in Figure 27.

Figure 27: Photographs of polystyrene films on FTO glass. Taken (a) without flash

and (b) with flash, showing opalescence of the film.

SEM images show the (111) plane is prevalent normal to the surface (Figure 28).
Cracks can sometimes be seen on the film, which may be due to vibration or
temperature fluctuations during film deposition, and is consistent with literature
reports.100 Samples were carbon coated prior to imaging, but charging of the
surface under the electron beam is still prevalent. As a result, obtaining clear
images of large areas is difficult, but the continuity of the film can be observed by
scanning across the surface. By tilting the slides on the SEM stage, typical film
thicknesses were measured to be around 10 — 12 um, corresponding to around 20 —

24 layers of spheres.
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Figure 28: SEM images of polystyrene films on FTO glass. Lighting effects are due to

charging of the surface under the electron beam.

2.2.4b: Infiltration of Polystyrene Films

Initial approaches to form 3DOM conducting films were attempted using indium
doped tin oxide (ITO) nanoparticles, synthesised by literature procedures.’®
Packing of the nanoparticles into the interstitial sites of the polystyrene lattice was
largely unsuccessful, occurring mostly due to gravity, with poor reproducibility
across the slide. The inability to find a solvent which would disperse the hydrophilic
PS spheres and organophilic ITO nanoparticles limited attempts at co-deposition

approaches. Instead, liquid precursor routes were investigated for the synthesis of

the more thermally stable FTO.

As FTO precursors, a mixture of ammonium fluoride and tin chloride pentahydrate
was prepared as described in the literature.?®® Direct infiltration of the template
was achieved by soaking the template film for 3 hours, followed by removal and
calcination at 500 °C for 2 hours (1 °C min™*) to form 3DOM FTO materials, as
observed by eye and SEM (Figure 29 and Figure 30). Ordered porous regions were
observed, within islands of around 10 — 20 um in size. Islands are often observed in
this type of film, forming due to contraction of the film on heating. Typically the
separation between these regions is around 2 — 5 um. The presence of a conducting
layer beneath the film should allow transfer of charge across the electrode, making

this a non-issue for the use of these materials in devices.
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Figure 29: Photographs of 3DOM FTO films. Taken (a) without flash and (b) with

flash, showing opalescence.

F————— &umm

%

Figure 30: SEM images of 3DOM FTO films prepared by soaking PS films in ethanolic
solution containing 0.1 M NH4F and 0.2 M SnCI4.204

To improve the quality of the films produced, a reduced pressure infiltration
technique was utilised.”>*®” The colloidal crystal film was enclosed by another blank
glass slide, and soaked in methanol prior to impregnation. The sandwiched slide
was then placed directly into the precursor solution in a glass vial and soaked for 30

minutes. The vial was placed in a vacuum desiccator, and partially evacuated until
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effervescence began to occur. At this point the tap was closed to leave a static
atmosphere, and slowly draw the methanol out of the interstices in the packed
polystyrene template, whilst in the process drawing in the precursor solution.
Infiltration and hydrolysis of the precursor occurred over 3 hours, after which the
vacuum was released, and the slides calcined at 500 °C for 2 hours (ramp rate 1 °C
min!) to form 3DOM FTO films. Figure 31 shows SEM images of films produced via
this method. Surface layers and grooves in the 3DOM film were visibly reduced in
comparison to samples where soaking alone was used to infiltrate the interstices.
The surface coverage in terms of the size and distance between the FTO islands was
similar by both methods. By measuring the area of the islands in multiple SEM
images, the fraction of surface covered with 3DOM FTO was determined to be

approximately 65 %.
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Figure 31: SEM images of 3DOM FTO films prepared by vacuum infiltration.

Figure 32 shows the DRUVS spectra of three 3DOM FTO films prepared in the same
batch by vacuum infiltration. The stop band position and intensity is reproducible
between samples. Only one peak is observed, corresponding to the (111) face which
is aligned vertically in the majority of the sample. From the SEM images, in some
regions (220) photonic crystal planes can be seen normal to the surface. The
absence of a peak in the reflectance spectra in Figure 32 suggests that these defects
are not widespread within these films, however in other samples peaks attributable

to (220) photonic crystal planes have been observed.
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Figure 32: DRUVS spectra of three 3DOM FTO films on FTO glass, showing

reproducibility of the stop band position.

The periodicity of these materials was measured to be 288 £ 14 nm. From this, the
fill factor ¢ of 3DOM FTO samples was calculated to be 13 — 14 %. This is consistent
with a larger contraction and increasing crystallinity in comparison to 3DOM SiO,

samples, as observed in the synthesis of 3DOM ZrO,.

TEM images of 3DOM FTO are displayed in Figure 33. The particle size of the grains
composing the walls was measured to be 10.4 + 1.8 nm. Electron diffraction showed

diffraction rings with d,-spacings matching tetragonal FTO (JCPDS file 5-0467).2%
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Figure 33: (a) — (c) TEM images and (d) electron diffraction pattern of 288-FTO.
Assignments in (d) based on JCPDS 5-0467 and the literature.”®
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2.2.5: Synthesis of Mesoporous Silica

The high surface area of mesoporous silica materials is attractive for applications in

a variety of fields, including catalysis.” ***

The large surface areas provide more
active sites for adsorption of reagents, which can result in an increased catalytic
activity in comparison to a bulk material of similar composition. Nanoparticle
loading in mesoporous materials has been used to form composite materials,
typically from metal salts or vapour phase deposition processes as with 3DOM

207, 208

materials. In this study, mesoporous silica materials were fabricated in

299 peposition of preformed nanoparticles

accordance with literature techniques.
within the mesopores was attempted, and will be detailed further in chapter 3. The

synthesis and characterisation of these materials is discussed here.

Meso-SiO, was synthesised using TEOS as a silicon source, with Pluronic F127 as a
template and ethylbenzene as a swelling agent. A yield of 1.13 g was obtained,
corresponding to 87 % conversion of TEOS. Pluronic F127 is a triblock copolymer
with formula PEOQ19sPPO7oPEO0s, Where PEO is poly(ethylene oxide) and PPO is
poly(propylene oxide), which can form micelles in solution due to the differences in
solubility between the two blocks. Ethylbenzene infiltrates the hydrophobic PPO
core and swells the micelles. Polymerisation of TEOS occurs in the aqueous phase
around the micelles. Removal of the templating agent by calcination forms a highly

ordered mesoporous material, with pore size reflective of the micelle diameter.

TEM imaging was used to analyse the materials (Figure 34), showing multiple layers
of hexagonally packed pores. The average periodicity measured over 200 pores was
found to be 16.9 £ 0.8 nm. Due to the 2D representations observed by TEM
imaging, overlap of pore layers within the plane prevented the determination of

wall thickness with high accuracy, however it was estimated to be around 4 nm.
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Figure 34: TEM images of ethylbenzene swollen Meso-SiO;.

The surface area of Meso-SiO, was measured by nitrogen adsorption/desorption
porosimetry. The adsorption/desorption isotherm is shown in Figure 35, resembling
a type IV isotherm with H2 hysteresis loop as classified by IUPAC.?%* As described
above for 3DOM materials, the steady slope as the pressure increases corresponds
to adsorption of a monolayer of nitrogen onto the porous surface, with a sudden
increase in adsorption due to capillary condensation as the pressure approaches
saturation. As the pressure is decreased, the volume adsorbed in the pores does not
follow the adsorption trace, instead staying at a relatively steady state up until P/Pq
= 0.5. The sudden drop in adsorbed volume corresponds to emptying of the pores

as the liquid evaporates.

The hysteresis loop observed in the adsorption/desorption isotherm is typical of
mesoporous materials. An explanation for this effect is not fully known, however

210, 211
’ For

theories have been postulated based on the size and shape of the pores.
circular pores which are large in comparison to the windows between them, at high
P/P, the pores are filled by capillary condensation. However, on desorption the
small windows act as a bottleneck, and prevent emptying of the pores until the
relative pressure is decreased. The surface tension of the liquid in the pores
prevents the formation of bubbles at high relative pressure, and hence evaporation

211

cannot occur.”~ The window size determines the relative pressure at which

emptying of the pores occurs.?'? From the 0.05 to 0.3 P/P, region of the adsorption

107



Chapter 2

branch, a surface area of 560.3 + 7.4 m? g ™! was calculated using BET theory (see

section 5.2.5). Similar surface areas have been reported in the literature.?® 213
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Figure 35: Nitrogen adsorption/desorption isotherm for ethylbenzene swollen Meso-

SiO,.

The PXRD pattern for Meso-SiO, is shown in Figure 36. The observed peaks
represent a face-centred cubic pore arrangement, and are assigned in accordance
with the literature and the ratios of the dyg-spacings in accordance with Equation 10
(section 2.2.3c).?® For the peak at 0.54 ° 26, Braggs Law was used to calculate a
lattice plane separation of 16.3 nm for the (111) plane, in agreement with the
periodicity observed by TEM imaging. The intense peak confirms the high degree of

ordering observed by TEM.

108



Chapter 2

3000

J

200 A

(111)
180 o
oo (111)
2500 4
140 4
5 120 -
£
2 100 A
2000 4 2
o
- £ 80
2 60
p 1
& 1500 A 0
E 20 +
Q
t 0 T
= 0 05 1 15 2 25 3
1000 A 26(7)
500 4
(311)
0 T T T I 1 1
0 0.5 1 15 2 2.5 3

26(%)

Figure 36: Low angle PXRD pattern for Meso-SiO,, showing peaks corresponding to
a face-centred cubic pore arrangement. Inset: Zoomed view of low intensity

region.zog
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2.3: Conclusions and Future Work

Monodisperse polystyrene spheres were synthesised by emulsifier free emulsion
polymerisation. Whilst synthetic routes to these materials are reported in the
literature, reproducibility was not simple. Holland et al. report the synthesis of 421
+ 40 nm and 697 + 64 nm polystyrene spheres by emulsifier free emulsion
polymerisation stirred at 245 rpm and 360 rpm respectively.’® Following their
synthetic method, spheres of diameter 492 + 21 nm and 601 + 15 nm were obtained
in this study. In comparison to this literature report, the spheres obtained in our
system showed a much smaller size distribution. The particle sizes were
reproducible between batches. The synthetic method appears to vary greatly
depending on the experimental setup. As a result of these differences, the effect of
reaction conditions on the sphere size was studied in order to produce a range of

template sizes between 200 — 600 nm.

3DOM SiO, and ZrO, powders with periodicity from 150 — 500 nm were prepared by
impregnation of cubic close packed polystyrene spheres, followed by calcination.
The powders appear coloured due to Bragg diffraction of light. Characterisation
showed phase pure, high quality photonic crystals, as evidenced by electron
microscopy, DRUVS and porosimetry. Between batches, small variations in
periodicity (+ 5 nm), photonic stop band position (+ 5 nm) and fill factor (+ 2 %)
were observed. Sinter funnels were used to infiltrate the templates, which may
become clogged due to hydrolysis of the precursors within the porous frit, and
hence the time for precursor removal may differ slightly between samples. Future
work could attempt to improve the reproducibility, however for comparison of
nanoparticle loaded materials in the following section, deposition in materials from

the batches with the same or very similar properties will be presented.

In addition to powders, deposition of PS spheres on planar surfaces was used to
produce 3DOM FTO films. Mesoporous SiO, was synthesised using a triblock
copolymer template, swollen by ethylbenzene to increase the periodicity to 16.9
0.8 nm. Deposition of nanoparticles within these hosts will be demonstrated in the

next chapter.
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3.1: Introduction

3.1a: Synthesis of OA-Stabilised Nanoparticles

As described in section 1.1.7, many methods exist in the literature for formation of
composite materials consisting of small particles loaded into a porous host. For
most of these approaches, simultaneous control over the nanoparticle size,
dispersion within the pores, crystal phase and loading is difficult. In the case of
methods where control is possible such as ALD, the requirement of specialised
equipment limits the universal applicability of the method. By formation of
stabilised nanoparticles prior to deposition, the particle size and crystal phase can
be predetermined, and loadings can be controlled by variation of the initial mass of
nanoparticles. Nanoparticles can be stabilised against aggregation and coagulation
by coating the surface with long chain molecules. In many cases, monodisperse
nanoparticles < 10 nm can be fabricated. Examples include oleic acid,**
oIeyIamine,215 trioctylphosphine,216 and polyvinylpyrrolidone capped nanoparticle

217 The structure of oleic acid is shown in Figure 37. When used as a

materials.
ligand, the carboxyl group binds to the particle surface. Stabilisation of
nanoparticles is achieved due to steric repulsion between the hydrophobic fatty

acid chains at the particle surface.

\/\/\/\/\/\/\/\/\]/O

OH
Figure 37: The structure of oleic acid.

To the best of our knowledge, general methods to achieve homogeneous
deposition of high loadings (> 5 wt %) of ligand stabilised oxide and sulfide
nanoparticles in porous materials have not been reported in the literature. In this
chapter, the synthesis and deposition of semiconductor nanoparticles stabilised by
oleic acid is investigated. Oleic acid is a liquid at room temperature due to its

218

melting point of 13 °C,”™" and its high boiling point of 360 °C makes it suitable for

use as a solvent in the synthesis of nanoparticle materials at elevated
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temperatures.219 Oleic acid can also act as a surfactant’® and a stabiliser,221 and
literature examples of monodisperse OA stabilised nanoparticles exist for a variety
of metals,”??** hence the development of a method for deposition of these
nanoparticles in high surface area porous materials is of great interest for catalysis

applications.

A common route to form OA stabilised nanoparticles is by high temperature
decomposition of a metal oleate complex. The decomposition of Fe(oleate)s in 1-
octadecene has been studied by in situ IR spectroscopy and TEM, and a mechanism
proposed by which nucleation begins at 200 — 240 °C by dissociation of one oleate

Iigand.222

Around this temperature slow, anisotropic growth of particles will occur
and lead to polydisperse nanoparticles. On heating the solution to 300 °C
dissociation of the remaining ligands occurs, and growth is accelerated. The oleate
anions in solution act as a surfactant and bind to the surface of the growing
particles, stabilising them against coagulation and aggregation. Monodisperse
particles can be obtained if the initial nucleation stage is rapid, and is followed by a
comparatively slow growth process.””> Monodisperse metal chalcogenide
nanoparticles capped with OA can be formed by injection of chalcogenide sources
into metal oleate complexes at high temperature.?** Monodisperse OA-coated TiO,

nanorods and spheres have also been formed by slow hydrolysis of Ti(OiPr), at 100

°C in an OA solvent, which stabilises the particles throughout the growth process.?*?

3.1b: Chapter Aims

In this chapter, the synthesis and characterisation of ligand stabilised nanoparticles
of TiO,, Fe304, CdS and CdSe is presented. Deposition of these materials will be
presented in 3DOM SiO,, ZrO, and FTO and in mesoporous SiO,. Initial method
development will be presented based on the deposition of TiO, in 3DOM SiO,, with
characterisation of the composites by PXRD, electron microscopy and porosimetry.

The effect of loading on the photonic structure will be studied by DRUVS.
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3.2: Results and Discussion

3.2.1: Nanoparticle Synthesis

3DOM Si0O, and ZrO, powders were fabricated as outlined in chapter 2. For method
development, 395-Si0, and 271-ZrO, samples were used as deposition targets, SEM
images of which are displayed in Figure 38. The high quality of the packing and
interconnectivity of the porous network can be seen. Deposition of ligand stabilised
nanoparticles of TiO,, Fe304, CdS and CdSe was targeted, due to the existence of
established literature methods for the synthesis of these materials.?*4216 219,226,227

TiO, and CdS were chosen especially due to their application as photocatalysts for

proton reduction reactions.

C P
#9500 kV 8.0 10000x TLD 5.0 SIb4(B)-
s = 4 - >
- _ 2 &S

Figure 38: SEM images of 3DOM SiO, and ZrO, used for deposition method
development (a) 395-Si0, and (b) 271-ZrO,.

3.2.1a: Synthesis of OA/TiO, Nanoparticles

TiO, nanoparticles were formed by a modified literature method.*** Triethylamine
in ethylene glycol (EG) was added to a solution of titanium tetraisopropoxide in
oleic acid, acting as both solvent and stabiliser. The titanium precursor was slowly
hydrolysed by water released on esterification of OA and EG. The nanoparticles
were precipitated by addition of ethanol, isolated by centrifugation, and

redispersed in toluene. This process was repeated 3 times to remove residual oleic
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acid, and finally the particles were dried at 60 °C overnight. Reactions typically yield
around 2.1 g of orange powder. The colour of the powder may be due to residual
oleic acid, or other impurities, which are removed during calcination at 500 °C to
yield a white powder. The OA/TiO, powder was characterised by CHN, TGA, IR, XRD
and TEM. The nanoparticles could be readily dispersed in organic solvents such as

hexane, chloroform and toluene to give optically transparent dispersions.

The crystal phase of the nanoparticles was analysed using PXRD (Figure 39). The
diffractogram shows a single phase with one major peak at 20.4 ° 26, which has

been attributed to partially condensed hydrous titanium dioxide.”*

In the literature,
TiO, nanorods exhibiting this phase were observed to convert to the more stable
anatase polymorph by extending the reaction time.”*® In this project, increasing the
reaction time to 60 hours showed no change in the PXRD pattern, however on
calcination at 450 — 500 °C a transformation to the anatase polymorph was

observed.
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Figure 39: PXRD pattern of OA/TiO, nanoparticles. X = TiO, (see text),’® + = Al

sample holder.
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IR spectroscopy was used to analyse the powder, as shown in Figure 40. The
observed spectrum appears similar to the literature,”*® with two peaks at 2923 cm™t
and 2854 cm™' representing antisymmetric and symmetric C-H stretches
respectively corresponding to oleic acid CH, groups, and a peak at 3006 cmt
attributable to the olefinic C-H stretch. The two peaks at 1543 cm™ and 1440 cm™
have been attributed to the antisymmetric and symmetric stretches of COO™ anions

228-230

bound to Ti centres. An additional carbonyl peak is observed in our spectrum

at 1734 cm™*, with a low intensity compared to the C-H stretches in the IR spectrum

of free oleic acid.*!

This band is close to expected values for ester linkages (1725 —
1750 cm™),?? and may correspond to surface bound oleic acid. Alternatively, it
could be attributed to crystallised unbound oleic acid as an impurity, which could

account for the orange discolouration of the powder.
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Figure 40: IR spectrum of OA/TiO, nanoparticles.

TEM images of TiO, nanoparticles are shown in Figure 41. Single crystalline particles

are observed, with an average diameter of 8.9 + 1 nm.

Combustion analysis was used to quantify the ratio of TiO, to ligand. For a particular

OA/TiO, sample, CHN gave elemental compositions of 62.6 % C, 9.72 % H, and 0 %
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N. From these values, the percentage of oxygen contributed from oleic acid was
calculated, and subtracted from the residual value. Assuming the residual
corresponds to TiO,, a ratio of 1 TiO, molecule to 1.25 oleic acid molecules was
calculated, or that the nanoparticles are 18.5 % TiO, by mass (see appendix section
A1.4 for example calculation). From this, expected elemental compositions of 62.42

% (C), 9.89 % (H), 11.0 % (Ti) and 16.7 % (O) were calculated.

TGA profiles of the nanoparticles showed a mass loss of 79.3 % at 300 °C. Assuming
this loss correlates to complete combustion of the organic shell, this suggests a
composition of 20.7 % TiO, by mass, similar to CHN. As a further control, multiple
powder samples were weighed out and calcined. After calcination, all samples

contained around 20 % of the initial mass of OA/TiO,, in support of the CHN

analysis.

Figure 41: TEM images of OA/TiO, nanoparticles.

3.2.1b: Synthesis of OA/Fe;0, Nanoparticles

Oleic acid coated Fe304 nanoparticles were synthesised by a two step process.
Initially, an iron oleate complex was synthesised by reaction of FeCl; and sodium
oleate. OA/Fes0,4 nanoparticles were formed by decomposition of this complex at

290 °C in octyl ether.”?® 2 The nanoparticle dispersion was centrifuged, washed
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with ethanol and isolated as a powder, typically yielding 0.5 g of a black solid. As
with TiO,, redispersion of the powder in organic solvents gave optically transparent
liquids. CHN analysis gave an elemental composition of 54.83 % C, 8.12 % H and 0 %
N. A ligand ratio of 1 FesO4 to 2.01 oleic acid molecules was determined,
corresponding to an Fe304 content of 29 % by mass in the nanoparticles. From this,
expected elemental compositions of 54.37 % (C), 8.62 % (H), 21.0 % (Fe) and 16.1 %

(O) were calculated.

PXRD was used to analyse the phase of the nanoparticles (Figure 42). In addition to
wide angle analysis, longer scans were performed on the 56 — 62 ° 20 region due to
similarities in the diffraction pattern for FesO4 and other iron oxides. Analysis of the
peaks confirmed the presence of single phase cubic Fes04, JCPDS 01-079-0416.
Using the FWHM of the peak at 35.5 ° 26, a crystallite size of 6.1 nm was estimated

using the Scherrer equation.
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Figure 42: PXRD pattern of OA/Fes0, nanoparticles. + = cubic Fe304, JCPDS 01-079-
0416.

The IR spectrum of OA/Fe304 is shown in Figure 43. Similar to OA/TiO,, peaks at

2924 cm™ and 2854 cm™ can be attributed to C-H stretches, peaks at 1549 cm™
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and 1416 cm™ can be assigned to COO™ anions, and the peak at 1709 cm™ can be

assigned as a C=0 stretch.
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Figure 43: IR Spectrum of OA/Fes0,4 nanoparticles.

The nanoparticle size was studied by TEM (Figure 44). A mixture of small (2 — 3 nm)
amorphous particles and larger single crystalline particles with an average diameter
of 7.3 £ 1.2 nm was observed. For the crystalline particles, the observed particle size
is in agreement with values calculated from PXRD. An averaged particle size analysis
for the amorphous particles was not possible due to poor contrast between the

particles and the amorphous carbon film at high resolution.
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Figure 44: TEM images of OA/Fes04 nanopatrticles.

3.2.1c: Synthesis of OA/CdS Nanoparticles

Initially, CdS nanoparticles functionalised by oleylamine were synthesised by a

literature method.?*

Using oleylamine as the solvent and stabiliser, cadmium
acetate and sulfur were reacted at 250 °C under argon. After washing, 130 mg of a
yellow powder was obtained. Unlike previous samples, the stability of dispersions in
organic solvents was short-lived, with some precipitate observed after 4 hours. CHN
analysis returned an elemental composition of 25.43 % C, 5.83 % H and 0 % N. A
ligand ratio of 1 CdS to 0.25 oleylamine molecules was determined, corresponding
to 68.7 % CdS content by mass. From this, expected elemental compositions of
25.57 % (C), 4.41 % (H), 52.3 % (Cd), 14.9 % (S) and 1.6 % (N) were calculated. In
comparison to the observed values, the expected hydrogen content is considerably
lower, which may be due to impurities in the technical grade oleylamine (70 %). The
lack of nitrogen detected by CHN may also suggest that incomplete combustion has
occurred. The poor stability of nanoparticle dispersions is likely due to the smaller
ligand shell in comparison to TiO, and Fe30,4. Deposition of these particles was

attempted as described previously. Non-homogeneous dispersions were typically

yielded, as judged by agglomerates seen by SEM and a reduction in intensity of the
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photonic stop bands. To achieve high quality dispersions within the pores,

nanoparticles with a higher proportion of ligand were pursued.

A modified literature method was used to fabricate oleic acid functionalised CdS

214 Nanoparticles were formed by injection of sulfur into a hot

guantum dots.
solution of cadmium oxide and oleic acid in octadecene under argon. Growth of
particles proceeded at a constant temperature of 270 °C for 3 minutes, followed by
rapid cooling and centrifuge washing. Yields were between 90 — 100 mg of ligand
coated nanoparticles. The nanoparticles were stored in toluene, in which they were

stable for extended periods of time (> 3 months). Particles were analysed by CHN,

UV-Vis spectroscopy, fluorescence and TEM.

CHN analysis gave an elemental composition of 62.3 % C, 10.3 % H and 0 % N. A
ligand ratio of 1 CdS to 2.03 oleic acid molecules was determined, corresponding to
18.1 % CdS content by mass in the nanoparticles. From this, expected elemental
compositions of 62.61 % (C), 9.93 % (H), 14.1 % (Cd), 9.2 % (O) and 4.0 % (S) were
calculated. The higher ligand content than oleyl/CdS contributes to the increased

stability of the particles in organic solvents.
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Figure 45: TEM images (a), (b) and electron diffraction pattern (c) of CdS quantum
dots grown at 270 °C for 3 minutes. Lattice planes were indexed as hexagonal CdS,

JCPDS file 01-075-1545.

TEM images (Figure 45) show single crystalline particles with an average size of 2.84
1 0.3 nm. The lattice fringes of the circled particle in Figure 45b were measured to
be 2.05 A, corresponding to the (110) crystal plane. Electron diffraction confirmed
the chemical identity of the nanoparticles as hexagonal CdS, with dyg-spacings

matching JCPDS file 01-075-1545.

The growth of CdS nanoparticles was studied as a function of reaction time. Aliquots
were taken from the reaction mixture approximately every 30 seconds for 3
minutes, and quenched in cold chloroform. The fluorescence spectra of CdS aliquots
were measured as a function of reaction time. On increasing the growth time from

37 s to 180 s, the position of the excitation peak shifted from 421 nm to 431 nm,
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with corresponding emission peaks at 426 nm and 438 nm respectively. As the

particles are below the Bohr radius of CdS (ca. 3 nm),*3

the lower emission
wavelengths compared to bulk CdS (2.4 eV, 518 nm) are consistent with an
increased band separation by quantum confinement. Absorbance and fluorescence
spectra for a quenched reaction mixture are shown in Figure 46. The full-width half
maximum (FWHM) of the emission peak is around 17 nm, which is comparable to

CdS quantum dots in the literature.****°

This specific nanoparticle batch was used
for deposition in 3DOM and commercial ZrO, powders for photocatalysis. For
deposition method development, batches with similar fluorescence emission peak

positions were used.
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Figure 46: UV-Vis absorbance (left) and fluorescence (right) spectra of CdS quantum

dots.

3.2.1d: Synthesis of TOP(O)/CdSe Nanoparticles

CdSe quantum dots were synthesised by injection of a trioctylphosphine
(TOP)/selenium solution into a hot solution of trioctylphosphine oxide (TOPO),
hexadecylamine (HDA) and Cd0.**® After injection the mixture was held at 270 °C
for 7 minutes to allow for particle growth. The reaction was rapidly cooled to room
temperature, and the nanoparticles purified as above for CdS. Yields were between
35 — 40 mg of ligand coated nanoparticles. Nanoparticles were stored as toluene

dispersions, which were stable for long periods of time (> 3 months).
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The particle surface is coated with a mixture of TOPO and TOP in unknown ratios.
CHN analysis gave an elemental composition of 39.5 % C, 6.59 % H and 0 % N.
Assuming complete TOPO coverage, a ligand ratio of 1 CdSe to 0.55 TOPO
molecules was determined, corresponding to a CdSe content of 47.4 % by mass in
the nanoparticles. From this, expected elemental compositions of 39.2 % (C), 7.00 %

(H), 27.8 % (Cd), 19.6 % (Se), 4.2 % (P) and 2.2 % (O) were calculated.

TEM analysis showed single crystalline particles with an average particle size of 3.75
1 0.4 nm. The lattice fringes of the circled particle in Figure 47a were measured to
be 3.25 A, corresponding to the (101) crystal plane. Electron diffraction confirmed
the chemical identity of the nanoparticles as hexagonal CdSe, with d,g-spacings

matching JCPDS file 01-071-4772.
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—

Figure 47: TEM images (a), (b) and electron diffraction pattern (c) of CdSe quantum
dots grown at 270 °C for 7 minutes. Lattice planes were indexed as hexagonal CdSe,

JCPDS file 01-071-4772.
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The growth of CdSe nanoparticles was studied as a function of reaction time. As
with CdS, aliquots were regularly taken from the reaction mixture, over a period of
7 minutes. The fluorescence spectra of CdSe aliquots were measured as a function
of reaction time. On increasing the growth time from 52 s to 420 s, the position of
the excitation peak shifted from 543 nm to 602 nm, with corresponding emission
peaks at 545 nm and 608 nm respectively. These values are lower than expected for
bulk CdSe (1.7 eV, 730 nm), consistent with quantum confinement of particles
which are smaller than the Bohr radius (ca. 5.4 nm).233 The observed peak shift with
increased growth time is larger than for CdS, suggesting that particle growth
proceeds at an elevated rate. Absorbance and fluorescence spectra for a quenched
reaction mixture are shown in Figure 48. The FWHM of the emission peak is around
28 nm, comparable to CdSe quantum dots in the literature.’’® **° These

nanoparticles were used for deposition attempts in 3DOM FTO materials.
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Figure 48: UV-Vis absorbance (left) and fluorescence (right) spectra of CdSe

quantum dots.

125



Chapter 3

3.2.2: Deposition of OA/TiO, Nanoparticles in 3DOM SiO,

3.2.2a: Deposition Method Development

To develop a method for deposition of preformed nanoparticles in porous
materials, the loading of OA/TiO, nanoparticles was attempted in 3DOM SiO,.
Nanoparticle dispersions dispersed in hexane/chloroform were added to the porous
support (30 mg) in a glass vial. The solvent (typically 1.5 mL) was then evaporated
slowly at elevated temperature. The vial was placed in a furnace and calcined at 500
°C for 5 h (ramp rate 5 °C min™%), to remove the ligands, and promote sintering of
the nanoparticles to the support. At no point was the powder transferred from the
vial, hence the Ti0,:SiO, ratio in the final product is reflective of the targeted
loading. The primary goal is to achieve a homogeneous distribution of the added

nanoparticles within the pore network.

For all deposition attempts, samples were weighed before and after calcination, as
a further check to confirm the quantity of nanoparticles added. Targeted loadings
were designated in terms of the weight of nanoparticles in comparison to the
weight of support expressed as a percentage, as defined by Equation 11. For TiO; in
SiO,, targeted loadings were between 3 and 60 wt% TiO,. Nanoparticle loaded
samples were denoted xx%-NP-yyy-MO,, where xx% is the added weight of
nanoparticles expressed as a percentage of the support mass (wt%), NP is the
chemical identity of the nanoparticles, and yyy and MO, are the periodicity as

measured by SEM and the composition of the support respectively.

Equation 11  Added Weight Percent (Wt%) = _Mas V1100

mass Support

In initial attempts, no modification was made to the support prior to deposition.
DRUVS spectra of the composites showed a decrease in the intensity of the
photonic stop band in comparison to the uncoated 3DOM material, with no shift in
the stop band position as would be expected on addition of an extra component to
the photonic crystal lattice. SEM and TEM analysis showed large aggregates of
nanoparticles, confirming the failure of the deposition and the loss of ordering

within the material. No change in the periodicity of 3DOM SiO, was observed after
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calcination, hence the photonic structure is stable under these conditions. To
promote interaction between the nanoparticles and the support, modification of

the surface groups in the 3DOM materials was investigated.

3.2.2b: Modification of the Support

The surfaces of 3DOM SiO, and ZrO, used in this study are generally covered with
hydrophilic hydroxide groups. Modification of the surface aimed at increasing its
hydrophobicity was attempted, to promote interactions with the OA chains on the

stabilised nanoparticles and improve the quality of deposition.

Initially, silanes were used to modify the hydroxyl groups on the SiO, surface.
Dichlorodimethylsilane in toluene was used to treat 3DOM SiO, according to

literature methods.?*®

The surface hydroxyl groups are converted to hydrophobic
OSi(CHs)s groups. Water was added to a small fraction of the powder to empirically
test the wettability, and in all cases the powder was observed to float on top of the
liquid in order to minimise its contact, contrary to untreated 3DOM powders which
are easily wetted. Nanoparticle dispersions were added to the support, and calcined
to remove the ligands as above. Despite the improved contact between the
nanoparticles and support, large aggregates were observed in the final product,
implying that the interaction between OA surface groups on the nanoparticles and
the methyl groups on the substrate are weak in comparison to the nanoparticle-
nanoparticle interactions. In some places, individual nanoparticles appeared to have

sintered to the support (circled, Figure 49), however these regions were not

common, and overall deposition quality was poor.
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Figure 49: TEM images of 58%-TiO,-395-Si0,. Nanoparticles were deposited from

dispersions in chloroform. Silica was pre-treated with DCDMS.

3.2.2c: Oleic Acid Coated 3DOM SiO,

As observed in the previous failed depositions, the strength of nanoparticle-support
interactions are important for homogeneous nanoparticle loading. With unmodified
SiO,, the nanoparticle-nanoparticle interaction is greater than the nanoparticle-
support interaction, and hence the removal of solvent leads to aggregation of the
nanoparticles. Modification of the surface with OSi(CH3); groups did not increase
the strength of the nanoparticle-support interaction enough to prevent
aggregation. In solution, OA molecules are attracted to each other by van der Waals
forces. Hence, it was reasoned that deposition of a layer of OA on the surface of the
porous material would promote interactions between the nanoparticles and the

support.

Similar approaches have been used for formation of 3DOM CdSe in the literature.
SiO, template spheres were modified by stearyl alcohol, and immersed in a
dispersion of CdSe quantum dots with TOPO/TOP surface ligands. Interaction of the
nanocrystals with the surface ligands allowed for formation of a glassy solid by slow
removal of the solvent over 1 — 2 months, followed by processing to 3DOM CdSe by

etching the silica in HF.%’
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A modified literature method was used to functionalise the SiO, surface with oleic
acid.”** 3DOM Si0, (40 mg) was soaked in a hexane solution of oleic acid (0.05 M)
for 30 minutes. Oleic acid can potentially bind to the surface by covalent
interactions, including binding to the acid group by ester linkages, bidentate or
bridging configurations or by weaker interactions such as hydrogen bonding to

surface SiOH groups.?!

The binding of OA was studied by IR and TGA (see appendix
section Al.6a and Figure 115). The IR spectrum of OA/3DOM SiO, showed peaks at
2930 cm™ and 2858 cm™ which were not present for uncoated 3DOM SiO,,
corresponding to the symmetric and antisymmetric stretch of OA. The binding
mode of OA could not be elucidated solely from the observed peaks. The amount of
OA adsorbed was analysed by thermogravimetric analysis (TGA). TGA traces for
OA/3DOM SiO, showed a mass loss of 7.2 % around 300 °C corresponding to
removal of oleic acid. Using the surface area of the 3DOM material and the cross

sectional area of oleic acid, 48 A%, the coverage of OA was calculated, and found to

correspond to a monolayer coating of oleic acid on the surface.?®

3.2.2d: Deposition from Hexane and Chloroform Dispersions

Using OA-coated 3DOM SiO,, depositions were attempted from OA/TiO, dispersions
in hexane. After calcination, the powder was analysed by SEM, showing large areas
of pristine 3DOM material with some agglomerates of around 3 — 10 um in length
(Figure 50a). SEM/EDX analysis was used to probe the elemental composition of the
surface. The EDX spectrum of the whole region of the SEM image in Figure 50a is
shown in Figure 50b. EDX Analysis of the red circle regions showed large Ti peaks,
confirming the agglomerates are TiO,. Spectra of the blue square in Figure 50a also
showed Ti peaks, with lower intensity than the peaks in Figure 50b, suggesting some
incorporation of nanoparticles in the pore network. TEM imaging was used to study

the distribution of nanoparticles in the pores.
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Figure 50: SEM image (a) of 58%-TiO,-395-Si0, sample deposited from hexane
dispersions in OA-coated 3DOM SiO, showing surface agglomerates (circled), and (b)

EDX spectrum of the whole area measured at 10 kV accelerating voltage.

TEM images of the above sample are shown in Figure 51. A large proportion of the
porous surface is coated with nanoparticles, an improvement over previous
attempts. However, uncoated SiO, (Figure 51a) and agglomerated TiO, can still be
observed within the sample. For the pores that are coated with nanoparticles,
variations in concentration are also observed in places (Figure 51b — d). The
composite was characterised further by electron diffraction, dark field imaging and

TEM EDX mapping.
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Figure 51: TEM images of 58%-TiO,-351-Si0, sample. Nanoparticles were deposited

from dispersions in hexane. Silica was pre-treated with OA.

Due to the amorphous nature of the SiO, walls, the presence of crystalline TiO,
nanoparticles within the structure can be confirmed by electron diffraction. An
electron diffraction pattern of TiO, nanoparticles is shown in Figure 52e. The dng-
spacings correspond to anatase TiO,, JCPDS file 01-078-2486. A fully indexed
electron diffraction pattern will be presented in section 3.2.2e below (Figure 55d).
Dark field imaging was used to analyse the composites. In dark field imaging, the
objective aperture of the TEM instrument is moved in order to block the direct
beam passing through the specimen, allowing detection of the electrons scattered
from individual crystal planes within the sample. Dark field images (Figure 52b and

Figure 52d) were formed using scattered electrons from the (101) crystal plane of
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TiO, (Figure 52e). In this beam orientation, nanoparticles which are positioned such
that the (101) plane is perpendicular to the beam show up brightly within the
image. Contrast between the TiO, nanoparticles and the SiO, support can clearly be

seen.

Figure 52: TEM images of 58%-TiO,-351-Si0, sample. Dark field images (b, d) of

corresponding regions (a, c) are shown, indicating the presence of crystalline TiO,
inside the pores. (e) Electron diffraction pattern of TiO, nanoparticles in 3DOM SiO..

Red arrow indicates (101) plane used for dark field images (Scale bar 2 nm™).

The elemental distribution of the region displayed in Figure 52a was probed by EDX
mapping. The image does not contain any uncoated porous regions. The chemical

identity of the nanoparticle facets was confirmed as TiO, by mapping of the

132



Chapter 3

elemental Ti composition. Within the porous region, the coincident signals observed
from Ti, Si and O maps showed that the nanoparticles are dispersed evenly across

the pore surface (see appendix Figure 116).

The reproducibility of this synthesis was found to vary between batches. Samples
aimed at reduced loadings by the same method showed comparatively less coated
porous regions, and larger amounts of aggregated TiO,. The success of the method
also varied with the solvent used for nanoparticle dispersion. Attempts to deposit
nanoparticles from chloroform dispersions showed slightly better dispersions than

hexane, but still with agglomerated regions and uncoated pores.

The stability of a dispersion of nanoparticles in a given solvent appears to play an
important role in the formation of homogeneous composite materials. For a given
volume of hexane or chloroform used as a solvent for nanoparticle dispersion, a
specific mass of nanoparticles can be stably dispersed for a period of time between
10 hours to a day, longer than the time course of deposition. However, as the
solvent is evaporated and the effective concentration of nanoparticles is increased,

precipitation is more likely to occur.

Initially, it was assumed that on precipitation, the OA chains on the nanoparticle
surface would be attracted to those on the support, producing a well dispersed
product after calcination. However, experimental results showed that this was not
the case, and instead the precipitated nanoparticles form aggregates which are
sintered after calcination. To achieve optimal results, additives were mixed with the

solvent to increase the initial stability of nanoparticle dispersions.

Solvent suitability for deposition was tested empirically by adding set volumes of
various solvent mixtures to a set mass of nanoparticles. The mixtures were
sonicated to ensure thorough dispersion, and left to stand until sediment was
observed. In particular, solutions of 0.1 M OA in hexane and chloroform formed
dispersions stable against precipitation for long periods of time. Evaporation of the
solvent was attempted to simulate deposition in 3DOM materials, showing no
obvious precipitation as the liquid level dropped. After complete removal of the

volatile solvent by evaporation, optically clear liquid remained, suggesting retention
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of the nanoparticle dispersion in oleic acid. Deposition in porous materials was

attempted from these solutions.

3.2.2e: Deposition from OA/Hexane Dispersions

Solutions of 0.1 M oleic acid in hexane were used as a solvent in order to improve
the stability of dispersions. Deposition was attempted by the same methods as
previous samples. No precipitation was observed from OA/hexane dispersions of
nanoparticles over the deposition timescale. After calcination of the composites,
SEM images of the samples showed pristine 3DOM material with no visible
agglomerated particles, appearing similar to images prior to deposition. Figure 53
shows TEM images of the TiO,/3DOM SiO, composites. No uncoated porous regions
were observed by TEM, however some local agglomeration of nanoparticles can be

seen within individual pores (Figure 53d).
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Figure 53: TEM images of TiO, loaded 3DOM SiO, deposited from nanoparticle

dispersions in OA/hexane. (a) 14.6%-TiO,-395-Si0,, (b) 36%-Ti0,-395-Si0; and (c),
(d) 58%-Ti0;-395-Si0,.

DRUVS was used to analyse the effect of loading on the stop band of the photonic
material (Figure 54). As described in section 1.1.4b, for randomly oriented photonic
crystal planes, the photonic stop band positions are defined by the Bragg-Snell

equation:

Equation 12°° 1 = 228 (b 1+ (1 — ) Nyoia]

m

A red shift of the stop band is observed, as predicted by Equation 12 for addition of
a volume of nanoparticles with refractive index greater than that of air (1.00029). In

addition to the shift in stop band position, a reduction in intensity of the bands is

135



Chapter 3

observed, due to diminished ordering of the structure as a whole as a result of the
local agglomeration. The effect is exacerbated in this sample due to the relatively

low stop band of the uncoated 3DOM SiO, in comparison to other batches.

Overall, deposition quality from OA/hexane dispersions shows improvement over
previous attempts. However, without the addition of OA to the solvent, more
homogeneous nanoparticle distributions were observed using chloroform as
opposed to hexane. This was attributed to the increased stability of nanoparticle
dispersions in chloroform. As the solvent evaporates, OA/chloroform dispersions
may be more stable to precipitation than OA/hexane dispersions. As a result, a
better dispersion of TiO, nanoparticles would be retained in OA when all the solvent
is removed, allowing for a more homogeneous deposition. Depositions from

dispersions in OA/chloroform were attempted to test this hypothesis.
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Figure 54: DRUVS spectra of TiO, loaded 3DOM SiO, deposited from nanoparticle

dispersions in OA/hexane. Spectra are vertically offset for clarity.
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3.2.2f: Deposition from OA/Chloroform Dispersions

Depositions were attempted using 0.1 M solutions of OA in chloroform as
dispersant. After calcination of the composites, all microscopy data showed that
high quality dispersions were obtained using this method. SEM images showed no
agglomerates, appearing identical to images before deposition. TEM analysis
showed a homogeneously coated surface, with no uncoated regions or aggregation
of nanoparticles on the nanoscale. Different concentrations of oleic acid in
chloroform were investigated, but 0.1 M was found to be optimum for reproducibly
producing high quality dispersions of nanoparticles in the pores. Example TEM
images and an electron diffraction pattern are shown in Figure 55. Additional TEM
images of intermediate loadings are shown in the appendix (Figure 117). TEM
images display a 2D representation of a cross section of sample. To evaluate the
deposition of nanoparticles around the pores, a series of images as a function of the
tilt angle of the TEM sample holder was obtained. Tilt series analysis confirmed that
deposition around the entirety of the spherical pores was achieved. The lack of any
surface films or agglomerations was also confirmed by tilt series analysis. An

average TiO, particle size of 8.6 £ 1.5 nm was measured in the composites.
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Figure 55: TEM images and electron diffraction of TiO, loaded 3DOM SiO, deposited
from nanoparticle dispersions in OA/chloroform. (a), (b) 58%-TiO;-395-Si0,, (c)
7.3%-Ti0,-395-Si0, and (d) Electron diffraction pattern of the region in (b) indexed
as anatase TiO,, JCPDS 01-078-2486.

SEM EDX analysis was used to analyse the elemental compositions of samples after
deposition. EDX scans were performed on 10 different 50 x 35 um areas of the
sample containing only porous particles. The experimental average weight % and
atom % for TiO, loaded 3DOM SiO, samples are shown in Table 9. The expected
elemental compositions were calculated based on the initial masses of 3DOM SiO,
and TiO,, and compared to the experimental values. Good agreement is observed

between the experimental data and the calculated values, confirming that all
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deposited nanoparticles are loaded into the pores, and further supporting the CHN

analysis of the OA/TiO, nanoparticles.

Average Weight % Average Atom % EDX
Sample Ti Si Ti Si TiO,/SiO,
Exp | Calc | Exp | Calc | Exp | Calc | Exp | Calc wt%®
3.6%-TiO,- | 2.1 47.0 0.9 34.3
2.1 45.1 0.9 324 | 3.50.7
395-Si0, | 0.6 154 0.3 5.0
11%-TiO,- | 5.8 40.0 24 28.9
5.9 42.1 2.5 30.8 | 11.0x1.6
395-Si0, | 1.5 2.4 0.6 12.0
22%-TiO,- | 9.2 38.6 4.0 28.6
10.7 38.4 4.7 28.6 | 18.6+2.6
395-Si0, | 2.1 5.2 1.0 4.9
36%-TiO,- | 15.2 34.3 6.8 26.0
16.0 34.3 7.2 26.2 | 348+2.1
395-Si0, | +2.1 2.3 1.0 +1.8

Table 9: Large area SEM EDX analysis of TiO, loaded 3DOM SiO, samples. Data was
collected at an accelerating voltage of 10 kV on 50 x 35 um areas of sample. °For

example calculation, see appendix section A1.5.

In addition to large area compositional analysis via SEM EDX, TEM EDX mapping
data was obtained to analyse the elemental distribution within the pores. The
elemental maps of a cross section of sample are shown in Figure 56. Ti, Si and O
maps were obtained for the region shown. High correlation is observed between
the three maps and the base image, confirming the homogeneity of the TiO,
coating. EDX analysis of other regions of the sample showed the same trends. All
electron microscopy data obtained suggests a highly dispersed nanoparticle

distribution, observed on all length scales.
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Figure 56: TEM EDX mapping data for 7.3%-TiO,-395-5i0,. (a) HAADF STEM image,

(b) Si map, (c) O map, (d) Ti map. 1 um scale bar applies to all images.

PXRD data for the composite sample was obtained, and is shown in Figure 57. All
crystalline peaks from the sample can be indexed to tetragonal anatase TiO,, JCPDS
number 01-078-2486. The electron diffraction pattern in Figure 55d confirms this
assignment. The oleic acid functionalised nanoparticles showed an orthorhombic
TiO, phase, hence a phase transition has been effected on calcination to form the
tetragonal anatase polymorph. From the FWHM of the peak at 25.2 ° 26, an
estimated crystallite size of 10.5 nm was calculated using the Scherrer equation.
The average size of particles measured from TEM images (8.6 + 1.5 nm) is in

reasonable agreement with this value.
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Figure 57: PXRD pattern of 36%-Ti0,-395-Si0, from OA/chloroform dispersions. X =
tetragonal anatase TiO,, JCPDS 01-078-2486, + = Al sample holder.

Analysis of the DRUVS spectra (Figure 58) shows a red shift in the (111) stop band
position of 5.5 — 16 nm for 7.3%-Ti0,-395-Si0, — 36.4%-Ti0,-395-Si0,. This is
predicted based on Equation 12. Addition of any material with refractive index
greater than that of air (1.00029) to the pore surface will increase the value of the
brackets in Equation 12 and result in a red shift of the stop band. Hence, this shift
confirms that TiO, nanoparticles have been deposited at the interface between the
SiO, wall and the void space and contribute to the photonic structure, as opposed

to the formation of outer surface films.

To model the shift, a modification was made to the Bragg-Snell equation to include

an additional component for the nanoparticles (Equation 13):

Equation 13 Ayey = 2dpj (@ Nyau + Xnp Mvp + (1- @Y — XNP)nvoid)

Where xnp and nyp are the volume fraction and refractive index of the nanoparticles,
and A,y is the shifted position of the stop band. The periodicity of each sample was

measured from SEM images by averaging of at least 100 measurements from
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different regions of the sample, and used to calculate d. The wall fill factor of the

composite, drotal, is defined by the following expression:

Equation 14 @iotar = @ + Xnp

An expression for xnp was determined by subtraction of the Bragg-Snell equation

(Equation 12) from Equation 13 to give Equation 15:

ATLEW _A
2dpri(MNP—Nyoid)

Equation 15 ynp =

Values of ynp Were calculated for the loading series using Anew values from the
experimental data set. To verify the values of xyp, the new stop band position was
modelled based on addition of nanoparticles to the wall material. On nanoparticle
loading, an increase in the average refractive index of the wall and total fill factor
can be calculated. TiO, has a higher refractive index than SiO,. As TiO, is loaded
onto the walls of the porous material, the average refractive index of the two
components will be higher than for SiO, alone. The average wall refractive index,

Nave Was calculated using Equation 16:

pwall)
PNP

Pwall
1+(%pnp-
(%np PNP)

Nyau+nyp(%np-

Equation 16 ng,, =

Where %np is the wt% of nanoparticles added and p is the density of the
components. In the denominator, the 1 represents the initial quantity of host, and
the bracket the additional contribution from the nanoparticles. The expected stop

band position of the composites was calculated using Equation 17:

Equation 17 Acqic = 2dpii(ProtaiNave + 1- wtotal)nvoid)

Alternatively, shifts could be modelled based on addition of nanoparticles to the
void space, which would return the same parameters. Addition of a surface film of
nanoparticles will slightly reduce the pore size of the materials, however the
periodicity of the photonic crystal lattice remains unchanged, and hence dy

remains constant.
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Figure 59 shows the experimentally observed relationship between the weight
fraction of nanoparticles loaded into the pores and the position of the stop band
maximum. The shift in stop band maximum increases linearly with loading, which
confirms that an increase in targeted loading corresponds with an increase in the
amount of nanoparticles loaded into the pores. The calculated shifts for each
loading are plotted alongside the experimentally observed values. A good
agreement is observed, confirming the loading of nanoparticles can be controlled by
adjustment of the precursor ratio. This trend allows for prediction of the new stop
band position when loading a certain amount of material into the pores or
determination of the loading amount for an unknown composition, which are
important considerations for optimising the relationship between the photonic stop

band of the support and the electronic band gap of the nanoparticles.

For this sample of 395-Si0,, a fill factor of ¢ = 8.88 % was calculated using Equation
12. The calculated values of Xrio2, Nayg and biotal along with the experimental and
calculated stop band shifts are shown in Table 10. As further verification of the
calculated data, the volume of nanoparticles added was calculated based on the
starting masses of TiO, and SiO, and their respective densities. The ratio of the
volume of nanoparticles added to the volume of SiO, was in good agreement with
the ratio of ¥ti02 to ¢, representing the volume fraction of TiO, and SiO,, for all
samples. This analysis suggests the complete loading of all added nanoparticles into
the photonic structure, consistent with the lack of aggregates observed by SEM and

TEM. The errors involved in this model will be discussed in appendix section A2.5.
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Figure 58: DRUVS spectra of 3DOM SiO, and TiO, loaded 3DOM SiO,. Insets: Zoomed

view of photonic stop bands, vertically offset for clarity.
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Figure 59: Line plot showing experimental and calculated stop band shift for TiO,
loaded 3DOM SiO, samples.
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Xtio2 / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift® / nm shift / nm
7.3%-Ti0,-395-Si0, 0.52 1.493 9.40 5.5 4.05
14.6%-TiO,-395-Si0, | 0.81 1.528 9.68 8.0 7.33
21.8%-Ti0,-395-Si0, | 1.05 1.561 9.92 10.5 10.41
29.1%-TiO,-395-Si0, | 1.31 1.591 | 10.19 13.5 13.53
36.4%-Ti0,-395-Si0, | 1.57 1.620 | 10.45 16.0 16.63

Table 10: Fill factors, wall refractive indices and stop band shifts for TiO, loaded

3DOM SiO,. °Spectrometer resolution 0.5 nm.

In the literature, Zhao et al. have shown the deposition of silver nanoparticles in
TiO, photonic crystals using a chemical bath method.™* On loading of their
materials with nanoparticles, a drop in the stop band intensity is observed as seen
in this work. A comparison between the nanoparticle/3DOM material atomic ratio
and height of the resultant stop band shown in their work and in Figure 58 is
presented in Table 11. Directly comparing the data, their sample ATIO-2 with 0.14
Ag/Ti atom ratio as determined by XPS shows the same loading as the 22%-TiO,-
395-Si0, sample reported here (Ti/Si = 0.14 by EDX). The sample 47%-Ti0,-395-Si0,
is calculated to give a Ti/Si ratio intermediate to the Ag/Ti ratios of the ATIO-5,

ATIO-10 and ATIO-20 samples presented in the paper.

For all TiO,/SiO, samples in this work, the reduction in peak height is less marked
than for Ag/TiO,. For the samples with 0.14 nanoparticle/inverse opal atomic ratio,
the stop band intensity of the TiO,/SiO, sample is greater than for Ag/TiO,. The stop
band intensity of the highest loading in this study is also greater than the literature
samples with similar loadings. As an additional observation, the position of the stop
band in the literature work is blue shifted slightly in some samples. Silver has a
refractive index less than 1 in the visible region,239 and hence for incorporation of a
volume fraction of nanoparticles into the voids, the term in brackets in Equation 13
will decrease. Alternatively, the blue shift of the stop band could be due to

contraction of the walls on heating. For the purposes of this analysis, the primary
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consideration is the effect on the ordering of the structure, and hence intensity of

the stop band, due to addition of nanoparticles.

Of particular highlight is the consistency of the two methods. Using the chemical
bath approach to Ag/TiO, composites, a greater intensity loss is observed for the
lowest and highest loadings in comparison to the intermediate loadings, suggesting
inhomogeneous deposition in these materials. In contrast, TiO,/Si0, samples
prepared by the method presented in this work show a progressive decrease in stop
band intensity as the loading amount is increased. The use of ligand stabilised
nanoparticles for deposition allows for a better quality of dispersion, and an
increased control over the position of the stop band on loading, in comparison to an

equivalent chemical bath approach.

Sample (Bold - Ag/Ti atom Ti/Si atom Stop band height relative
This work) ratio (%) ratio (%) to uncoated 10 (%)
3.6%-Ti0,-395-Si0, N/A 2.6 (EDX) 100
11%-Ti0,-395-Si0, N/A 8.3 (EDX) 87.4
22%-Ti0,-395-Si0, N/A 14 (EDX) 67.8
ATIO-2 14 (XPS) N/A 13.2
ATIO-5 31 (XPS) N/A 52.0
ATIO-10 34 (XPS) N/A 39.4
47%-Ti0,-395-Si0, N/A 35.6 (calc) 60.8
ATIO-20 38 (XPS) N/A 6.6

Table 11: Comparison of the effect on nanoparticle loading in 3DOM materials in

114
l.

this study and in the work of Zhao et a Samples are listed in order of increasing

NP/host ratio. Peak heights were measured from baseline to maximum using a ruler.

The success of this method appears to lie in the stability of the nanoparticle
dispersion. As the chloroform is evaporated to leave an oleic
acid/nanoparticle/3DOM SiO, composite, the dispersion of nanoparticles within the
liquid OA phase is retained. Due to the OA coating on the 3DOM surface, van der
Waals forces of attraction between the nanoparticles and support are greater than

the nanoparticle-nanoparticle interactions. As the oleic acid is heated above its
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boiling point of 360 °C, nanoparticles are deposited onto the OA-coated 3DOM
material by capillary forces as the meniscus travels along the surface, in a similar
fashion to vertical deposition of PS spheres described in section 2.2.4a. In the
literature, deposition of PS spheres and zeolite particles have been demonstrated

240, 241 A the temperature is increased,

on curved surfaces by capillary forces.
surface bound oleic acid is removed from the nanoparticles as evidenced by TGA.
Bonds are formed between the TiO, nanoparticles and the SiO, support, anchoring
them at the surface. Formation of Si-O-Ti bonds has been demonstrated in the
synthesis of TiO,@SiO, core shell particles at temperatures greater than 85 °C.2?
The presence of strong Si-Ti interactions is suggested by the stability of the

composites on addition of solvents, jie. no removal of nanoparticles is observed.

In the case of OA/chloroform dispersions, a more homogeneous distribution of
nanoparticles within the pores is observed after calcination compared to deposition
from dispersions in OA/hexane. Although dispersions in OA/hexane remained stable
for long periods of time if undisturbed, partial sedimentation must occur as the
concentration of solvent is decreased, resulting in some agglomeration of
nanoparticles. Deposition from OA/toluene was also investigated, and observed to

produce high quality composite materials similar to OA/chloroform.

In summary, homogeneous deposition of nanoparticles was achieved through
simple modifications to the surface of the 3DOM support and the solvent used for
dispersion. In order to investigate the generality of the method, variation in the
chemical identity of the support and nanoparticles will be reported in the following

sections.

3.2.3: OA/TiO, Deposition in ZrO, Inverse Opals

Coating of oleic acid onto 3DOM ZrO, was attempted using the same method as for
3DOM SiO,. IR spectroscopy was used to analyse the binding of oleic acid to the
surface and determine the optimum time to soak the support for maximal

adsorption. After soaking for three hours, clear peaks were observed at 2923 cm™
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and 2856 cm ™! attributable to C-H stretches, 1544 cm ™ and 1414 cm™* attributable
to COO", and 1715 cm™ attributable to C=0 (see appendix Figure 115) TGA was
used to study the quantity of adsorbed OA, showing a mass loss of 2.1 % around
300 °C. Using the cross sectional area of oleic acid and surface area of the 3DOM
ZrO, sample, this value was found to correspond to a monolayer of OA on the

surface.

Using OA/chloroform nanoparticle dispersions, deposition was attempted in OA-
coated 3DOM ZrO,. After calcination using the same conditions as for TiO,/3DOM
Si0,, the intensity of the colour of the samples was observed to decrease. SEM
imaging showed collapse of macropores, suggesting these conditions are too harsh
for 3DOM Zr0O,. Instead, samples were calcined at 450 °C for 4 hours (ramp rate 1 °C
min~Y), in line with the original synthesis of 3DOM ZrO,. Structural collapse was not
observed under these conditions. After calcination, SEM images of the composite
materials showed no agglomerates (Figure 60a). No change in the periodicity of
3DOM ZrO, was observed after calcination. TEM images of the composite materials
are displayed in Figure 60b — d, showing a homogeneous distribution of

nanoparticles within the pores.
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Figure 60: SEM and TEM images of TiO, loaded 3DOM ZrO, deposited from

nanoparticle dispersions in OA/chloroform. (a) SEM and (b), (c) TEM images of 7.3%-
TiO,-343-Zr0,, and (d) TEM image of 36%-TiO,-271-ZrO,.

PXRD analysis showed a two phase product, containing tetragonal anatase TiO,,
JCPDS 01-078-2486 and tetragonal ZrO,, JCPDS 01-079-1763 (Figure 61). On
calcination, the TiO, nanoparticles are converted to the anatase polymorph as
observed for TiO,/3DOM SiO, samples. From the FWHM of the peak at 25.3 ° 26, an
estimated crystallite size of 10.7 nm was calculated using the Scherrer equation,
similar to the size of TiO, nanoparticles in 3DOM SiO, (10.5 nm). Analysis of the
particle size using TEM images gives a value of 8.8 £ 1.2 nm, in reasonable
agreement with PXRD and comparable to the size of TiO, particles in 3DOM SiO,
measured by TEM (8.6 £ 1.5 nm). TEM EDX mapping data was obtained as for
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TiO,/SiO, composites. Homogeneous nanoparticle deposition was confirmed by

correlation between Ti, Zr and O maps.
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Figure 61: PXRD pattern of 58%-TiO,-271-ZrO, sample. X = tetragonal anatase TiO,,
JCPDS 01-078-2486, O = tetragonal ZrO,, JCPDS 01-079-1763.

The reflectance spectra of TiO,/3DOM ZrO, samples were analysed with respect to
the loading of TiO,. A red shift in the (111) stop band position of 3.5 — 25.5 nm was
observed for 3.5%-Ti0,-271-ZrO, — 26.5%-Ti0,-271-ZrO, (Figure 62). Using the
periodicity of 3DOM ZrO, from SEM measurements, the fill factor of the uncoated
3DOM ZrO, was calculated as ¢ = 15.4 % using Equation 12. From the experimental
data, values of Xrio2, Navg and roral Were calculated as a function of the loading
amount using Equation 13. Equation 17 was then used to calculate the expected
stop band shift as above for TiO,/3DOM SiO, composites. The calculated stop band
shift is plotted graphically in Figure 63 and agrees well with the experimentally
observed shifts. The values of Xtio2, Navg, Protal and the experimental and calculated
stop band shifts are listed in Table 12. The linear relationship between stop band
shift and nanoparticle loading confirms the correlation between increased targeted

loading and an increase in the amount of nanoparticles loaded into the pores.
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Xtio2 / drotal Experimental | Calculated A;1q
Sample Navg
% /% | A1 shift® /nm shift / nm
3.5%-Ti0,-271-Zr0O, 0.57 | 2.213 | 16.0 3.5 3.68
7.0%-TiO,-271-ZrO, 1.23 | 2.225 | 16.6 7.5 7.75
10.6%-TiO,-271-ZrO, | 1.80 | 2.236 | 17.2 11.0 11.40
14.1%-Ti0,-271-ZrO, | 2.29 | 2.246 | 17.7 14.0 14.62
17.6%-Ti0,-271-ZrO, | 2.87 | 2.255 | 18.2 17.5 18.24
26.5%-Ti0,-271-ZrO, | 4.18 | 2.276 | 19.6 255 26.64

Table 12: Fill factors, wall refractive indices and stop band shifts for TiO, loaded

3DOM ZrO,. "Spectrometer resolution 0.5 nm.
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Figure 62: DRUVS spectra of 3DOM ZrO, and TiO, loaded 3DOM ZrO,. Inset: Zoomed

view of photonic stop bands, vertically offset for clarity.
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Figure 63: Line plot showing experimental and calculated stop band shift for TiO,

loaded 3DOM ZrO, samples.

The surface area of nanoparticle loaded 3DOM materials was measured by nitrogen
adsorption porosimetry. Nitrogen adsorption/desorption isotherms resemble a type
Il isotherm as classified by IUPAC, and are displayed in Figure 64. Table 13 lists the
surface area of uncoated and 10 wt% TiO, loaded 3DOM SiO, and ZrO, materials.
For 3DOM SiO,, a slight decrease in surface area is observed, which suggests that
access to hollows in the amorphous walls is blocked. For 3DOM ZrO, however, an
increase in surface area is observed, which suggests that the roughness of the
surface, and hence the overall surface area, is increased by addition of

nanoparticles.

Surface area before NP | Surface area after 10 wt%
Material , , .
loading/ m“ g TiO, NP loading / m“ g~
395-Si0, 91+1 83+1
271-Zr0O, 20.6+0.3 29.1+0.3

Table 13: Surface area of 3DOM SiO, and ZrO, loaded with TiO, nanoparticles.
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3.2.4: Deposition of OA/Fe;0, Nanoparticles in 3DOM SiO, and ZrO,

To assess the generality of the deposition technique, its application to the
deposition of ligand stabilised nanoparticles of other materials was investigated.
FesO4, or magnetite, is a non-photocatalytically active material with many
applications due to its magnetic properties. Magnetite nanoparticles are of interest

243, 244

for MRI imaging, and montmorillonite clay supported magnetite nanoparticles

have been used for removal of Cr(Vl) from waste water.**

Using the deposition
method developed for OA/TiO, nanoparticles, deposition of OA/Fe304 nanoparticles

was investigated in 3DOM SiO, and ZrO,.

Deposition of OA capped Fe304 nanoparticles in 3DOM SiO, and 3DOM ZrO, was
attempted as outlined above for TiO,. Nanoparticle dispersions in OA/chloroform
were evaporated onto the support, followed by calcination at 500 °C, 5 hours (ramp
rate 5 °C min~*) for 3DOM SiO, and 450 °C, 4 hours (ramp rate 1 °C min*) for 3DOM
ZrO,.

SEM images of the composite materials showed no signs of agglomeration, and TEM
imaging showed a well dispersed array of nanoparticles of size 2.89 + 0.42 nm
within the pores of 3DOM SiO, (Figure 65). These particles are contributed from the
smaller amorphous particles observed in TEM images of OA/Fes0;. For high
targeted loadings (> 40 wt%), scanning across the surface in the TEM showed some
spherical crystalline agglomerates of Fes04 with diameter around 100 nm, however
in comparison to pristinely coated pores their concentration was small. No
uncoated regions were observed. The crystal phase of Fe304 in the composites was
analysed by electron diffraction (Figure 65c), showing cubic Fe30,; with low
crystallinity as evidenced by the low intensity of the diffraction rings. The elemental
composition of a 32.8%-Fe30,4-395-Si0; sample was analysed using EDX mapping,
confirming that the observed nanoparticle species are iron based (Figure 66). In
addition, the homogeneity of the dispersion is supported by the correlation in

appearance between Si, Fe and O maps.
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Figure 65: TEM images and electron diffraction for Fes0,4 nanoparticles loaded in
3DOM SiO, and ZrO,. (a), (b) 65.6%-Fe304-395-Si0,, (c) Electron diffraction pattern
of region in (a) indexed as cubic Fe30,, and (d) 41%-Fe304-271-2Zr0,.
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Figure 66: TEM EDX mapping data for 32.8%-Fe304-395-Si0,. (a) HAADF STEM

image, (b) Si map, (c) O map, (d) Fe map. 1 um scale bar applies to all images.

XRD analysis of 49.2%-Fe304-395-Si0, is shown in Figure 67. The observed peaks are
assigned as cubic Fe304, matching JCPDS 01-088-0866, as with the OA capped
nanoparticles. From the peak at 35.3 ° 26, the Scherrer equation was used to
calculate an Fe304 crystallite size of 14 nm. The nanoparticle sizes observed from
TEM images are much smaller than this value. The intensity of the PXRD peaks are
low in comparison to the background, indicating the majority of the incorporated
material is amorphous as suggested by TEM imaging. This suggests the crystalline
peaks in the PXRD pattern are due to the spherical agglomerates observed by TEM.
No crystalline peaks were observed for low loadings of FesO; (4 — 40 wt%),

confirming this assessment.
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Figure 67: PXRD pattern of 49.2%-Fe304-395-Si0,. X = cubic Fe30,, JCPDS 01-088-
0866, broad feature at 23° = Si0O,, + = Al sample holder.

As with previous samples, DRUVS spectra of a series of increasing wt% Fe30, in
3DOM SiO, samples showed red shifts in the (111) stop band position of 1.5 — 18
nm for 4.1%-Fe304-395-Si0, — 65.6%-Fe30,4-395-Si0, (Figure 68a). The stop band
shift was plotted as a function of the loading amount (Figure 68b). A linear
relationship is observed, confirming the correlation between the targeted loading
amount and the amount of material incorporated into the pores. Using the
periodicity of 3DOM SiO, from SEM measurements, the fill factor of the uncoated
3DOM SiO; was calculated as ¢ = 6.64 % using Equation 12. From the experimental
data, values of Xge304, Navg and Proral Were calculated as a function of the loading
amount using Equation 13. Equation 17 was then used to calculate the expected
stop band shift as above for TiO,/3DOM SiO, composites. The values of Xee304, Nave,
odwotal and the experimental and calculated stop band shifts are listed in Table 14.
The calculated stop band shift is plotted graphically in Figure 68b, and agrees well

with the experimentally observed shifts.
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Figure 68: (a) DRUVS spectra of 3DOM SiO, and Fe30, loaded 3DOM SiO, and (b)

experimentally measured and calculated stop band shift as a function of loading.
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XFe304 brotal Experimental | Calculated A;qq
Sample Navg
/ % /% | A1 shift® /nm shift / nm
4.1%-Fe304-395-Si0, | 0.14 | 1.471 | 6.78 1.5 1.19
8.2%-Fe;0,-395-Si0, | 0.32 | 1.487 | 6.96 3.0 2.54
16.4%-Fe30,4-395-Si0, | 0.45 | 1.518 7.1 4.5 4.45
32.8%-Fe304-395-Si0, | 0.96 | 1.573 | 7.6 9.5 9.10
49.2%-Fe304-395-Si0, | 1.28 | 1.621 | 7.92 12.5 12.99
65.6%-Fe30,-395-Si0, | 1.83 | 1.665 | 8.47 18.0 17.82

Table 14: Fill factors, wall refractive indices and stop band shifts for Fes04 loaded

3DOM SiO,. °Spectrometer resolution 0.5 nm.

Deposition of OA/Fe304 was also achieved in 3DOM ZrO,. Samples were calcined at

450 °C for 4 hours (ramp rate 1 °C min}). The samples were analysed by PXRD, but

only single phase tetragonal ZrO, could be assigned due to the coincident

reflections of ZrO, and Fe30,4 and the resolution of the instrument. SEM images of

the composites after deposition showed no agglomerates, appearing identical to

before deposition. TEM images also showed no agglomerates, but differentiation

between ZrO, and Fe;04 particles was not possible due to similar particle sizes and

the poor crystallinity of Fe304. PXRD, SEM and TEM for this sample are shown in

appendix section A3 (Figure 119 and Figure 120) From DRUVS analysis, stop band

red shifts were observed on loading as with previous samples (Figure 69). All data

suggested homogeneous deposition of Fe304 within 3DOM ZrO,.
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Figure 69: DRUVS spectra of 3DOM ZrO, and Fe30, loaded 3DOM ZrO,.
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3.2.5: Deposition of Nanoparticles in 3DOM FTO Films

3.2.5a: Deposition of TiO, in 3DOM FTO

Deposition of TiO, nanoparticles in 3DOM FTO films was attempted using similar
methods to those described for 3DOM SiO,. 3DOM FTO was soaked in 0.05 M
OA/hexane for 1 hour to adsorb OA molecules on the oxide surface. The slide was
placed in a 1.7 cm diameter cylindrical vial, to which nanoparticle dispersions in
OA/chloroform were added. On evaporation of the solvent, some nanoparticles are
deposited on the pore surface by capillary effects, however unlike in powder
materials some deposition was observed to occur on the walls of the slide and the
base of the container due to the shape of the slides. Variation in loading amount
was controlled by adjusting the concentration of nanoparticles in the dispersion.
TiO, was deposited from 1.5 mL of OA/chloroform solutions containing 1 — 10 mM
dispersed TiO, nanoparticles. After evaporation of the solvent, samples were

calcined at 450 °C for 4 hours (ramp rate 1 °C min™).

SEM EDX analysis was used to determine the atom % of Ti and Sn, and used to back
calculate the nanoparticle loading obtained. From 1.2 mM and 4.8 mM TiO,
dispersions, loadings of 15.6 and 19.6 wt% TiO, in 3DOM FTO were calculated from
EDX measurements. SEM images of 19.6%-Ti0,-289-FTO are shown in Figure 70.
Homogeneous deposition within the pores is indicated by the absence of
agglomerated particles. TEM images also showed no blockages of pores on the
nanoscale. The relatively small increase in loading amount for a four-fold increase in
concentration suggests that the loading amount cannot be directly controlled by
concentration alone. The loading amount may potentially be increased by slower
evaporation of the solvent front or multiple deposition cycles, and could be

investigated as future work.
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Figure 70: SEM images (a), (b) and TEM image (c) of 19.6%-TiO,-289-FTO sample.

Figure 71 shows the diffuse reflectance spectra of 3DOM FTO samples loaded with

TiO, nanoparticles. Red shifts in the stop band position are observed on loading as

with other 3DOM materials, accompanied by a decrease in the intensity of the stop

band. For uncoated 289-FTO, a value of ¢ = 13.3 % was calculated using Equation

12. From the experimental A11; shift, values of Xrioz, Navg and ¢roral Were calculated

using Equation 13. Equation 17 was then used to calculate the expected stop band

shift as above for TiO,/3DOM SiO, composites. Good agreement was observed

between the calculated and experimental A;1; shifts.

Xtio2 / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift® / nm shift / nm
15.6%-Ti0,-289-FTO | 3.43 1.790 16.7 24 241
19.6%-Ti0,-289-FTO | 4.27 1.824 17.6 30 30.1

Table 15: Fill factors, wall refractive indices and stop band shifts for TiO, loaded

3DOM FTO. °Spectrometer resolution 0.5 nm.
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Figure 71: DRUVS spectra of TiO, loaded 3DOM FTO on FTO glass samples.

3.2.5b: Deposition of CdS and CdSe in 3DOM FTO

Deposition of CdS and CdSe quantum dots was attempted in 3DOM FTO materials.
The 3DOM FTO used in this section was prepared by PhD student Menglong Zhang,
by the same techniques described in chapter 2 but using larger PS spheres. Similar
to deposition of TiO, nanocrystals, FTO was first coated with OA molecules. Stock
CdS and CdSe nanoparticle dispersions were diluted down to give an absorbance of
around 1 for the first exciton peak by UV-Vis absorption spectroscopy. The
concentration of nanoparticles was estimated using extinction coefficients for CdS
and CdSe quantum dots from the literature (see appendix section A1.3).2
Nanoparticle dispersions (1.5 ml) in OA/toluene (0.1 M) were evaporated onto the
film as described above for TiO,. Removal of the ligands was achieved by calcination

at 450 °C for 4 h (ramp rate 1 °C min*) under argon. Photographs of 3DOM FTO and

guantum dot loaded samples are shown in Figure 72.
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Figure 72: Photographs of 3DOM FTO (a) and quantum dot loaded 3DOM FTO, (b)
CdS and (c) CdSe.

SEM images of CdS and CdSe loaded 3DOM FTO are shown in Figure 73.
Optimisation of the concentration of nanoparticles in the dispersion is necessary to
prevent overloading and subsequent agglomeration of deposited particles. Samples
deposited from 7 uM CdS and 6.8 uM CdSe dispersions showed extensive surface
agglomerates by SEM (Figure 73a, b). Diffuse reflectance spectra of these samples
showed diminished or no photonic stop bands suggesting blockage of pores and

agglomeration due to high solution concentrations.

For CdS deposition, reducing the concentration of the dispersion to 0.5 uM
produced the samples in Figure 73c and d. Vastly reduced agglomeration is
observed compared to deposition attempts from higher concentrations. The
photonic stop bands are retained on loading (Figure 75), and red shifted as
predicted by Equation 13. From EDX analysis of 50 x 35 um sample areas a loading
of 11.2 wt% CdS was calculated.

TEM images of the CdS and CdSe loaded 3DOM FTO materials deposited from 7 uM
and 6.8 uM dispersions respectively showed agglomerates inside the pores due to
overloading. For the sample prepared from a 0.5 uM CdS dispersion (11.2%-CdS-
345-FTO), pristine macropores were observed by TEM (Figure 74). Differentiation
between the lattice fringes of individual nanoparticles was not possible due to the
coincident dng-spacings of FTO (111)/CdX (101), and FTO (101)/CdX (102) crystal

planes.
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Figure 73: SEM images of CdS and CdSe loaded 3DOM FTO. Composites deposited
from 7 uM CdS dispersion (a) and 6.8 uM CdSe dispersion (b), with extensive
agglomeration of particles. (c), (d) 11.2%-CdS-345-FTO deposited from 0.5 uM CdS.
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Figure 74: TEM images of 11.2%-CdS-345-FTO. Crystal planes in (b) could not be

differentiated due to similar dyy-spacings for FTO and CdS.
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Figure 75: DRUVS spectra of 3DOM FTO and CdS loaded 3DOM FTO.

The fill factor of the 345-FTO sample was calculated as ¢ = 13.5 % by Equation 12.
From the (111) stop band shift of 20 nm, a CdS fill factor of xcgs = 2.56 % was
calculated using Equation 13 to give a total fill factor dioral = 16.1 %. Using Naye =
1.72, an expected stop band shift of 18.7 nm was calculated using Equation 17, in

reasonable agreement with the experimental shift.

Deposition of CdSe from more dilute dispersions was attempted, but an optimal
concentration was not found. Future work could investigate homogeneous loading
of CdSe, and increased loading of CdS in 3DOM FTO by multiple depositions and

variation in the evaporation rate.

In summary, homogeneous deposition of ligand stabilised TiO, and CdS
nanoparticles has been achieved in 3DOM FTO films. The quality of dispersion is
high as evidenced by SEM, TEM and DRUVS analysis. As opposed to powder
materials, the loading amount cannot be directly controlled, but can be influenced
by the concentration of nanoparticle dispersion used for deposition. Using the

current parameters, a calibration curve could be fabricated, and used to determine
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the target loading based on this initial concentration. In future work, variation in the
deposition times, nanoparticle concentration and reaction vessel may facilitate
more direct control of the loading amount in the final product. Electrochemical
characterisation and photoelectrochemical fuel production using these composites
is of interest for future work, and is under investigation by other members of the

research group.

3.2.6: Deposition of Nanoparticles in Mesoporous SiO,

Many literature studies have shown the synthesis of mesoporous materials,
however comparatively few have reported the homogeneous deposition of
nanoparticles within these structures. Using similar methods to 3DOM materials,
the deposition of ligand stabilised nanoparticles was investigated in mesoporous
Si0,. The synthesis of Meso-SiO, with periodicity of 16.9 + 0.8 nm and wall
thickness around 4 nm was described in section 2.2.5. Deposition of OA/TiO, (8.9 +
1 nm diameter) and OA/CdS (2.84 + 0.3 nm diameter) was attempted within the
structure. On the basis of size, CdS nanoparticles would be expected to penetrate
deeper into the mesoporous network, and cause less occlusion of pores. In the
following section, the synthesis and characterisation of the composites by TEM and
PXRD is described, and the quality of the samples compared to literature reported

materials.

3.2.6a: Deposition of OA/TiO, Nanoparticles in Meso-SiO,

OA/TiO, dispersions in 0.1 M OA/chloroform were deposited in Meso-SiO, (30 mg)
as described above for 3DOM SiO,, followed by calcination at 500 °C for 5 h (ramp
rate 5 °C min'l). Figure 76 shows TEM images of TiO, loaded Meso-SiO,. Individual
nanoparticles could be identified by high resolution images (Figure 76d), showing
lattice plane separations consistent with tetragonal anatase TiO,. The anatase

polymorph was also confirmed by PXRD and electron diffraction (Figure 76b).
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Figure 76: TEM images and electron diffraction of TiO, loaded mesoporous SiO,. (a)
TEM image and (b) electron diffraction pattern of 22%-TiO,-Meso-SiO,, indexed as
anatase TiO,, (c), (d) 6.6%-TiO,-Meso-SiO,, (e), (f) 36%-TiO,-Meso-SiO;.
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EDX mapping was used to analyse the distribution of particles within the pores
(Figure 77). For all regions analysed, an even distribution of nanoparticles around

the pores is observed, however it is unclear whether occlusion of the pores occurs

on a larger scale.

Figure 77: TEM EDX mapping data for 36%-TiO,-Meso-SiO,. (a) HAADF STEM image,

(b) Si map, (c) O map and (d) Ti map. 100 nm scale bar applies to all images.
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3.2.6b: Deposition of OA/CdS Nanoparticles in Meso-SiO,

OA/CdS dispersions in 0.1 M OA/chloroform were deposited in Meso-SiO, (30 mg)
as described above for OA/TiO,, followed by calcination at 450 °C for 4 h (ramp rate
1°C min%). TEM images of the composites are shown in Figure 78. For greater CdS
loadings, some agglomeration of particles is observed within the pore channels
(Figure 78e), however low magnification images show that large proportions of the
pores are not occluded (Figure 78d). For the 4.2%-CdS-Meso-SiO, sample no pore
blockages were observed. Due to the 2D representation of TEM images, the
determination of the exact positions of nanoparticles within the pores was difficult.
To further characterise these materials, EDX mapping as shown for TiO,/Meso-SiO,

could be obtained as future work.

Electron diffraction (Figure 78c) showed a ring pattern assignable to cubic CdO
(JCPDS 01-075-0592) and hexagonal CdS (JCPDS 01-075-1545). This is consistent

with the surface oxidation of CdS by calcination in air.?*

In these composites the
primary consideration was to homogeneously distribute nanoparticles within the
porous materials, however for photocatalysis applications single phase CdS can be

prepared by reaction with Na,S.**’

The dn-spacings of the particles in Figure 78f
were measured to be 2.38 A, however the coincident dyg-spacings of the CdS (102)
and CdO (200) crystal planes prevented assignment of the crystal phase. After
reaction of a sample with Na,S for 6 hours, TEM showed particles containing lattice

fringes with dng-spacings of 3.2 A, corresponding to the CdS (101) plane.
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Figure 78: TEM images and electron diffraction of CdS loaded mesoporous SiO,. (a) —
(b) TEM images and (c) electron diffraction of 4.2%-CdS-Meso-SiO,, and (d) — (f)
TEM images of 29.4%-CdS-Meso-SiO;.
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3.2.6¢: PXRD Analysis of Nanoparticle Loaded Meso-SiO,

Wide angle PXRD profiles of nanoparticle loaded Meso-SiO, are shown in appendix
section A3 (Figure 121). For TiO, loaded samples, tetragonal anatase TiO, is
observed as in 3DOM materials. No peaks attributable to CdO or CdS were observed

in the CdS samples, suggesting the nanoparticles are amorphous.

The low angle PXRD profiles of TiO, and CdS loaded Meso-SiO, are shown in Figure
79. In section 2.2.5, the (111) peak in the low angle PXRD of Meso-SiO, at a
detector angle of 0.54 ° 20 was calculated to correspond to a periodicity of 16.3 nm.
The peak positions are not observed to shift on nanoparticle loading which suggests
that the periodicity of the structure is unchanged. In addition, the FWHM of the
(111) peaks at 0.54 ° 28 remain the same in all samples. The peak intensities are
decreased in comparison to Meso-SiO,, which could suggest a decrease in the
ordering of the structure on nanoparticle loading. However, the capillary tubes used
as sample holders may not contain the same thickness of material at the point of
exposure to the X-ray source, which could also cause variation in the intensity of the

peaks.

For TiO, loaded materials, the definition of the (311) peak at 1 ° 20 is reduced as the
loading is increased. This suggests that the crystalline TiO, nanoparticles are
interfering with the diffraction from (311) planes of Meso-SiO,. For CdS loaded
samples, the (311) peak is well defined as a function of loading. This may be due to
homogeneous dispersion of the nanoparticles, or the amorphous nature of the

CdO/CdS species may not interfere with diffraction from the mesopore structure.
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Figure 79: Low angle PXRD analysis of nanoparticle loaded Meso-SiO;. (a) TiO,
loaded and (b) CdS loaded Meso-SiO,. Insets: Zoomed view of the 0.8 — 3 ° 26 region
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3.2.6d: Surface Area Analysis of Nanoparticle Loaded Meso-SiO,

The surface areas of the composites were analysed by nitrogen adsorption
porosimetry and BET theory, and are compared to the surface area of Meso-SiO,

(560.3 + 7.4 m* g%) in Table 16:

Material Surface area / m’ g™

Meso-SiO, 560.3+7.4

4.2%-CdS-Meso-SiO, 548.3+11.3

CdS loaded Meso-SiO, 15.6%-CdS-Meso-SiO, 412.7 £8.1
29.4%-CdS-Meso-SiO, 3929+7.7

6.6%-TiO,-Meso-SiO, 398.2+7.9

TiO, loaded Meso-SiO, 13.2%-TiO,-Meso-SiO, 3447 +6.8
19.8%-TiO,-Meso-SiO, 3574 +6.7

Table 16: Surface area of nanoparticle loaded mesoporous materials.

For high nanoparticle loadings a reduction in surface area is observed in comparison
to uncoated Meso-SiO,. The magnitude of this reduction is greatest for TiO, loaded
materials, by factors of 0.29 (6.6 wt% TiO,) to 0.36 (19.8 wt% TiO,). For high CdS
loadings (> 15 wt%), the reduction factor is smaller (0.26 — 0.30) than for
comparable TiO, loadings, suggesting access to the mesoporous structure is more
restricted for TiO, loaded samples as predicted from the comparative sizes of the

nanoparticles.

For the lowest loading of CdS (4.2 wt%), within error the surface area is the same as
the uncoated Meso-SiO,. As observed from TEM images, CdS is incorporated into
the mesoporous structure, and agglomeration is not observed in this composite.
The nitrogen adsorption/desorption isotherm (Figure 80) resembles a type IV
isotherm with similar shape to Meso-SiO,, however the hysteresis on the
desorption trace shows retention of high volumes of adsorbent to lower relative
pressures. This may suggest that the windows between pores are smaller, and
hence a greater decrease in pressure is required before evaporation of the

condensed liquid in the pores will occur. A decrease in the window size is consistent
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deposition of CdS nanoparticles on the pore surface. The retention of high

surface area is of particular interest for applications of these materials as catalysts.
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Figure 80: Nitrogen adsorption/desorption isotherms for (top) TiO, loaded

mesoporous SiO, and (bottom) CdS loaded mesoporous SiO,.
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Similar hysteresis curves are observed for higher loadings of CdS. The drop in
volume corresponding to evaporation from the pores on the desorption isotherm is
similarly shifted to lower relative pressures, which suggests coverage of the pore
windows as for 4.2%-CdS-Meso-SiO,. The volume adsorbed is lower across the
entire isotherm for the higher loadings, which suggests that access to some of the
mesopore channels has been blocked. This is consistent with the presence of some
agglomerates observed by TEM imaging. For TiO, loaded samples, the shapes of the
hysteresis loops are the same as Meso-SiO, for all samples, suggesting that

deposition of nanoparticles has not occurred on the edges of the windows.

Similar reductions in surface area on nanoparticle loading have been observed in
the literature using chemical bath techniques for deposition. An ionic liquid
templated mesoporous SiO, material shows reduction in surface area from 1127 m?
g! to 788 m? g™ on TiO, loading, and 588 m? g™ for TiO,/PW;, loading.?*® The
surface area decrease on TiO; loading, accompanied by a decrease in pore size from
3.1 nm to 2.96 nm, was attributed to homogeneous coating of TiO, on the surface
of the pores and in the pore channels. However, TEM evidence was not presented
to clarify the nanoparticle distribution. For Co304 loading in SBA-15 materials,
reductions in surface area from 878 m” g™ to 596 m”> g™* and 533 m? g* were

observed for 4 and 8 weight % loadings respectively.207

For these composites, TEM
images showed clusters of aggregated particles around 60 — 200 nm in length
(Figure 81), coupled with a decrease in the pore size from 8.2 nm (SBA-15) to 7.6
nm (4 weight %) and 7.1 nm (8 weight %). Similarly, growth of WS, slabs with an
average particle size of 3.6 nm inside SBA-15 (6.5 nm pores) was observed to

decrease the surface area from 800 m? g'1 (SBA-15) to 509 m? g_1 (20 weight %) and
230 m? gt (60 weight %).>*
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Figure 81: Literature TEM images of (a) 4 weight % Co304 loaded SBA-15

mesoporous SiO, and (b) Co30, clusters after SiO, removal. Adapted from Jiao and

Frei.?®”

A decrease in surface area has been observed in LaCoOs loaded mesoporous SiO,
from 1095 m? g™ for the uncoated sample, to 750 m? g* (10.5 weight %), 510 m’
g™ (30 weight %) and 340 m” g™! (47.5 weight %).'*® For the composite materials
hysteresis loops are not observed in the N, adsorption/desorption isotherm, which
may suggest the decrease in surface area is due to blocking of the mesopore
channels in these materials (Figure 82). NiO has been deposited in mesoporous SiO,
by atomic layer deposition, showing a slight increase in surface area on nanoparticle

loading (2.9 weight %) from 297.6 m* g™ to 302.6 m* g
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Figure 82: Analysis of LaCoO3 loaded mesoporous SiO, from the literature. (a) TEM
image of 38.5 weight % LaCoO3 loaded sample and (b) Adsorption/desorption

isotherms of LaCoO3 loaded samples. Adapted from Nguyen et al.’®

The change in surface area on nanoparticle loading observed in this work and in the
literature examples discussed is summarised in Table 17. In comparison to chemical
bath techniques in the literature, the observed percentage decrease in surface area
on nanoparticle loading is of lower magnitude for the samples presented in this
work. TEM analysis of the composites shows mostly pristine mesoporous materials,
which is reflected in the high surface areas of the composite materials. Some
agglomerates are observed for high CdS loadings, the reduction of which could be
investigated in future work. Due to the 2D representation of TEM images, the
location of nanoparticles within the pores could not be confirmed. To analyse the
pore surface, focused ion beam (FIB)/TEM could be used to cut a cross section of
the pore structure for imaging. By controlled deposition of ligand stabilised
nanoparticles smaller than the mesopore sizes, higher surface area composites can
be produced than for an equivalent chemical bath technique, which is of particular

interest for catalysis applications.
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Loaded
Weight % Nanoparticle SiO, Surface Change in surface
surface area

Loading in Mesoporous SiO, | area/ m? g_1 gt area on loading / %
4.0%-CdS (this work) 560.3 548.3 -2.1
322.7%-CdS (this work) 560.3 392.9 -29.8
216.5%-TiO (this work) 560.3 357.4 -36.2
CB: "Ti0,**#® 1127 788 -30.1
CB: "PW,,/Ti0,**® 1127 588 -47.8
CB: 4%-C030,>"’ 878 596 -32.1
CB: 8%-C030,>"’ 878 533 -39.3
CB: 20%-WS,** 800 509 -36.4
CB: 60%-WS,** 800 230 -71.3
ES: 10.5%-LaCo05'% 1095 750 -31.5
ES: 30%-LaCo05'% 1095 510 -53.4
ALD: 2.9%-NiO* 297.7 302.6 +1.6

Table 17: Surface area change of mesoporous materials on nanoparticle loading in

this study and in the literature.’ 16% 207 248 249 @

weight % values calculated as
massyg/total mass for comparison. bloading amount not analysed. Key: CB —
Chemical bath deposition, ES — Electrostatic stabilisation (citrate) deposition, ALD —

Atomic layer deposition.
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3.3: Conclusions and Future Work

A method was developed for deposition of preformed, ligand stabilised
nanoparticles in porous materials as homogenous monolayers. All nanoparticles
used were readily synthesised according to reported literature procedures. The
method was optimised through variation in dispersion solvent and modification of
the support. Progression of the method is shown by TEM in Figure 83. Adsorption of
a monolayer of OA on the support, followed by deposition of a dispersion of
nanoparticles in OA/chloroform was found to maximise nanoparticle-support
interactions and lead to a homogeneous distribution of nanoparticles after solvent
evaporation. On calcination, the ligands are removed from the surfaces, and bonds

are formed between the nanoparticles and the support.

The homogeneity of the nanoparticle coating was evidenced by electron
microscopy, surface area analysis, and for photonic 3DOM materials, evolution of
the stop band position and retention of its intensity. With the exception of high (>
40 wt%) Fe304 loadings in 3DOM SiO,, no agglomeration of particles was observed
by SEM or TEM. The targeted nanoparticle loadings were confirmed by EDX analysis.
In terms of photonic properties, predictable shifts of the stop band were observed
on addition of materials with refractive index greater than air. The new stop band
position can be predicted based on the loading amount. The fabrication of materials
with a defined photonic stop band is of interest for optical sensors.?? In addition,
the wide photonic stop bands observed in these materials can effectively scatter
light and modify the absorption of photons by a material within the pores, which

has the potential to enhance photocatalysis.”® '8

Deposition of OA-coated nanoparticles can achieve a homogeneous dispersion of
nanoparticles within porous materials, whilst simultaneously offering control over
the loading amount, crystal phase and particle size. The direct influence over all
these parameters is not possible in some literature methods, such as the chemical
bath deposition. For powder materials, all added material is retained in the final
composite, and hence precise control over the loading of nanoparticles is possible

by variation of the mass of nanoparticles in the dispersion. The particle size in the
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composite is controlled by the initial nanoparticle synthesis, and can be varied by
modification of the reaction conditions. In many existing deposition techniques in
the literature, the main control over particle size is by variation of the chemical
composition of the precursor and its concentration, which requires a trial and error
approach to obtain a defined particle size for a specific precursor. In this work, the
crystal phase of the nanoparticles can be controlled in the composite materials to
an extent, however if the crystal phase of a material can be modified by
intermediate temperature transformations (< 400 °C) control may not be possible

due to the requirement for calcination to remove the ligands.

The generality of the technique has been demonstrated through its application to a
variety of different nanoparticles and supports. In terms of supports, successful
deposition has been achieved in 3DOM SiO,, ZrO, and FTO, and in mesoporous SiO,.
Literature methods exist for synthesis of OA-coated nanoparticles with a variety of

222224 \which could feasibly be deposited in a multitude of

chemical compositions,
porous materials by simple modification of the surface with OA. In the current
iteration of the method, control of loading was not directly possible for deposition
in 3DOM films. From multiple deposition attempts, a calibration curve could be
produced to predict the expected loading based on the dispersion concentration. In
future work, modification of the reaction vessel could be investigated to contain

deposition within the film and directly correlate the nanoparticle loading with the

dispersion concentration.

Currently, the technique has been demonstrated for the deposition of fatty acid
stabilised nanoparticles. Future work could be to replicate the same quality of
deposition using aqueous phase stable nanoparticles, for example with

217, 251

poly(ethylene glycol) or poly(vinylpyrrolidone) functionality, to extend the

applicability of the method to more materials.
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Figure 83: TEM images showing the quality of deposition attained in 3DOM SiO,

throughout method development. (a) DCDMS-coated SiO,, hexane NP dispersion, (b)
OA-coated SiO,, hexane NP dispersion, (c) OA-coated SiO,, OA/hexane NP
dispersion, (d) OA-coated SiO,, OA/chloroform NP dispersion.

182



Chapter 4

Chalcogenide Nanoparticle

Deposition and Photocatalysis



Chapter 4

4.1: Introduction

4.1a: Photocatalysis Mechanisms

In this chapter, photocatalytic hydrogen production from CdS and TiO, loaded
3DOM ZrO, is described. Anatase TiO, has an indirect band gap of 3.2 eV, and forms
excitons under UV light irradiation. For TiO, composites, photocatalytic hydrogen
evolution from sacrificial agueous methanol was studied, in which photogenerated
electrons reduce water to hydrogen and methanol is oxidised to formaldehyde by

holes, which has been described by the following equations:***
Equation 18 h* + H,0 -« OH + H*
Equation19 ¢ OH + CH3;0H —»+ CH,0H + H,0
Equation20 e CH,0H - HCHO + H* + e~

Equation 21 2H,0 + 2e~ - H, + 20H™

For CdS, to avoid photocorrosion a sacrificial agueous Na,S/Na,SOs solution was
used. CdS is a direct band gap semiconductor with a band gap of 2.4 eV. CdS shows
visible light activity for photocatalytic hydrogen production from pure water, but is
degraded over time due to oxidation of the surface under light by photogenerated

252
holes:*

Equation 22 CdS + 2ht > Cd?** + S

To avoid this degradation, photocatalysis can be performed in solutions of sacrificial

S*” (sulfide) and SOs* (sulfite) ions. Following exciton formation by band gap

excitation, the overall process occurs by the following reactions:®®

Equation 23  Water Reduction 2e” +2H,0 - H, + 20H™

Equation 24 Sulfite Oxidation S05~ + H,0 + 2h*t > S0~ + 2H*
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Equation 25  Sulfide Oxidation 25% + 2ht - §2°

S* jons in solution are oxidised by holes to form yellow S,*” (disulfide) ions by
Equation 25, preferentially over the decomposition of CdS to elemental S by
Equation 22. S,%” ions can occlude the absorption of light by Cds,”* however
reaction of SOs”” ions with disulfide forms colourless $,05”" (thiosulfate) ions, which
do not interfere with proton reduction or light absorption.254 S05°” ions are also

oxidised to SO, (sulfate) ions by photogenerated holes (Equation 24).

The mechanism for hydrogen formation on the CdS surface is described by Equation
26. In water, surface CdS can be reversibly hydrolysed to form CdSH and CdSOH
surface species. Reduction of CdSH by two photoexcited electrons forms a reduced

state Cd(0)S(0)H, which liberates hydrogen according to Equation 27:>> **°

Equation 26  (CdS), + Hy,0 < CA(+I1)SH + S(—II)Cd(+I1)OH

Equation 27 Cd(0)S(0)H + H* & Cd(0)S(0)HS - Cd(+11)S(0)* + H,

Following hydrogen release, the CdSH surface species is regenerated. Oxidation of
two equivalents of S%" or SOs* ions in solution is coupled with the two electron
reduction of Cd(l1)S(0)" to form Cd(+I1)S(=I)H,". Proton dissociation reforms the

CdSH surface species and completes the catalytic cycle.

4.1b: Chapter Objectives

The synthesis and characterisation of CdS nanoparticles was described in section
3.2.1c in chapter 3. Deposition of CdS in 3DOM SiO, and ZrO, will be investigated

using the same methods described previously for TiO, and Fe30;,.

CdS loaded 3DOM ZrO, composites will be investigated for photocatalytic water
reduction using Na,S/Na,SOs; as a sacrificial electron donor, and to prevent
photocorrosion of CdS. A series of samples is presented with variation in the
periodicity, and hence the position of the photonic stop bands. The effect of the

optical properties of the material on the rate of hydrogen evolution will be studied.

185



Chapter 4

TiO, loaded 3DOM ZrO, composites will be studied as photocatalysts for water
reduction using sacrificial methanol, and the trends in activity compared to the CdS

series for the same 3DOM ZrO, materials.

4.2: Results and Discussion

4.2.1: Deposition of CdS Nanoparticles in 3DOM Powders

In the previous chapter, homogeneous deposition of CdS quantum dots was
achieved in 3DOM FTO and mesoporous SiO, using OA/chloroform as dispersant.
CdS loading was attempted in 3DOM materials using the same solvent system.
Nanoparticles were dispersed in OA/chloroform (0.1 M) and deposited onto OA-
coated supports by evaporation of the solvent at 40 °C overnight. Samples were
calcined at 450 °C for 4 h (ramp rate 1 °C min™) under argon. Initial deposition
attempts using oleylamine capped CdS nanoparticles were unsuccessful, resulting in
biphasic powders containing large agglomerates as judged by SEM imaging (Figure
84). As observed previously for TiO, nanoparticles, the stability of the dispersion is
important for high quality deposition. The formation of agglomerates is likely due to

sedimentation from dispersion during the evaporation process.

"
AccV SpotMagn Det WD Exp 1 500 nm

5.00kV 3.0 40000x TLD 50 1

Figure 84: SEM images of CdS loaded 3DOM SiO, (left) and 3DOM ZrO, (right),
deposited from dispersions of oleyl/CdS in OA/chloroform. Clear agglomeration of

particles is observed.
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To improve the deposition, OA capped CdS quantum dots with long term stability in
organic solvents were used. PXRD patterns of CdS loaded 3DOM SiO, and ZrO, are
shown in Figure 85. In both patterns hexagonal CdS matching JCPDS file 01-075-
1545 is observed. Electron diffraction confirmed the phase assignment (Figure 86f).
SEM images, TEM images and EDX maps of CdS loaded 3DOM SiO, and ZrO, are
shown in Figure 86 and Figure 87. SEM images showed no agglomeration of
particles or pore blockages on the macroscale. On the nanoscale, TEM images and
EDX maps showed an even distribution of particles within the pores. All microscopy
evidence indicates that homogeneous deposition of nanoparticles has been
achieved. High resolution TEM images were used to identify the crystal plane and
chemical identity of individual nanoparticles (Figure 86b and d). The CdS particle
size was measured as 3.51 + 0.36 nm after calcination. This value is larger than the
Bohr radius of CdS (ca. 3 nm),”** hence quantum confinement effects are not

exhibited in the composites.
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Figure 85: Powder XRD patterns of CdS loaded 3DOM SiO, (left) and ZrO, (right). + =
Al sample holder, ® = tetragonal ZrO,, JCPDS 01-079-1763, X = hexagonal CdS, JCPDS
01-075-1545.
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Figure 86: TEM images of CdS loaded 3DOM SiO, and ZrO,. (a), (b) 93.7%-CdS-316-
Si0,, (c), (d) TEM images of 20%-CdS-270-2ZrO,, (e) HAADF STEM image of 20%-CdS-
270-Zr0,, and (f) electron diffraction pattern of 9.5%-CdS-270-Zr0O,.
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-
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Figure 87: SEM image (a) and TEM EDX mapping of 20%-CdS-270-ZrO,. HAADF
STEM image (b), Zr map (c), O map (d), Cd map (e) and S map (f). Scale bar for (b)

also applies for (c) — (f).
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Diffuse reflectance spectra of CdS loaded 3DOM SiO, and ZrO, and stop band shifts
as a function of loading are shown in Figure 88 and Figure 89. As with previous
composites, a linear red shift in the (111) stop band position is observed as
nanoparticle loading is increased. Stop band shifts of 2.5 — 16.5 nm were observed
for 15%-CdS-316-Si0;, — 93.7%-CdS-316-Si0,, compared to 6 — 18.5 nm for 4%-CdS-
255-Zr0;, — 16%-CdS-255-Zr0,. The linear relationship between stop band shift and
nanoparticle loading confirms the correlation between increased targeted loading

and an increase in the amount of nanoparticles loaded into the pores.

The fill factors of 316-Si0, and 255-ZrO, were calculated as 5.27 % and 16.8 %
respectively. From the experimental data, values of Xcas, Navg and &l Were
calculated as a function of the loading amount using Equation 13 (section 3.2.2f
Chapter 3). Equation 17 was then used to calculate the expected stop band shift.
The values of Xcds, Navg, Drotal and the experimental and calculated stop band shifts
are listed in Table 18 (CdS loaded SiO;) and Table 19 (CdS loaded ZrO,). The
calculated stop band shifts are plotted graphically in Figure 88b and Figure 89b.
Good agreement is observed between the experimental and calculated data. Along
with the microscopy data, the retention of intense stop bands on nanoparticle

loading suggests a homogenous dispersion of nanoparticles within the pores.
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Xcds / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift® / nm shift / nm
15%-CdS-316-Si0, 0.30 1.515 5.57 2.5 2.55
31.4%-CdS-316-Si0, | 0.66 1.573 5.94 5.0 5.39
50.5%-CdS-316-SiO, 1.27 1.632 6.54 9.5 9.31
93.7%-CdS-316-Si0, 2.20 1.738 7.47 16.5 16.72

Table 18: Fill factors, wall refractive indices and stop band shifts for CdS loaded

3DOM SiO,. °Spectrometer resolution 0.5 nm.

Xcds / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift® / nm shift / nm
4%-CdS-255-Zr0, 0.97 2.209 | 17.77 6.0 5.62
8%-CdS-255-Zr0, 1.77 2.217 | 18.58 10.5 10.38
16%-CdS-255-Zr0, 3.15 2.232 | 19.95 18.5 18.69

Table 19: Fill factors, wall refractive indices and stop band shifts for CdS loaded

3DOM ZrO,. “Spectrometer resolution 0.5 nm.
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Figure 88: (a) DRUVS spectra of 3DOM SiO, and CdS loaded 3DOM SiO, and (b)

experimentally measured and calculated stop band shift as a function of loading.
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Figure 89: (a) DRUVS spectra of 3DOM ZrO, and CdS loaded 3DOM ZrO,. Inset:
Zoomed view of photonic stop bands, vertically offset for clarity. (b) experimentally

measured and calculated stop band shift as a function of loading.
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4.2.2: 3DOM Photocatalysts

In this section, photocatalytic hydrogen evolution will be demonstrated for 3DOM
ZrO, supported CdS and TiO, nanoparticles. By variation of the periodicity of the
support, the effect of overlap between photonic stop bands and electronic

absorption will be studied.

4.2.2a: Sample Preparation

3DOM ZrO, materials with different periodicities were fabricated as outlined in
chapter 2. Four materials with stop bands from 200 nm to 700 nm were chosen as
deposition targets (samples 1 — 4, Table 20), in addition to commercial ZrO, powder
(sample 5) as a control. SEM images of 1 — 5 are shown in Figure 91. The particle
size of sample 5 was between 150 — 300 nm. Nitrogen adsorption porosimetry and
BET theory gave surface areas of ca. 25 m? g‘1 for 3DOM ZrO, samples 1 —4, with no
distinct variation due to the pore sizes of the 3DOM structure. The surface area of
the non-porous sample 5 was determined to be 3 m? g Nitrogen
adsorption/desorption profiles for these supports are displayed in the appendix

(Figure 122 and Figure 123).

The periodicities and wall fill factors of the 3DOM materials are listed in Table 20.
Diffuse reflectance spectra of the supports in air and soaked in aqueous
Na,S/Na,S0s solution are shown in Figure 90. For sample 1, in air the (111) stop
band overlaps with the feature centred on ca. 325 nm due to absorption of the
glass slide used for measurement. Using quartz slides for reflectance
measurements, the (111) stop band was observed at 328 nm. On filling the voids

with solution, the stop band is red shifted to 427 nm.
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Air filled void space

1 =—155-ZrD2
2 ——255-7r02
3 = 270-Zr02

4 ——320-7r02

250 350 450 550 650 750 850 950
Wavelength (nm)

Adg. Na;S/NaxS0s filled
void space

1 =——165-2r02
2 =——1755-7r02
3 =——270-2r02

4§ =—370-7Zr02

T T T T T T T 1
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Figure 90: DRUVS spectra of 3DOM ZrO, samples used as supports for photocatalyst

nano

particles. Voids were filled with air (top) and aqueous 0.25 M Na,S/0.35 M
Na»S0; (bottom).
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Template 3DOM ZrO, Calculated fill
Sample
Diameter® / nm periodicity® / nm factord / %
1 (165-2r0,) 26020 16517 17.0
2 (255-Zr0,) 40013 255117 16.8
3 (270-zr0,) 430+9 270+12 17.0
4 (320-2r0,) 500£17 320+20 17.0

Table 20: Periodicity and filling factors of 3DOM ZrO, materials used to support

photocatalyst nanoparticles. “Measured from SEM.

1

G

e

. ' ’
Det WD Exp 1 1m

LD 5.1 1

it

Figure 91: SEM images of 3DOM and commercial ZrO, (1 — 5) used as supports. (a)
165-Zr0,, (b) 255-2Zr0,, (c) 270-Zr0,, (d) 312-Zr0O, and (e) commercial ZrO,.
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In initial attempts at photocatalysis using CdS/3DOM ZrO, composites synthesised
as described above, poor dispersion of the sample in the sacrificial reagent solution
was observed. This was attributed to incomplete combustion of OA under argon,
resulting in deposition of a thin layer of carbon on the surface. The formation of
carbon films by calcination of organic materials under inert atmosphere has been
reported in the literature.”® For catalysis samples, removal of surface OA was
achieved by calcination at 450 °C for 4 hours (ramp rate 1 °C min™) in air. Under
these conditions, partial oxidation of CdS is expected,’® however as will be
described in section 4.2.2b, oxide/sulfide exchange can occur under the conditions

used for photocatalysis.**’

In addition, photocatalysis of Pt loaded CdS/3DOM ZrO, composites was attempted.
Enhancements of hydrogen evolution activity were observed when 2 wt% (by CdS
amount) Pt was loaded onto the CdS/3DOM ZrO,, by a factor of 3.5 times for a
sample with a loading of 25 wt% CdS. Comparable enhancements in activity of
photocatalysts by loading of Pt have been reported in the literature.®® However, to
elucidate the effects of the photonic structure on the photocatalytic activity of
CdS/3DOM ZrO, and TiO,/3DOM ZrO, composites, deposition of a further quantity
of nanoparticles adds complexity to the materials that may cloud the results. To
ensure a fair test, homogeneous dispersion of Pt preferentially on the CdS
nanoparticles rather than the non-photocatalytically active ZrO, (under visible
light), and complete deposition of the targeted loading with no agglomeration

2% n the interests

would be required. Pt is also known to cause photoetching of CdS.
of simplicity and to evaluate the effects of the photonic structure, photocatalysis

was attempted without the addition of a co-catalyst.

CdS (9.5 wt%) and TiO, (47.8 wt%) nanoparticle dispersions in 0.1 M OA/toluene
were deposited on 3DOM ZrO, samples 1 — 4 and commercial ZrO, sample 5, to
form composites 1-CdS — 5-CdS, and 1-TiO, — 5-TiO,. To ensure consistency,
photocatalysis samples were prepared in tandem using the same concentration and
volume of nanoparticles from the same batch. The volatiles were evaporated at 80
°C overnight, followed by calcination at 450 °C for 4 hours (ramp rate 1 °C min™) in

air. Vials were weighed at each stage of the deposition process to monitor the
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nanoparticle deposition. Furthermore, evaporation of nanoparticle dispersions was
also performed in separate vials containing no ZrO, to analyse the solid content of
the dispersion. The masses of CdS and TiO, nanoparticles loaded onto ZrO, are
summarised in Table 21. Photographs of the supports before and after CdS
deposition are displayed in Figure 92. For TiO, deposition, no noticeable change in
the colour of the powder was observed on nanoparticle loading. SEM and TEM
analysis showed a homogeneous distribution of nanoparticles within the pores

similar to previously displayed microscopy images.

Mass support Mass nanoparticles
Sample series Nanoparticle wt%®
used / mg added (after calc) / mg
CdS / ZrO, 30+£0.1 2.8+0.05 9.5+0.1
TiO, / ZrO, 15.68 £ 0.05 7.35+0.05 47.8+0.1

Table 21: Compositional data for nanoparticle loaded materials. “Note OA

constitutes 2.1% of pre-calcined support mass.

Figure 92: Photographs of commercial and 3DOM ZrO, samples. Before deposition
(left) and after photocatalysis of 9.5 wt% CdS loaded samples (right). 165-ZrO, (1),
255-2r0; (2), 270-2Zr0; (3), 320-ZrO, (4) and commercial ZrO, (5).

Diffuse reflectance spectra for 1-TiO, — 5-TiO, and 1-CdS — 5-CdS are displayed in
Figure 93 and Figure 94. In comparison to 1 -5, (111) Stop band shifts of 21 —38 nm
and 6 — 11 nm were observed for TiO, and CdS loading respectively, consistent with

the targeted loadings of 47.8 % TiO, and 9.5 % CdS.

Using the fill factors of 3DOM ZrO, listed in Table 20, values of Xcds, Xtio2, Navg and

Protal Were calculated from the experimental stop band shifts for 1-TiO, — 4-TiO, and

198



Chapter 4

1-CdS — 4-CdS. An expected stop band shift was calculated from these parameters
using Equation 17 (section 3.2.2f). Calculated values of Xcds, XTio2, Nave and ®iotal for
the composites are listed in Table 22, in addition to the experimental and calculated

stop band shifts.

Xcds / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift / nm shift / nm
9.5%-CdS-165-Zr0,
1.93 2.22 18.91 5.96 5.95
(1-CdS)
9.5%-CdS-255-Zr0,
1.94 2.22 18.78 8.8 8.76
(2-cdS)
9.5%-CdS-270-Z2rO,
1.93 2.22 18.94 9.33 9.31
(3-CdS)
9.5%-CdS-320-Z2rO,
1.94 2.22 18.88 10.83 10.79
(4-CdS)

Table 22: Fill factors, wall refractive indices and stop band shifts for 9.5 wt% CdS

loaded 3DOM ZrO, photocatalysis samples.

Xcds / Drotal Experimental | Calculated A;1q
Sample Navg
% /% Ai111 shift / nm shift / nm
47.8%-Ti0,-165-2r0,
6.22 | 2.271 | 23.2 20.5 20.39
(1-TiO,)
47.8%-Ti0,-255-Zr0,
6.21 | 2.271 | 23.1 30.5 29.87
(2-TiOy)
47.8%-Ti0,-270-ZrO,
6.22 | 2.271 | 23.2 325 31.90
(3-TiO,)
47.8%-Ti0,-320-2r0O,
6.22 | 2.271 | 23.2 37.5 36.81
(4-TiOy)

Table 23: Fill factors, wall refractive indices and stop band shifts for 47.8 wt% TiO,

loaded 3DOM ZrO, photocatalysis samples.
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Figure 93: DRUVS spectra of 1-TiO, — 5-TiO,. Voids were filled with air (top) and

aqueous 10 % methanol (bottom).
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Figure 94: DRUVS spectra of 1-CdS — 5-CdS in air before photocatalysis.

4.2.2b: Photocatalytic Testing

CdS loaded 3DOM ZrO, samples (30 mg) were tested for photocatalytic hydrogen
evolution from sacrificial aqueous sodium sulfide (0.25 M) and sodium sulfite (0.35
M) solution (20 mL) under visible light (> 400 nm cutoff). Samples were tested
under identical conditions, with 3 initial consecutive runs of 6/14/6 hours for each
sample. Finally, each sample was tested for a further 12 hours. Samples were
isolated by centrifugation between runs, followed by redispersion in fresh solution.
After the initial 6 hour run, catalytic activity was increased, and comparable within
15 % for subsequent reactions. A control reaction of 30 mg Ta,0s in 10 % methanol

was run periodically under UV light to check the system calibration.

After the first run, the colour of the powders gained a distinct yellow tinge (Figure
92). Due to calcination in air, partial surface oxidation of the CdS QDs is likely.**
Before photocatalysis, PXRD analysis of the composites showed single phase ZrO,

with no additional peaks, suggesting the cadmium species are amorphous. TEM EDX
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showed a shoulder on the Zr peak at 2.35 keV corresponding to sulfur (Figure 95).
After photocatalysis, this peak showed greater intensity and definition, suggesting
reaction with the sacrificial reagent solution. CdS can be prepared by reaction of
CdO with Na,S at room temperature,247 hence the first catalysis run is likely an
important step in formation of the catalyst species. PXRD and electron diffraction of
the composites after photocatalysis showed crystalline hexagonal CdS and wide
area SEM EDX analysis showed a 1:1 Cd:S atom ratio consistent with sulfurization of
surface CdO. In addition, SEM EDX analysis confirmed the CdS loading as 9.5 + 0.2
wt%. Phase analysis after subsequent reactions showed no change in both loading

amount and the Cd:S ratio.

As further confirmation of the loading consistency, the calculated volume fractions
of 1-CdS — 4-CdS (Table 22) were compared to the volume ratios from the initial
mass of CdS and ZrO,. The ratios of Xcgs to dz0r (0.113 — 0.115), representing the
additional volume contribution from the nanoparticles, are in good agreement with
the expected volume ratio of CdS to ZrO, (0.112) from the masses used and their

respective densities, confirming identical loadings across the series.
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Figure 95: TEM EDX analysis of 9.5 wt% CdS loaded 3DOM ZrO, samples before (left)

and after (right) photocatalysis.

DRUVs analysis of 1-CdS — 5-CdS after photocatalysis (Figure 96) show an enhanced
absorption edge with onset around 520 nm in comparison to Figure 94, consistent
with the conversion of surface oxide to sulfide. Tauc plots of the reflectance data
gave a CdS band gap of 2.4 eV, corresponding to 518 nm, in agreement with

literature values for bulk CdS.
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Figure 96: DRUVS spectra of 1-CdS — 5-CdS after photocatalysis. Voids were filled
with air (top) and aqueous 0.25 M Na»S/0.35 M Na,SO3 (bottom). Inset: zoomed 350
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Photocatalysis data for 1-CdS — 5-CdS is shown in Figure 97 and Table 24. All
samples contain the same amount of active catalyst species, however the rates of
hydrogen evolution vary greatly across the series from 220 pmol h™ g™ to 1083
pmol h™t g_l. These values are within the range of activities reported for CdS
photocatalysts in the literature. Uncoated 3DOM ZrO, showed no activity for
hydrogen evolution under visible light, confirming that catalysis is limited to CdS
nanoparticles. For 2-CdS, the reaction was run for sufficient time to form 33 umol
H,, greater than the number of moles of CdS (18 umol), confirming that hydrogen

production is catalytic.

For all hydrogen evolution rates, an error of 10 % is estimated, which does not
account for the observed differences in activity across the sample series. A possible
explanation is postulated in the following section, taking into consideration the

catalyst dispersion, surface area and photonic properties.

Sample Activity® / pmol h ™t g™*
1-CdS 450
2-CdS 1083
3-CdS 220
4-CdS 422
5-CdS 230

Table 24: Photocatalytic hydrogen evolution of 1-CdS — 5-CdS. Conditions: ® 30 mg
catalyst (2.6 mg CdS), 20 mL Na,S (0.25 M) and Na,SO3 (0.35 M) in water, A > 400

nm.
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Figure 97: Photocatalytic hydrogen evolution of 9.5 wt% CdS loaded ZrO, composites
(2.6 mg CdS) 1-CdS — 5-CdS from aqueous solution containing 0.25 M Na,S and 0.35
M Na,S0;3 under visible light > 400 nm.

As a baseline, the non-photonic powder 5-CdS showed an activity of 230 umol ht
g'l. The activity of this material was expected to be lower than the 3DOM samples
due to the comparatively low surface area of the support (3 m? g* versus 25 m?
g'l). For 1-CdS — 4-CdS, the difference in activity could be attributed to the CdS
dispersion, surface area, or diffusion of reagents and products. In terms of
dispersion, SEM (Figure 98) and TEM images of the composites showed
homogeneously coated CdS nanoparticles, with no evidence of agglomeration. EDX
analysis returned identical CdS wt% loadings across the series consistent with the
targeted loadings. In addition, the stop band shift observed by DRUVS agreed
strongly with the expected shift, and supported the conclusion that full
incorporation of the deposited nanoparticles within the 3DOM lattice has been

achieved.
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Figure 98: SEM images of photocatalyst samples. (a), (b) 4-CdS before
photocatalysis, (c), (d) 4-CdS after photocatalysis, and (e), (f) 3-TiO,.

The surface area of the supports 1 — 4 were found to be similar (ca. 25 m? g™%). As
discussed in section 3.2.3 in chapter 3, deposition of 10 wt% TiO, nanoparticles in
3DOM ZrO, was observed to increase the surface area from 20.6 m? g* to 29.1 m?
g™ by an enhancement of the surface roughness.”®’ The mass of 1-CdS — 5-CdS
obtained was insufficient for surface area measurements, however similar
enhancements of surface roughness are likely. Small, if any variations in surface

area of 1-CdS — 4-CdS are expected as each material contains the same volume of
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added nanoparticles. An enhanced surface area would also be expected for 5-CdS in

comparison to 5 due to an increased surface roughness.

If the rate of photocatalysis was limited by diffusion of reagents and products within
the 3DOM structure, 5-CdS would be expected to show the highest activity. As this
is not the case, and literature studies have reported that diffusion throughout

3DOM materials is unrestricted,”® the data does not support this conclusion.

The factors discussed above cannot fully account for the differences in activity of 1-
CdS — 4-CdS. An explanation for the differences in activity of the materials may be
postulated by an analysis of the photonic structure of the composites. A higher
activity would be predicted for 3DOM materials compared to bulk powders in the
absence of photonic effects due to the increased surface area. For 3-CdS, a similar,
but slightly lower hydrogen evolution rate is observed in comparison to 5-CdS. The
(111) stop band is centred at 673 nm and is unlikely to influence CdS absorption. For
the (220) stop band centred at 413 nm, a reduction in the group velocity of photons
at the red edge may be observed, leading to enhanced CdS absorption. However,
partial reflection of high energy incident photons (400 — 450 nm) will also occur,

and may contribute to the decreased activity in comparison to 5-CdS.

For 1-CdS, the (111) stop band is centred at 435 nm, and spans from ca. 405 — 470
nm. Partial reflection of high energy photons in this region may be expected to
reduce the photocatalytic activity. However, the hydrogen evolution rate is
enhanced by a factor of ca. 2 times is observed in comparison to 5-CdS. The slow
photon region at the red edge of the stop band coincides with the band gap of CdS
(Figure 99a), and may account for this enhancement. Photons emitted by e’/h*
recombination will be slowed within the photonic crystal. Multiple scattering and
diffraction of the emitted photon can lead to light trapping and increases the
probability of reabsorption. Enhancements of similar magnitude have been
observed for IPCE in CdS/3DOM TiO, composites, and photocurrents in 3DOM WO;

98, 125
d.

when the absorption band is at the red edge of a stop ban A limit of 2.1 times

enhancement in the rate of degradation of methylene blue has been proposed by

207



Chapter 4

overlapping the electronic absorption with the red edge of a stop band in 3DOM

TiO; in comparison to a film of TiO, nanoparticles of the same thickness.>

For 4-CdS, the hydrogen evolution rate is enhanced by a factor of ca. 1.8 times in
comparison to 5-CdS. As with 3-CdS the (111) stop band is outside the absorption
region at ca. 780 nm and has no effect on CdS absorption. The enhancement in
activity is attributed to the (220) stop band centred at 470 nm via slow photon and

scattering effects of photons at the red edge of the stop band as with 1-CdS.

Few literature studies exist on water splitting reactions using photonic crystal based
composites. Cui et al. have demonstrated overall water splitting with photonic
WO;.2*” Overlap of the red edge of the stop band with the absorption of WO;
results in enhanced activity due to slow photon effects, to a maximum 1.5 times
enhancement compared to a crushed photonic sample. Other studies have also
investigated red edge slow photons.*™ In all investigations, red edge enhancements
are rationalised due to localisation of the maximum amplitude of electromagnetic
radiation in the walls of the 3DOM structure. The magnitude of enhancements in
photocatalytic activity observed for 1-CdS and 4-CdS are consistent with
enhancements observed in the literature by slow photons at the red edge of a

photonic stop band.’> 96 113137

For 2-CdS, the hydrogen evolution rate is enhanced by a factor of ca. 4.7 times in
comparison to 5-CdS. The (111) stop band centred at 640 nm spans from ca. 550 —
735 nm, and the (220) stop band covering ca. 365 — 415 nm is centred on 390 nm.
At the red edge of the (220) stop band, enhanced CdS absorption is facilitated by a
reduction in group velocity and scattering of high energy visible light photons,
however partial reflection of incident photons of wavelength 400 — 415 nm is
expected. Enhancement is also facilitated by overlap of the blue edge of the (111)
stop band with the absorption edge of CdS. Differences in the mechanism by which
photons are slowed, but similar magnitudes of reduction in velocity, have been
reported for the red and blue edges of a stop band respectively.”® Blue photons
have a reduced velocity within the photonic crystal in comparison to red photons,

which leads to a reduced transmission through the lattice. This effect is offset by
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enhanced internal scattering of blue photons due to lattice defects. In terms of
catalysis, where the blue edge of a photonic stop band overlaps with the absorption
edge, enhancements of greater magnitude have been proposed in the literature
compared to the red edge. This is explained graphically in Figure 99. In Figure 993,
the stop band is within the absorption edge, and hence reflection by the stop band
counters the enhanced semiconductor absorption from slow photons at the red
edge. In Figure 99b, the stop band is outside of the absorption band, and the
photons which are reflected are too low in energy to promote an electron to the

conduction band.

El Harakeh et al. have reported a maximum IPCE enhancement of 4.7 times for
CdS/3DOM TiO, composites with overlap of the stop band blue edge and CdS
emission, compared to 1.8 times due to red edge slow photons.98 The rate of
photoconversion of azobenzene has been enhanced by a factor of 1.35 by overlap

of the absorption with the blue edge of a stop band in 3DOM Si0,.**

However, the
low refractive index contrast in this system likely results in the small enhancement
in rate. To the best of our knowledge, no enhancements of reactions relevant to
water splitting by slow photons at the blue edge of a photonic stop band have been
reported in the literature. The magnitude of the increase in hydrogen evolution in
our system (4.7 times) is comparable to the IPCE enhancements reported by El

Harakeh et al.*®
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Light at the edges of the photonic band gap has been described as a standing

97.98 At the red edge of the stop band, the wave maxima are localised in the

wave.
walls, and the nodes in the voids. The opposite is true for light at the blue edge of
the stop band, with the wave maxima in the void spaces. For a 3DOM photonic
crystal in which the entirety of the wall is composed of a semiconductor material,
slow photons at the red edge are dominant for enhancement as photon absorption
corresponds with wave maxima. Photons at the blue edge of the stop band would
not be expected to enhance activity as the maximum intensity of the wave is in the
voids. In our system, the photocatalyst material is effectively localised on the
interface between the wall and the void space. The amplitude of the propagation
wave of photons at the blue and red edges of the stop band will be non-zero at this
interface. Hence, observed enhancements of activity by slow photons at the blue

and red edges of stop bands in our systems are consistent with expectations from

theory.

As further control experiments, photocatalysis of TiO, nanoparticles loaded onto
ZrO, samples 1 — 5 was studied. EDX analysis of the composites returned identical
TiO, wt% loadings across the series consistent with the targeted loadings of 47.8 %.
As previously discussed, TiO, is active for photocatalytic hydrogen production from

water using methanol as a sacrificial hole acceptor. Multiple catalysis runs were
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performed under the same conditions, and observed activity was comparable
within 15 % for all reactions. The photocatalytic activity of the composites 1-TiO, —
5-TiO, under UV light from 10 % aqueous methanol over 9 hours is shown in Table
25 and Figure 100. Hydrogen evolution rates of 200 to 326 umol ht g_1 were
observed, with no hydrogen evolved for control samples of 1 — 5 with no TiO,
present. ZrO;, has been reported as a photocatalyst under UV light in the literature
using a Hg lamp for illumination.?® The spectral profile of the Xe lamp used in this
study, with low intensity below 300 nm (Section 5.2.10d Figure 105), may be

responsible for this lack of activity.

The activities of 1-TiO, — 5-TiO, for hydrogen production are similar. For 2-TiO; in
which the photonic stop band observed is outside of the absorption region of
anatase TiO, (380 nm), within error identical activity to 5-TiO, is observed. This
confirms the enhancements observed for 2-CdS are due to favourable overlap of
CdS absorption and the photonic structure. Small enhancements are observed for 1-
TiO,, 3-TiO; and 4-TiO, in comparison to 5-TiO,, to a maximum of 1.6 times in 4-
TiO,. The absorption band of TiO, may interact with the blue edge of the (111) stop
band of 1-TiO,. Compared to the enhancements observed for 2-CdS, the decreased
enhancement in 1-TiO, activity could be attributed to the decreased intensity of the
(111) stop band reflection. Similar effects may be responsible for the enhancements

observed in 3-TiO; and 4-TiO,.

If typical factors which affect the activity of a catalyst such as surface area, diffusion
or dispersion were responsible for the activity differences observed, an identical
trend would be expected for 1-TiO, — 5-TiO, and 1-CdS — 5-CdS. The observed
hydrogen evolution rates across the TiO, series are similar, and confirm that this is
not the case. Hence, the above explanation for enhancement in activity of 1-CdS —

5-CdS is supported.
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Sample Activity® / umol h™t g_1
1-Tio, 261
2-TiO, 221
3-TiO; 260
4-TiO, 326
5-TiO; 200

Table 25: Photocatalytic hydrogen evolution of 1-TiO, — 5-TiO,. Conditions: °23 mg
catalyst (7.4 mg TiO;), 20 mL 10 % methanol in water, A > 325 nm.
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Figure 100: Photocatalytic hydrogen evolution of 47.8 wt% TiO; loaded ZrO,
composites (7.35 mg TiO,) 1-TiO, — 5-TiO, from aqueous solution containing 10 %

methanol under UV light > 325 nm.
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4.3: Conclusions and Future Work

The deposition of CdS nanoparticles in 3DOM SiO, and ZrO, has been
demonstrated. Homogeneous deposition was confirmed by electron microscopy
and DRUVS analysis. As with CdS supported FTO and mesoporous SiO, in the
previous chapter, simultaneous ligand removal and Si/Zr/Sn-O-Cd bond formation
anchors the nanoparticles to the surface. The generality of the method is extended
to non-oxide nanoparticle materials, further enhancing its versatility. Oxidation of
CdS nanoparticles was observed under the calcination conditions utilised, however
the CdS phase could be reformed by reaction with Na,S. As future work, the
importance of the oxide support in the deposition process could be evaluated by

deposition in 3DOM nitride materials such as TazNs.

Photocatalytic hydrogen evolution has been demonstrated from CdS/3DOM ZrO,
and TiO,/3DOM ZrO, composites using sacrificial electron donors. For a series of
CdS/zrO, samples with different pore sizes the rate of hydrogen evolution varied
widely, which could not be explained by typical material properties which affect the
activity of a photocatalyst such as surface area, catalyst dispersion and diffusion
limitations. The absence of these factors was confirmed by catalysis of TiO,/ZrO,
composites, which showed similar activities across the series. An explanation for the
variation of activity was postulated based on interaction with the different photonic
structures of the materials. For 2-CdS, an activity enhancement of 4.7 times in
comparison to the non-porous control 5-CdS was observed, attributed to enhanced
scattering and slow photons at the blue edge of the (111) stop band. In comparison
to 5-CdS, 1-CdS and 4-CdS showed enhancements of 2 and 1.8 times due to slow
photons and scattering at the red edge of the (111) and (220) stop bands
respectively, which were located within the absorption band of CdS. The potential
for both red and blue edge enhancements in these materials is made possible due

to the confinement of the light absorber at the surface of the pores.

For overlap of electronic absorption with the red edge of a photonic stop band,

water splitting reactions have been demonstrated in literature studies, and the

137,21

activity enhancements in this work are comparable. For materials in which the

213



Chapter 4

electronic absorption overlaps with the blue edge of a stop band, no reactions
relevant to water splitting have been reported in the literature. A 4.7 times
enhancement in the conversion efficiency of photons to electrons (IPCE) has been
reported.98 In our system, a 4.7 times enhancement of gaseous product evolution is
observed. These enhancements are obviously quoted against a particular control
reaction, and hence the actual magnitude of the effect may differ slightly. However,
the results are consistent with an increased CdS absorption due to slow photons at
the blue edge of the stop band, leading to an efficient conversion of electrons to
product in our system, and current in the literature report. These results show the
feasibility of increasing the activity and efficiency of a photocatalyst by independent

modification of the structural and optical properties.

In all previous literature studies of photonic materials, the walls are constructed
entirely of a photocatalyst material. This work represents the first demonstration of
photocatalytic reactions relevant to water splitting over nanoparticle monolayers
loaded into photonic supports. This approach allows for independent optimisation
of the optical properties, particle size and loading in photocatalyst materials. In
addition, the mass of photocatalytically active material used is reduced in

comparison to a full 3DOM photocatalyst.

As future work, the importance of the stop band position could be evaluated
further by formation of composites with slightly different periodicities (+ 10 — 30
nm) from 2-CdS. This could allow elucidation of the correlation between increased
activity and the extent of overlap between the stop band and the electronic

absorption, and could provide a crucial understanding of the photonic effects.
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Concluding Remarks and Future Direction

The aims of this project were to develop a method to homogeneously disperse
photocatalyst nanoparticle materials in photonic 3DOM supports, and investigate
the effects of the photonic structure on the photocatalytic activity for reactions
relevant to water splitting. These aims have been demonstrated, showing the
feasibility of utilising photonic crystals to enhance the activity of a photocatalyst.
The deposition method was shown to produce homogeneous composites with
control over the nanoparticle loading (3 — 65 wt%), particle size and in the absence
of intermediate temperature transformations (< 400 °C), the crystal phase. The
generality of the method was exhibited by the deposition of a range of nanoparticle
materials (TiO,, Fes04 and CdS) in ordered porous supports (3DOM SiO,, ZrO,, FTO
and mesoporous SiO,). By tuning the nanoparticle-support interactions, it is
envisaged that the method could be applied to any combination of ligand stabilised

nanoparticles and ligand coated supports.

As a proof of concept this work represents the first example of enhancements of
photocatalytic activity by overlap of semiconductor absorption bands with the blue
edge of a photonic stop band. As discussed in the previous chapter, the effect of the
stop band overlap could be investigated as future work. To improve the catalytic
activity further, the addition of a co-catalyst material to reduce e”/h* recombination
could also be investigated. In terms of solar fuel research, the deposition of other II-
VI and llI-V semiconductors within photonic crystals would be of interest, for
example GaP, which has been used to photocatalytically reduce CO, to methanol.*®®
Previous work in our group has investigated ligand stabilised BiVO, nanoparticles,
which could potentially be deposited in these supports as visible light active
photocatalysts for water oxidation. The formation of photonic materials with well

defined, tunable optical bands also presents applications for these materials as

Sensors.

The homogeneous deposition of nanoparticles in mesoporous materials presents
the opportunity to prepare high surface area materials for traditional catalysis. As

an example, oleylamine stabilised Pd nanoparticles have been used as catalysts for
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1 The synthesis and deposition of these

ammonia-borane dehydrogenation.
materials within mesoporous SiO, could enhance the catalytic activity due to the

increased surface area for adsorption of reagents.

In conclusion, the nanoparticle deposition method presented in this work shows
improvements over existing literature methods, and presents many applications in a
wide variety of fields including photocatalysis. The general strategy allows
independent optimisation of particle size, morphology and loading of a catalyst. In
photocatalysis, the use of photonic crystal materials to effectively trap light has
been demonstrated, with a maximum 4.7 times enhancement in activity by overlap

of CdS absorption with the blue edge of a stop band.
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5.1: Chemicals Used

1-Octadecene (CigHss, 90 %), Ammonium fluoride (NH4F, 98 %), Cadmium acetate
dihydrate (Cd(OCOCHj3);,.2H,0, 98 %), Cadmium oxide (CdO 99.99 %), Ethylbenzene,
(CsH10, 99 %), Hexachloroplatinic acid (H,PtClg, 99.9 %), Hexadecylamine (C16H33sNH,,
90 %), Iron (lll) chloride (FeCls, 97 %), Octyl Ether ((CgH17)20, 99 %), Oleic acid
(CigH340,, 90 % and 99 %), Oleylamine (CigHs;N, 70 %), Pluronic F127,
(PEO106PPO7oPEO106, MW = 12600), Polyvinylpyrrolidone (Average molecular weight
40000), Potassium persulfate (K,S,0g, 99 %), Selenium (Se, 99.99 %), Sodium oleate
(C1gH330,Na, 82 %), Sodium sulfide nonahydrate (Na,S.9H,0, 98 %), Sodium sulfite
(NaS03, 98 %), Styrene (CgHg, 99 %), Sulphur (S, reagent grade), Tetraethyl-
orthosilicate (Si(OCyHs)s, 99 %), Tin (IV) chloride pentahydrate (Sn0,.5H,0, 98 %),
Titanium tetraisopropoxide (Ti(OiPr)s, 97 %), Triethylamine (Ce¢HisN, > 99 %)
Trioctylphosphine (P(CgH17)3, 97 %), Trioctylphosphine oxide (P(CgH17)30, 99 %) and
Zirconium acetate solution in dilute acetic acid (Zr(OCOCHs)s, 16 % Zr) were

purchased from Sigma Aldrich and used as received.

Potassium chloride (KCl, 99 %) was purchased from Fisher Scientific and used as

received.

Sheets of fluorine doped tin oxide coated glass were purchased from Sigma Aldrich
(7 Q square‘l), and cut into 1 x 1.5 cm slides. Before use, slides were sonicated in

acetone and propan-2-ol (10 minutes each) to remove surface contaminants.

Holey carbon films on 400 mesh copper grids for mounting TEM samples, and short
pin aluminium stubs (0.5 inch) and 12 mm LEIT adhesive carbon tabs for SEM

sample preparation were purchased from Agar Scientific.

Where water is mentioned in synthesis, it refers to deionized (DI) water.
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5.2: Techniques

5.2.1: Powder X-Ray Diffraction (PXRD)

Wide angle PXRD patterns were recorded on a Bruker-AXS D8 Advance instrument
with Lynx eye detector, using Cu Ka radiation (1.54 A) with a 1 mm slit on the
source and 2.5 mm detector slit. Data was collected from 5 — 70 ° 26, with 0.02 °
step size and a scan speed of 0.1 seconds per step. Samples were deposited as films

on an aluminium sample holder. Peaks were indexed using the Bragg equation:
Equation 28 nA = 2dyy; sin 0

Where n is the order of diffraction, dyy is the lattice plane separation, A is the X-ray
wavelength and 0 is the angle of diffraction. The Scherrer equation was used to
estimate the minimum crystallite size from the full width half maximum (FWHM) of

a diffraction peak:

_ Ka
- BcosO

Equation29 t

where 1 is the crystallite size, K is the shape factor of the crystallite (0.89 for
spherical crystallites), 0 is the angle of diffraction in degrees and B is the FWHM of

the diffraction peak in radians.

Low angle PXRD was recorded on a Bruker D8 Discover, with a Vantec 500 detector
(1 mm slit, 0.5 mm collimator) and Cu microfocus source (1 mm slit). Samples were
packed in 1 mm diameter glass capillary tubes for analysis. Scans were recorded

over the 0.1 -5 ° 20 range with an acquisition time of 3 minutes.

5.2.2: Scanning Electron Microscopy (SEM)

SEM images were obtained using an FEI Sirion scanning electron microscope. Prior
to imaging, samples were supported on an aluminium stub with an adhesive carbon

tab and sputter coated with a 10 nm layer of carbon using an Agar auto carbon
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coater. For 3DOM materials, the periodicity and wall thicknesses of the structures

were analysed by > 100 independent measurements from SEM images.

Energy Dispersive Analysis of X-rays (EDX) was performed using an attached EDAX
Phoenix X-ray spectrometer. Scans were recorded at 10 kV accelerating voltage for
1 minute, over regions 50 um by 35 um in size. Elemental analyses of samples were

averaged over at least 10 of these measurements.

5.2.3: Transmission Electron Microscopy (TEM)

TEM images and electron diffraction patterns were obtained using a JEOL 2011
transmission electron microscope operated at 200 kV accelerating voltage. Dark
field imaging and HAADF STEM imaging/EDX mapping were performed at the
University of Leeds on a Tecnai TF20 FEGTEM operated at 200 kV. CCD images were
extracted using Gatan Digital Micrograph software. Particle size distributions of
nanoparticles were evaluated by averaging the diameter of > 100 particles from

TEM images.

Prior to analysis, solid samples for TEM imaging were ground in methanol and
sonicated for 15 minutes to disperse. One drop of the dispersion was deposited
onto 3 mm holey carbon coated copper grids and allowed to dry in air. FTO film
samples were scraped off the slide, then ground in methanol/sonicated as above.
For ligand stabilised nanoparticle dispersions in organic solvents, TEM samples were
prepared by evaporation of a single drop of diluted solution onto a holey carbon

copper grid.

5.2.4: Thermogravimetric Analysis (TGA)

TGA measurements were performed on a Rheometric Scientific STA 625 TGA.
Approximately 10 mg of sample was weighed into an aluminium crucible and placed

on the balance. Samples were heated at a rate of 10 °C min™ to 600 °C under N.,.
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5.2.5: Surface Area Measurements

Nitrogen adsorption porosimetry was performed on a Micromeritics Tristar 3000
surface analyser. Approximately 100 mg sample was weighed into a sample tube
and degassed under N, at 150 °C for 6 h to remove all adsorbed water prior to
measurement. The volume of nitrogen adsorbed at 77.4 K per gram of material was
measured as a function of the relative pressure P/Py within the system. Surface area
measurements were calculated from at least 5 data points in the 0.05 to 0.3 P/Pg

region using the Brunauer Emmett Teller (BET) adsorption isotherm equation:262

. 1 c-1 P 1
Equation 30 —p;—=—.—+—
Va(?—l) VinC Py VinC

Where V, is the adsorbed volume of N, at STP, Py is the saturation pressure of N, P
is the partial pressure of N, in equilibrium with the surface, V., is the required
volume of N, adsorbed to form a monolayer on the material surface, and C is a
constant. By plotting 1/V,(Po/P-1) versus P/Py, V., was calculated from the gradient
and y-intercept of the straight line produced. Specific surface areas were calculated

using Equation 31:*'% 2%

VmNa

Equation31 S =
22400

Where N is Avagadro’s number, a is the cross sectional area of an N, molecule

(0.162 nm?), and 22400 represents the volume of 1 mole of gas in mL.

5.2.6: UV-Vis Absorption and Reflection Spectroscopy

UV-Visible absorption and reflectance spectra were recorded on an Ocean Optics
HR2000+ High Resolution Spectrometer with DH-2000-BAL Deuterium/Helium light
source (200 — 1100 nm). An R400-7-UV-Vis reflection probe was used to record
diffuse reflectance spectra. Powder samples were deposited as a flat layer between
two pyrex or quartz slides and placed beneath the reflection probe. Spectra were
recorded using Spectra Suite software from an average of 10 scans, an integration

time of 20 seconds and box car smoothing width of 20 nm. Solution UV-Visible
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absorption spectra were recorded with the same light source, in quartz cuvettes

using a solution cell.

5.2.7: Infra-Red Spectroscopy

Attenuated total reflectance Infra-Red spectra were recorded on a Perkin Elmer
Spectrum Two FT-IR spectrometer with UATR single reflection diamond accessory.
Powdered materials were deposited on the diamond surface. The pressure arm was
tightened onto the sample until the force gauge displayed 100 N. Spectra were

recorded from 650 to 4000 cm™* over an average of 4 scans.

5.2.8: Fluorescence Spectroscopy

Fluorescence spectra were recorded using a Hitachi F-4500 fluorescence
spectrophotometer, with a 150 W Xe lamp light source and photomultiplier tube
detector. Scans were recorded using a scan speed of 240 nm min”", excitation and
emission slit widths of 10 nm, and 700 V PMT voltage. The wavelength of the first
exciton peak in the UV spectrum was used as an excitation wavelength to record an
emission spectrum from 400 — 700 nm. The position of the strongest emission peak
was then used as an emission wavelength to record an excitation spectrum from

200 - 600 nm.

5.2.9: CHN Analysis

CHN analysis of solid samples was obtained from the departmental service using an
Exeter Analytical CE-440 analyser. Samples were heated to 1500 °C under He, and

the elemental composition was determined from the combustion products.

222



Experimental

5.2.10: Photocatalytic Testing

5.2.10a: Setup

A gas tight, closed loop setup was used for photoreaction and analysis of products.

Previous designs of the apparatus used have been described in published work.***

264 A schematic of the loop arrangement is shown in Figure 101.
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(Calibration)

Lamp Lamp
Housing IR Filter Optics «— Stirrer Hotplate

Figure 101: GC loop setup.

Numerous iterations of cell design were trialled throughout the course of the
project. The final, leak free design that was used for all photocatalysis experiments
in chapter 4 is shown in Figure 102. The design consists of a glass cell with a ground
glass rim onto which a metal lid is sealed using an O-ring. A quartz window was
encased into the lid to allow illumination. Directly below this, a 50 mL beaker

containing sample dispersed in 20 mL sacrificial reagent solution was held central
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and rigid within a 100 mL beaker surrounded by glass spacers. A water jacket of 40
mL/10 mL was placed in the cell and 100 mL beaker respectively to allow for
efficient heat transfer from the oil bath, hence the total water volume in the cell

was 70 mL for all experiments.

The setup was encased in tin foil to minimise loss of photons from the system. Prior
to analysis, the loop was purged with Ar (0.5 bar overpressure) for 10 minutes, after
which measured chromatograms showed no air peaks. The loop was dried under
vacuum (30 minutes) and purged with argon (30 minutes) between runs to prevent

buildup of condensation in the tubing.

300 W Xe Lamp

To Sample White 71 To Sample
Loop Light Loop

Optional UV Cutoff Filter
Quartz Window

™ Rubber O-Ring

Glass Beaker

—

Water Jacket
Qil Bath

Stirrer Bar

Glass Spacer

Figure 102: Photocatalyst testing cell setup. The central 50 ml beaker contains
sample dispersed in 20 mL aqueous solution of sacrificial reagents, held directly

beneath the irradiation source.

The bulk of the loop was constructed from 4.2 m of metal tubing with 1.6 mm
external diameter and 0.5 mm internal diameter. Swagelok connections were used
to link the metal tubing to 4 mm internal diameter (ID) Clearflex 60 PVC tubing

attached to the pump. In addition, 4 mm internal diameter metal tubing was used
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for connections to top of the cell, with a total length of all 4 mm tubing of 0.8 m.
Hence the volume of loop outside the cell is approximately 11 mL. The empty cell
volume is 290 mL, and is reduced to 250 mL with the two beaker inserts and glass
spacers. With 70 mL water in the cell, the total gas headspace is approximately 191

mL, the bulk of which is within the cell itself.

5.2.10b: Analysis

Gas analysis was performed using a Shimadzu Corporation GC-2014. Gases were
separated on a 25 cm long column packed with 5 A molecular sieves and detection
was performed using a thermal conductivity detector (TCD). 50 uL of gas was
autosampled every 15 minutes over a time course of 6 — 24 hours. Gas samples
were analysed using the following conditions; 20 mL min~! flow rate of Ar carrier
gas, 90 °C column temperature and 120 °C detector temperature. Under these
conditions the retention time of H; is 1.5 min, O, 2.3 min and N, 3 min. An example
chromatogram is shown in Figure 103. Peak areas were analysed by integration

using Shimadzu GC Solutions — GC Postrun software.
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Figure 103: Example chromatogram, showing photogenerated H, peak at 1.5 min,

and peaks for O, and N, diffused from solution at 2.3 and 3 mins respectively.

5.2.10c: Calibration

GC calibration for H, was performed by a series of injections of known volumes and
pressures of gas into the loop. The H, source was a BOC 99.99% H, cylinder. Using a
Schlenk line with mercury manometer, a Schlenk tube with suba seal was evacuated
and refilled with argon 3 times. The Schlenk was evacuated again, and the manifold
closed off from the vacuum pump to hold a static vacuum. A H, balloon was fitted
with a needle and inserted into the Schlenk, and removed when the manometer
had dropped by an appreciable amount (200 — 500 mm). The pressure of H, in the
Schlenk was measured from the manometer using a ruler and recorded. H, was
removed via an argon purged gas syringe and inserted into the loop, and allowed to
equilibrate for 10 minutes prior to analysis. Six chromatograms were recorded over
a period of 30 minutes, and used to obtain an average H, peak area. Using the

pressure and volume of gas injected, the number of moles of H, in each injection
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was calculated. The area of the chromatogram peak at 1.5 min was analysed, and

plotted against the number of moles of H; to obtain a calibration curve.

6000
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Figure 104: Calibration graph of measured peak area versus the number of moles of

H> injected.

5.2.10d: Sample Runs

Photocatalysis of powdered samples were tested from colloidal dispersions in 20 mL
aqueous solution containing sacrificial reagents. In all reactions the apparatus was
maintained at a temperature of 40 °C throughout analysis. For 1-CdS — 5-CdS,
reactions were performed in water containing Na,S (0.25 M) and Na,SO3 (0.35 M)
and 30 mg of the photocatalyst. For 1-TiO, — 5-TiO,, reactions were performed in
aqueous 10 % MeOH with 23 mg photocatalyst. Reactions were run three times
giving data within 15 %. In addition, a control reaction using Ta,0s (30 mg) in
aqueous 10 % MeOH was run periodically to monitor system calibration.
Argon/Vacuum purging was used to remove air prior to photoreactions.

Illumination was performed using a LOT Oriel 300 W Xe lamp fitted with a 15 cm IR
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filter and a wideband AlMgF, coated mirror. For CdS containing samples, a 400 nm

band pass filter was used to exclude UV light. The emission profile of the Xe bulb is

displayed in Figure 105.
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Figure 105: Spectral emission profile of the Xe light source used for irradiation.?®®

The irradiance from the lamp was periodically monitored by intensity
measurements directly below the lamp optics using an International Light
Technologies ILT 1400-A radiometer/photometer. Normal lamp output was 1.5 W
cm™?, which was reduced to 1 W cm™2 through the quartz window on the cell lid and

700 mW cm ™2 through both the quartz window and 400 nm cutoff filter.
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5.3: Synthetic Methods

5.3.1: Synthesis of 3DOM Powders by Colloidal Crystal Templating

5.3.1a: Polystyrene Synthesis

Polystyrene spheres of diameter 300 - 600 nm were synthesised by emulsifier free
emulsion polymerisation by a modified literature method.’® A 3-necked round
bottom flask was fitted with reflux condenser, overhead motorised stirrer,
temperature controller and dropping funnel for addition of reagents. Reactions
were stirred at constant speed between 180 — 360 rpm. Water (1133 mL) was
added to the flask and heated to 70 — 90 + 2 °C under flowing N,. Styrene (140 mL,
1.218 mol) was washed 4 times with NaOH (0.1 M, 140 mL) and 4 times with water
(140 mL) in a separating funnel to remove inhibitors. Inhibitor free styrene (133 mL,
1.157 mol) was added and the temperature stabilised. After N, purging for 30
minutes, K,S5,03 (0.442 g, 1.635 mmol) dissolved in 66 ml water was added, and the
reaction allowed to proceed for 28 — 48 hours. The colloid dispersion was cooled to
room temperature, and filtered through glass wool to remove polymer

agglomerates.

Spheres of diameter < 300 nm were synthesised by emulsifier free emulsion
polymerisation using polyvinylpyrrolidone as a stabiliser as described in a literature
method.’®* Water (100 mL) was added to a 3-necked round bottom flask and
degassed under N,. Inhibitor removed styrene (13 mL, 0.113 mol) and PVP (0.1 — 1
g) were added, and the mixture stirred at 300 rpm for 15 minutes. K;S,05 (0.3 g,
1.11 mmol) dissolved in 20 mL water was added, followed by heating to 70 — 80 * 2
°C for 24 hours. The colloid dispersion was cooled to room temperature, and

filtered through glass wool to remove polymer agglomerates.

5.3.1b: Template Preparation

Cubic close packed polystyrene spheres were isolated by centrifugation of the

colloidal solution (4000 rpm, 3 hours). The spheres were dried in an oven at 66 °C
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overnight before use to give the template as a white brittle solid. From 50 mL
colloid, around 4 g of PS was obtained, giving a concentration of 80 g L™ for the
stock solution. Sphere size of the templates was determined by averaging > 100

independent measurements of particles from SEM images.

Impregnation of polystyrene spheres was achieved by an optimised version of a

literature method.’® 38

Polystyrene spheres (1 g) were crushed using a pestle and
mortar to a fine powder and layered on filter paper in a glass sinter funnel (Porosity
3, 16 — 40 um). The template was soaked with ethanol for 15 minutes, and then

dried under reduced pressure immediately prior to infiltration.

5.3.1c: 3DOM SiO, Formation

Tetraethyl-orthosilicate (TEOS, 3 mL, 13.4 mmol), ethanol (2 mL), water (1.5 mL)
and HCl (1 M, 0.5 mL) were mixed in this order and stirred at RT for 15 minutes. The
solution was transferred via pipette onto the template and allowed to soak for 30
minutes, followed by removal of excess solution under reduced pressure. The
impregnated template was dried at room temperature for 24 hours in air. The
template was removed by calcination in air at 550 °C for 10 hours (ramp rate 2 °C
min~?) to yield opalescent 3DOM SiO, powders (50 — 150 mg). Alternate precursor
solutions using neat alkoxide (7 mL), or a mixture of TEOS (3.5 mL) and ethanol (3.5

mL) were also attempted.

5.3.1d: 3DOM ZrO, Formation

Zirconium acetate in acetic acid (16 wt % Zr, 3 mL) and methanol (3 mL) were stirred
at RT for 15 minutes. The solution was transferred via pipette onto the template
and allowed to soak for 1 hour, followed by removal of excess solution under
reduced pressure. The impregnated template was dried at room temperature for 24
hours in air. The template was removed by calcination in air at 450 °C for 4 hours

(ramp rate 1 °C min) to yield coloured 3DOM ZrO, powders (150 — 250 mg).
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3DOM materials were denoted yyy-MO,, where yyy and MO, are the periodicity as

measured by SEM and the composition of the support respectively.

5.3.2: Synthesis of 3DOM Films by Colloidal Crystal Templating

5.3.2a: Deposition of Polystyrene Films on FTO glass

Polystyrene films were deposited on FTO glass by evaporation of a colloidal
polyvinylpyrrolidone (PVP)/PS solution at constant temperature.125 Prior to
deposition, FTO coated glass slides were cleaned by sonication in acetone (10 mins)
and isopropanol (10 mins) and dried under N,, then made hydrophilic by soaking in
3:1 H,S04/H,0; solution (Piranha solution, 1 h). The slides were rinsed with water
and dried under N, ready for use. Stock solutions of polystyrene colloids prepared
as described above contained around 80 g L™*. A solution of PVP (20 mg L™) and PS
2g L™Y) in water was prepared by dilution of the stock. Piranha-treated FTO slides
were mounted vertically in glass vials, into which PVP/PS solution was pipetted until
the meniscus was 1 mm from the top of the slide. The solvent was evaporated at
temperatures from 40 — 80 °C over 1 — 3 days. The best results were obtained by
evaporation at 50 °C over 3 days, giving an opalescent, uniform film. Under these
conditions, packed colloidal crystal films of 10 — 12 um thickness corresponding to

20 — 24 layers of spheres were observed.

5.3.2b: Formation of 3DOM FTO on FTO glass

An FTO precursor solution was prepared according to literature methods.”** A

saturated aqueous solution of NH4F (4.53 g, 0.122 mol) was prepared by dissolution
in water (10 mL). 0.24 g (2 mmol NH4F) of this solution was added to a solution of
SnCl4-5H,0 (1.40 g, 4 mmol) in ethanol (20 mL), and sonicated for 20 min until the

solution became clear. The FTO sol was stored in a plastic container until use.

Two methods were used for formation of 3DOM FTO films. In the first, PS films on

FTO were placed directly in FTO solution (5 mL) and soaked for 3 hours (direct
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infiltration). The slides were then removed and dried vertically over 1 hour. Finally,
the slides were calcined in air at 500 °C for 2 hours (ramp rate 1 °C min™) to yield

opalescent 3DOM FTO films.

In the second method, a reduced pressure infiltration technique was used to form

197 ps films on FTO glass were

3DOM FTO films (forced impregnation technique).
carefully placed in methanol and allowed to soak for 1 hour. The slides were
removed from the solvent and another slide placed adjacent so as to sandwich the
PS film, held together loosely with an elastic band. If too much pressure was
applied, transferral of the film to the adjacent slide could occur. The sandwiched
slide was placed directly in a vial of FTO solution (5 mL) as shown in Figure 106, and
placed in a vacuum desiccator. The slides were allowed to soak for 30 minutes, after
which a partial vacuum was applied to the desiccator. With the tap half open, the
air was slowly removed over a period of 1 minute, until slight effervescence was
observed in the vial. At this point the tap was closed to retain a static partial
vacuum in the desiccator and draw the sol into the interstitial sites in the PS film.
After 3 hours, the slides were removed, allowed to dry vertically over 1 hour, and

finally calcined in air at 500 °C for 2 hours (ramp rate 1 °C min™) to yield opalescent

3DOM FTO films.
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Polystyrene
Methanol template

Figure 106: Schematic of setup used for sandwich vacuum deposition to form 3DOM

FTO.

5.3.3: Synthesis of Mesoporous Silica

d.%® Pluronic

Mesoporous silica was synthesised according to a literature metho
F127 (1 g) and KClI (2.5 g, 33.5 mmol) were dissolved in HCI (2 M, 60 mL) at room
temperature. Ethylbenzene (5.2 g, 49 mmol) was added, and the mixture stirred at
350 rpm for 24 hours. Tetraethyl-orthosilicate (4.5 g, 21.6 mmol) was added, and
the mixture stirred for a further 24 hours. The mixture was then transferred into a
polypropylene bottle and heated to 100 °C for 24 hours. The resultant white
powder was filtered, dried at 60 °C, and then calcined to remove the template at

550 °C for 5 hours (ramp rate 2 °C min™?), to yield mesoporous SiO; as a white solid

(1.13 g, 87 %).
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5.3.4: Nanoparticle Synthesis

In all nanoparticle syntheses, removal of residual solvent and surfactant was
achieved by centrifugation. Nanocrystals were precipated by addition of excess
ethanol (60 — 100 mL) followed by centrifugation (4000 rpm, 30 mins). The
supernatant was discarded and the nanocrystals twice redispersed in toluene (5
mL), crashed with ethanol (40 mL) and centrifuged (4000 rpm, 30 mins). The

precipitate was then dried or redispersed as required.

5.3.4a: OA/TiO,

Oleic acid functionalised TiO, nanoparticles were synthesised by a modified
literature procedure.219 Oleic acid (90 %, 35 g, 0.124 mol) was degassed under N, in
a 3-neck round bottom flask and heated to 100 °C. Titanium isopropoxide (2.84 g,
10 mmol) was added and the solution stirred for 5 minutes. Triethylamine (1.01 g,
10 mmol) in ethylene glycol (6.4 g, 0.103 mol) was subsequently added, and the
mixture refluxed at 100 °C for 48 hours. After cooling the solution, nanoparticles
were precipated by addition of excess ethanol (100 ml), followed by centrifugation
(4000 rpm, 30 minutes). The nanocrystals were purified by a further two centrifuge
cycles as described above. The product was dried at 60 °C overnight to vyield
OA/TiO, as an orange powder (2.1 g). Elemental Analysis found (%) C 62.6; H9.72; N
0; Calc. C 62.42; H 9.89; Ti 11.0; O 16.7. Corresponding ligand ratio
Ti0,:1.25C1gH340,, or 18.5 % TiO, content by mass.

5.3.4b: OA/FQin

Oleic acid functionalised Fes04 nanoparticles were synthesised by a modified

226,227 1n 3 2-necked round bottom flask, Fe(oleate); was

literature procedure.
synthesised by reaction of FeCls (6.49 g, 40 mmol) dissolved in a water:ethanol
(60:80 mL) solution and sodium oleate (36.5 g, 120 mmol) dissolved in hexane (140

mL). With stirring, the biphasic solution was refluxed with stirring at 65 °C for 4
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hours. After cooling the organic phase was separated and washed 3 times with
water (30 mL), and dried over MgS0O,. The volatiles were removed under reduced

pressure to yield a red/brown viscous liquid (24.2 g, 67 %).

Fe(oleate)s (1 g, 1.1 mmol), oleic acid (99 %, 0.35 mL, 1.1 mmol) and octyl ether (20
mL) were added to a 2-necked round bottom flask. With vigorous stirring, the
mixture was heated to 290 °C (ramp rate 5 °C min?), and refluxed for 1 hour. After
cooling to room temperature, nanoparticles were precipitated by addition of
ethanol (50 mL) followed by centrifugation (4000 rpm, 30 min). The nanocrystals
were purified by a further two centrifuge cycles as described above. The product
was dried at 60 °C overnight to yield OA/Fes04 as a black powder (0.5 g). Elemental
Analysis found (%) C 54.83; H 8.12; N 0O; Calc. C 54.37; H 8.62; Fe 21.0; O 16.1.

Corresponding ligand ratio Fe304:2.01C15H340,, or 29 % Fe30,4 content by mass.

5.3.4c: Oleyl/CdS

Oleylamine capped CdS nanocrystals were prepared using a literature procedure.215
In a 3-necked round bottom flask, cadmium acetate dihydrate (200 mg, 0.75 mmol)
and sulphur powder (120 mg, 3.75 mmol) were added to oleylamine (10 mL) under
flowing nitrogen. With vigorous stirring, the mixture was heated to 250 °C (5 °C
min~?), and refluxed for 4 h. Methanol (50 mL) was added to precipitate CdS,
followed by centrifugal separation (4000 rpm, 30 mins). The supernatant was
discarded and the nanocrystals redispersed in toluene (5 mlL), crashed with
methanol (40 mL) and centrifuged (4000 rpm, 30 mins) a further four times. The
product was dried at 60 °C overnight to yield oleyl/CdS as a yellow solid (130 mg).
Elemental Analysis found (%) C 25.43; H 5.83; N 0; Calc. C 25.57; H 4.41; Cd 52.3; S
14.9; N 1.6. Corresponding ligand ratio CdS:0.25C.gH37N, or 68 % CdS content by

mass.
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5.3.4d: CdS Quantum Dots

CdS quantum dots were synthesised by a modified literature method.”** CdO (38.4
mg, 0.3 mmol), oleic acid (2.5422 g, 9 mmol) and 1-octadecene (13.4194 g) were
added to a 3 neck round bottom flask under Ar, and heated to 300 °C (5 °C min™}). A
solution of sulphur (4.8 mg, 0.15 mmol) in 1-octadecene (1.9952 g) was rapidly
injected into the reaction mixture, and the temperature held at 270 °C for
nanocrystal growth. To monitor the growth of particles, aliquots were taken from
the reaction mixture and quenched in cold chloroform. After 3 minutes the reaction
was quenched by submerging the flask in an ice bath. The nanocrystals were
precipated by addition of excess ethanol (60 mL) followed by centrifugation (4000
rpm, 30 mins). The nanocrystals were purified by a further two centrifuge cycles as
described above. Finally, nanocrystals were dispersed in toluene (4 — 5 mL). The
aliqguots were worked up by the same procedures and redispersed in toluene.
Through deposition of CdS/OA (described below), the total yield of nanoparticles in
a batch was found to between 90 — 100 mg OA/CdS. Elemental Analysis found (%) C
62.3; H 10.3; N 0; Calc. C 62.61; H 9.93; Cd 14.1; O 9.2; S 4.0. Corresponding ligand
ratio CdS:2.3CygH340,, or 18.1 % CdS content by mass.

5.3.4e: CdSe Quantum Dots

CdSe quantum dots were synthesised by a literature method.**®

All manipulations
were performed under Schlenk conditions. Selenium (0.79 g, 10 mmol) was
dissolved in trioctylphosphine (25 mL) with constant stirring in a nitrogen filled
glovebox. The ampoule of clear liquid was then removed from the glovebox for use.
In a 3-neck round bottom flask, trioctylphosphine oxide (9 g, 23.4 mmol),
hexadecylamine (3 g, 12.4 mmol) and CdO (16 mg, 0.125 mmol) were degassed at
150 °C under vacuum for 20 minutes. The flask was filled with argon and heated to
325 °C to dissolve CdO. The temperature was then stabilised at 300 °C, and 2.5 mL
of Se/TOP solution (1 mmol Se) rapidly injected. To monitor the growth of particles,

aliqguots were taken from the reaction mixture and quenched in cold chloroform.

After 7 minutes the reaction was quenched by submerging the flask in an ice bath.
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The nanocrystals were precipated by addition of excess ethanol (60 mL) followed by
centrifugation (4000 rpm, 30 mins). The nanocrystals were purified by a further two
centrifuge cycles as described above. Finally, nanocrystals were dispersed in toluene
(4 — 5 mL) for further processing. The aliquots were worked up by the same
procedures and redispersed in toluene. The total yield of nanoparticles was found
to be 35 — 40 mg TOP(O)/CdSe. Elemental Analysis found (%) C 39.5; H 6.59; N 0;
Calc. C 39.24; H 7.00; Cd 27.8; Se 19.6; P 4.2; O 2.2 (Assuming TOPO shell).
Corresponding ligand ratio CdSe:0.55C,4Hs:PO, or 47.4 % CdSe content by mass.

5.3.5: Deposition of Nanoparticles in Pores

5.3.5a: Nomenclature of Composite Samples

The loading of nanoparticles in all materials was analysed by SEM/EDX in addition to
gravimetric analysis of the starting materials. Nanoparticle loaded samples were
denoted xx%-NP-yyy-MO,, where xx% is the added weight of nanoparticles
expressed as a percentage of the support mass (wt%) as defined by Equation 32, NP
is the chemical identity of the nanoparticles, and yyy and MO, are the periodicity as

measured by SEM and the composition of the support respectively.

Equation 32 Added Weight Percent (wt%) = — A= 100

mass Support

5.3.5b: DCDMS Treatment of 3DOM SiO,

3DOM SiO, was made hydrophobic by treatment with dichlorodimethylsilane
(DCDMS) using a literature method.”*® A solution of DCDMS (0.535 g, 4.15 mmol) in
toluene (10 mL total volume) was added to 3DOM SiO, (30 mg) and the mixture
stirred at RT for 40 minutes. The mixture was then heated to 100 °C for 30 minutes.
After cooling, the solid was filtered, washed twice with ethanol (20 mL) and dried at
60 °C. Deposition of TiO, nanoparticles was attempted within 30 mg of modified

porous material.
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5.3.5c: Surface Modification with OA

Oleic acid modification of powdered 3DOM and mesoporous materials was
achieved by dispersion of 40 mg sample in a hexane solution of oleic acid (0.05 M,
40 mL).231’ 266 Deposition times of 30 minutes and 3 hours were used for SiO, and
ZrO, respectively. After these times the solid was collected by vacuum filtration,
washed twice with hexane (20 mL), and dried at 60 °C for 1 h. Typically deposition
was attempted in 30 mg of OA-coated material. For surface area analysis of loaded

3DOM SiO; and ZrO,, 100 mg OA-coated material was used.

For 3DOM FTO, slides were carefully placed in a vial containing a hexane solution of
oleic acid (0.05 M, 5 mL). After 1 hour, the slides were removed, dipped in hexane

(5 mL) three times to remove residual surfactant, and dried at 60 °C for 1 hour.

5.3.5d: Deposition of OA/TiO,

Development of the deposition method was attempted in powdered 3DOM SiO,
using OA/TiO,. Nanocrystals corresponding to a loading of 3 — 60 wt% TiO, were
dispersed in 1.5 mL hexane, chloroform or toluene, or solutions of oleic acid (0.1 M)
in these solvents. Nanocrystals were dispersed by sonication, and added to
uncoated, DCDMS treated or OA-coated porous supports (30 mg) ina 2 mL, 10 mm
diameter vial. The volatiles were evaporated at 40 °C (chloroform), 50 °C (hexane)

or 80 °C (toluene) overnight.

For TiO, loading in 3DOM Zr0O, and mesoporous SiO,, nanocrystals were dispersed
in a solution of oleic acid in chloroform (0.1 M, 1.5 mL). Nanocrystals were
dispersed by sonication, and added to OA-coated porous supports (30 mg) in a 2

mL, 10 mm diameter vial. The volatiles were evaporated at 40 °C overnight.

For TiO, loading in 3DOM FTO, nanocrystals dispersions containing 1 — 10 mM TiO,
were prepared in a solution of oleic acid in chloroform (0.1 M, 1.5 mL). OA-coated

3DOM FTO films were placed in the base of cylindrical vials with an internal
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diameter of 1.7 cm. The dispersion was added to the film, and the volatiles were

evaporated at 40 °C overnight.

For the synthesis of TiO, loaded 3DOM SiO, and mesoporous SiO, composites,
samples were calcined at 500 °C for 5 hours (ramp rate 5 °C min_*). For 3DOM ZrO,
and FTO, samples were calcined at 450 °C for 4 hours (ramp rate 1 °C min™"). For
deposition in 3DOM FTO films, nanoparticle loadings were calculated from large

area SEM/EDX analysis.

5.3.5e: Deposition of OA/Fe;0,4

An optimised version of the deposition method used for OA/TiO;, nanoparticles was
used for deposition of OA/Fes0; in 3DOM SiO, and ZrO,. Nanocrystals
corresponding to a loading of 4 — 65 wt% Fe;0,4 were dispersed in a solution of oleic
acid in chloroform (0.1 M, 1.5 mL). Nanocrystals were dispersed by sonication, and
added to OA-coated porous supports (30 mg) in a 2 mL, 10 mm diameter vial. The

volatiles were evaporated at 40 °C overnight.

For the synthesis of Fe304 loaded 3DOM SiO, composites, samples were calcined at
500 °C for 5 hours (ramp rate 5 °C min™?). For 3DOM ZrO,, samples were calcined at

450 °C for 4 hours (ramp rate 1 °C min™%).

5.3.5f: Deposition of Oleyl/CdS

Deposition of oleyl/CdS was attempted using the same method as for OA/Fe30,.
Nanocrystals corresponding to a loading of 10 — 50 wt% CdS were dispersed in a
solution of oleic acid in chloroform (0.1 M, 1.5 mL). Nanocrystals were dispersed by
sonication, and added to OA-coated porous supports (30 mg) in a 2 mL, 10 mm

diameter vial. The volatiles were evaporated at 40 °C overnight.

For the synthesis of CdS loaded 3DOM SiO, and ZrO, composites, samples were

calcined at 450 °C for 4 hours (ramp rate 1 °C min) under flowing Ar (60 mL min™).
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5.3.5g: Deposition of OA/CdS

For OA/CdS deposition, nanoparticles were not isolated as powders prior to
deposition. Instead, different loadings of nanoparticles were obtained by dilution of
the stock dispersion in toluene or chloroform. All volumes of liquid used were
measured out by difference using a 1 mL syringe. Aliquots of OA/CdS dispersions
(0.1 — 1.45 mL) were added to an empty vial, and made up to 1.45 mL total volume
with additional solvent (toluene or chloroform). OA (0.05 mL) was added to the vials
to form a dispersion containing OA/CdS in 0.1 M oleic acid in chloroform or toluene.

The mixture was sonicated to disperse.

For deposition in powder materials, OA-coated porous supports (30 mg) were
added to a preweighed 2 mL, 10 mm diameter vial for deposition. In addition, two
empty vials per sample set were preweighed for deposition with no porous material
present. Stock nanoparticle dispersion (0.5 mL, no added OA) was added to the
empty vials. The CdS/OA dispersions were added to the vials containing OA-coated
support. The volatiles in the vials were evaporated overnight at 40 °C (chloroform)

or 80 °C (toluene).

For deposition of OA/CdS in 3DOM FTO, dispersions containing 0.5 — 7 uM CdS and
0.1 M OA were prepared by dilution of stock dispersions in toluene (concentrations
were determined by the absorbance of the first exciton peak in the UV-Visible
spectrum and the calculated molar absorption coefficient for CdS — see appendix

section A1.3).2*

OA-coated 3DOM FTO films were placed in the base of cylindrical
vials with an internal diameter of 1.7 cm. The OA/CdS dispersion (1.5 mL) was

added to the film, and the volatiles were evaporated at 80 °C overnight.

Initially, all CdS loaded porous composites were calcined at 450 °C for 4 hours (ramp
rate 1 °C minY) under flowing Ar (60 mL min™'). However, the incomplete
combustion of OA was observed under these conditions, and hence the composites

were instead calcined at the same temperatures in air.

For powder materials, all vials were reweighed after calcination and used to

calculate the amount of CdS added, the CdS wt%, and the concentration of
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nanoparticles in the initial stock dispersion. As a further control, an empty vial was
weighed before and after calcination under the same conditions, showing no
change in mass due to heating. For deposition in 3DOM FTO films, nanoparticle

loadings were calculated from large area SEM/EDX analysis.

5.3.5h: Deposition of TOP(O)/CdSe

For deposition of TOP(0)/CdSe in 3DOM FTO, dispersions containing 6.8 uM CdSe
and 0.1 M OA were prepared by dilution of stock dispersions in toluene
(concentrations were determined by the absorbance of the first exciton peak in the
UV-Visible spectrum and the calculated molar absorption coefficient for CdSe — see
appendix section A1.3).* OA-coated 3DOM FTO films were placed in the base of
cylindrical vials with an internal diameter of 1.7 cm. The TOP(O)/CdSe dispersion
(1.5 mL) was added to the film, and the volatiles were evaporated at 80 °C
overnight. Ligand removal was achieved by calcination at 450 °C for 4 hours (ramp
rate 1 °C min™") under flowing Ar (60 mL min™'). Nanoparticle loadings were

calculated from large area SEM/EDX analysis.

5.3.6: Conversion of Surface CdO to CdS

In photocatalysis samples, surface CdO formed during calcination in air was
converted to CdS by Na,S present in the sacrificial solution. Complete conversion
was achieved after 6.5 hours. For mesoporous SiO, loaded with OA/CdS and
calcined in air, conversion of CdO to CdS was achieved by dispersion of the
composites (30 mg) in 0.2 M aqueous NaS (50 mL) with stirring for 6 hours.?*’ The
solid was isolated by centrifugation (4000 rpm, 30 minutes), and residual Na,S
removed by a further two washes with water (45 mlL) and isolation by
centrifugation. Finally, the powder was dried at 60 °C overnight to vyield

CdS/mesoporous SiO,.
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5.3.7: Pt loading on CdS/3DOM ZrO, Composites

Example for 25 wt% CdS loaded 3DOM ZrO,: 7.5 mg CdS was loaded into 30 mg
3DOM ZrO,, therefore 30 mg of the composite sample contains 6 mg CdS. Addition
of 0.12 mg Pt corresponds to 2 wt% Pt loading. Hexachloroplatinic acid hydrate
(10.5 mg, 24.6 umol) was dissolved in water (10 mL). This solution was diluted down
by a factor of 4, and 1 mL solution (0.62 mM) added to the composite. The solvent
was evaporated at 110 °C overnight. Reduction to form Pt(0) was achieved by
calcination at 200 °C for 1 hour (ramp rate 1 °C min~*) under flowing H, (60 mL

min~).
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Al: Example Calculations

Al.1: Estimation of Crystallite Size from PXRD

The Scherrer equation was used to estimate the crystallite size from PXRD patterns:

__ Ki
- Bcos6

Equation 33 1

As an example, for 36%-Ti0,-395-Si0, (Figure 57 section 3.2.2f) the FWHM of the
peak at 25.2 ° 20 is 0.77 °. For spherical particles the shape factor K = 0.89, using a
Cu Ka X-ray source with wavelength A = 1.54 x 10™*° nm, with the FWHM B = 1.34 x

1072 radians and cos 6 = 0.976, a value of T = 10.5 nm is obtained using Equation 33.

A1.2: Example Filling Factor Calculation

The Bragg-Snell equation was used to calculate the filling factor of 3DOM materials:

. 2d
Equation 34 A = TZkl [prwan + (1 — $INyoial

a

Equation35 D = NG

a

Equation 36 dp; = T

h2+k2+12

As an example, for 3DOM ZrO, in section 2.2.3d the periodicity D was measured
from SEM images as 319 + 12 nm. From the diffuse reflectance spectrum (Figure
25), the (111) peak is centred on A = 618 nm. The refractive indices of ZrO, and air
are nzoy = 2.2 and nyeig = 1.00, and the order of diffraction m = 1. Using Equation 35
and Equation 36 with h = k = | = 1, the lattice plane separation dy = 260.2 nm. The

wall fill factor was calculated by rearrangement of Equation 34 to give ¢ = 15.6 %.
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A1.3: Calculation of QD concentration from UV-Vis Absorption

Spectrum

The concentrations of dispersions of CdS and CdSe quantum dots were estimated
from the absorbance of the first exciton peak in the UV-Vis spectrum. Extinction
coefficients for CdS (2.84 nm) and CdSe (3.75 nm) quantum dots were calculated by

a literature method using the following equations:**
Equation37 CdS &= 21536 (D)?3
Equation 38 CdSe & = 5857 (D)?*%°

Where D is the nanoparticle diameter in nm, and € is the extinction coefficient in
M~ cm™. Extinction coefficients were calculated as 2.38 x 10° M™* cm™ (CdS) and
1.94 x 10° M ecm™ (CdSe). Nanoparticle concentrations (c) were calculated using

the Beer Lambert law:
Equation39 A = e&cl

Where A is the absorbance of the first exciton peak, and | is the path length (1 cm).
As an example, the corresponding concentrations of solutions with 1 absorbance for

the first exciton peaks were calculated as 5.1 uM (CdS) and 4.2 uM (CdSe).

Al.4: Determination of Nanoparticle Composition from CHN Analysis

CHN elemental analysis was used to calculate the inorganic content of OA-coated
nanoparticles. As an example, TiO,/OA nanoparticles returned a composition of
62.6 % C, 9.72 % H, 0 % N. The composition % was divided by Mr to get values of
5.21 for C and 9.64 for H. To find expected O, these ratios were divided by 9 (C) or
17 (H) to relate the number of atoms of C and H to O in oleic acid (C1gH340;). This
value was multiplied by Mro to get 9.27 % O. Subtracting the C, H and O
percentages from 100 gives a TiO, composition of 18.5 %. To work out the ratio of
TiO, : OA, the TiO,; % was divided by Mrio, to give a ratio of 0.23, from which a
composition of 1 TiO;, : 22.5 C:41.6 H: 2.52 O was calculated, or 1 TiO, : 1.25 OA.

245



Appendix

Expected elemental compositions for each sample were recalculated using these

ratios.
Calculated elemental analysis values are listed below for reference:

OA/TiO,: CHN Analysis found (%) C 62.6; H9.72; N 0; Calc. C 62.42; H9.89; Ti 11.0; O
16.7.

OA/Fe304: CHN Analysis found (%) C 54.83; H 8.12; N 0; Calc. C 54.37; H 8.62; Fe
21.0; 0 16.1.

Oleyl/CdS: CHN Analysis found (%) C 25.43; H 5.83; N 0; Calc. C 25.57; H 4.41; Cd
52.3;S14.9; N 1.6.

OA/CdS: CHN Analysis found (%) C 62.3; H 10.3; N 0; Calc. C 62.61; H 9.93; Cd 14.1;
09.2;S4.0.

TOPO/CdSe: CHN Analysis found (%) C 39.5; H 6.59; N 0; Calc. C 39.24; H 7.00; Cd
27.8;,5e19.6; P 4.2, 0 2.2.

Al.5: Example Added Weight Percent Calculations

Using the calculated OA/TiO, composition above, loadings were targeted based on
the mass ratio of nanoparticle:support. For a target loading of 30 wt% TiO, in 30 mg
3DOM SiO,, a mass of 9 mg TiO, is required, which requires 48.6 mg OA/TiO,. This

mass of powder was weighed out and dispersed in OA/chloroform for deposition.

From EDX analysis, the weight fractions in the composites were analysed in
comparison to the target loading. For 36%-TiO0,-395-Si0,, the average atom
percentages in the composite were found to be 6.8 % (Ti) and 26.0 % (Si). These
values were multiplied by the Mr of the corresponding oxide to give a relative mass
of 5.43 g (TiO,) and 15.62 g (SiO,). The ratio of these masses gives the weight

fraction of nanoparticles in the composite, equal to 34.8 wt%.
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Al.6a: TGA Analysis of OA Surface Coverage on 3DOM SiO,

The surface coverage of OA on 3DOM SiO, was analysed by TGA. OA-coated 3DOM
SiO; (8.2 mg) was heated to 600 °C under N,, and the mass recorded as a function of
temperature (Figure 107). Taking 300 °C as the onset of oleic acid loss, a percentage
mass change from 90.6 % to 83.4 % is observed. Assuming the mass loss is due to
removal of oleic acid, this corresponds to 0.59 mg OA (2.1 umol), with 6.84 mg SiO,
remaining. The surface area of 3DOM SiO, was measured to be 91 m? g™}, hence

6.84 mg has a surface area of 0.62 m*.

The number of moles of OA was multiplied by Avagadro’s number to obtain a value
of 1.26 x 10" molecules of OA. The cross-sectional area of a single OA molecule has

238 and hence this number of molecules

been reported in the literature (48 A?),
would occupy an area of 0.60 mZ. Hence, this quantity of OA molecules corresponds

to a monolayer coverage of OA on 3DOM SiO,.
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Figure 107: TGA (blue line) and DSC (red line) plots for OA-coated 3DOM SiO,.
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A1.6b: TGA Analysis of OA Surface Coverage on 3DOM ZrO,

The surface coverage of OA on 3DOM ZrO, was analysed by TGA. OA-coated 3DOM

ZrO; (11.6 mg) was heated to 600 °C under N,, and the mass recorded as a function

of temperature (Figure 108). Taking 300 °C as the onset of oleic acid loss, a

percentage mass change from 99.8 % to 97.75 % is observed. Assuming the mass

loss is due to removal of oleic acid, this corresponds to 0.24 mg OA (0.8 umol), with

11.34 mg ZrO, remaining. The surface area of 3DOM ZrO, was measured to be 20.6

m? g™, hence 11.34 mg has a surface area of 0.23 m”.

The number of moles of OA was multiplied by Avagadro’s number to obtain a value

of 5.24 x 10" molecules of OA. Multiplying by the cross-sectional area of OA (48 A?)

gives an area of 0.25 m% Hence, this quantity of OA molecules corresponds to a

monolayer coverage of OA on 3DOM ZrO,
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Figure 108: TGA (blue line) and DSC (red line) plots for OA-coated 3DOM ZrO,.
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A2: Modelling of Nanoparticle Fill Factor Contributions

A2.1: Refractive Index and Density List

DRUVS was used to analyse the stop band shift in nanoparticle loaded materials.
The refractive index of materials varies with wavelength, and hence averaged values
were used for the modelling of reflectance data. The average refractive indices and

densities used within this work are listed in Table 26:

Material Average Refractive Index Density / g cm™
Amorphous SiO, 1.455% 2.2
Tetragonal ZrO, 2.2%%7 5.68

FTO 1.61°% 6.95
Anatase TiO; 2.49% 4.23
Cubic Fe30, 2.42%%% 5.2
Hexagonal CdS 2.4%%° 4.83
Air 1.00029 N/A

Table 26: Refractive indices and densities of materials studied in this work.

A2.2: Equations

The equations used to model the reflectance data are collected here. As described
in chapter 3 section 3.2.2f, a modification was made to the Bragg-Snell equation to

describe the stop band red shift (Equation 40):

Equation 40 Anew = Zdhkl((p Nyal + XNP Nyp + (1 — Q- XNP)nvoid)

Where xnp and nyp are the volume fraction and refractive index of the nanoparticles,
and A,ew is the shifted position of the stop band. xnp values were calculated using
Equation 41:

/Inew -1
2dpri(MNP—TMyoid)

Equation 41 ynp =
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From the calculated xnp values, the predicted stop band position in the composite

(Acalc) was calculated using the following equation:

Equation 42 Acgqic = 2dpki(ProtaiMave T (1 - (ptotal)nvoid)

Where oiotal is the wall fill factor of the composite, defined by the following

expression:
Equation 43 @Qiorar = @ + Xnp

The average wall refractive index, n,.e was calculated using Equation 44:

p
Nyau+nyp(%np- wall)

Equation 44 n,,, = PNP
q ave 1_|_((%)I\“D_Pwall)

PNP

Where %yp is the wt% of nanoparticles added and p is the density of the wall and
nanoparticles. In the denominator, the 1 represents the initial quantity of host, and

the bracket the amount of added nanoparticles.

A2.3: Chi Tables

The modelled reflectance data sets for the composites in the main text are collected

here for reference.

Xtio2 / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % Ai111 shift / nm shift / nm
7.3%-Ti0,-395-Si0, 0.52 1.493 9.40 5.5 4.05
14.6%-TiO,-395-Si0, | 0.81 1.528 9.68 8.0 7.33
21.8%-TiO,-395-Si0, | 1.05 1.561 9.92 10.5 10.41
29.1%-TiO,-395-Si0, | 1.31 1.591 | 10.19 13.5 13.53
36.4%-Ti0,-395-Si0, | 1.57 1.620 | 10.45 16.0 16.63

Table 27: Modelled reflectance data for TiO, loaded 3DOM SiO>.
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Xtio2 / drotal Experimental | Calculated A;1q
Sample Navg
% /% A111 shift/ nm shift / nm
3.5%-Ti0,-271-Zr0O, 0.57 | 2.213 | 16.0 3.5 3.68
7.0%-TiO,-271-ZrO, 1.23 | 2.225 | 16.6 7.5 7.75
10.6%-TiO,-271-ZrO, | 1.80 | 2.236 | 17.2 11.0 11.40
14.1%-Ti0,-271-ZrO, | 2.29 | 2.246 | 17.7 14.0 14.62
17.6%-Ti0,-271-ZrO, | 2.87 | 2.255 | 18.2 17.5 18.24
26.5%-Ti0,-271-ZrO, | 4.18 | 2.276 | 19.6 255 26.64

Table 28: Modelled reflectance data for TiO, loaded 3DOM ZrO,.

XFe304 Drotal Experimental | Calculated A;qq
Sample Navg
/ % /% Ai111 shift / nm shift / nm
4.1%-Fe30,4-395-Si0, | 0.14 | 1.471 | 6.78 1.5 1.19
8.2%-Fe30,-395-Si0, | 0.32 | 1.487 | 6.96 3.0 2.54
16.4%-Fe304-395-Si0, | 045 | 1518 | 7.1 4.5 4.45
32.8%-Fe304-395-Si0, | 0.96 | 1.573 | 7.6 9.5 9.10
49.2%-Fe304-395-Si0, | 1.28 | 1.621 | 7.92 12.5 12.99
65.6%-Fe30,-395-Si0, | 1.83 | 1.665 | 8.47 18.0 17.82

Table 29: Modelled reflectance data for Fe304 loaded 3DOM SiO,.

Xcds / drotal / | Experimental | Calculated Aq1q
Sample Navg
% % Ai111 shift / nm shift / nm
1-CdS 1.93 2.22 18.91 5.96 5.95
2-CdS 1.94 2.22 18.78 8.8 8.76
3-CdS 1.93 2.22 18.94 9.33 9.31
4-CdS 1.94 2.22 18.88 10.83 10.79

Table 30: Modelled reflectance data for 9.5 wt% CdS loaded 3DOM ZrO,

photocatalysis samples.
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Xcds / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift / nm shift / nm
1-TiO, 6.22 2.271 23.2 20.5 20.39
2-TiO, 6.21 2.271 23.1 30.5 29.87
3-TiO, 6.22 2.271 23.2 325 31.90
4-TiO, 6.22 2.271 23.2 37.5 36.81

Table 31: Modelled reflectance data for 47.8 wt% TiO, loaded 3DOM ZrO,

photocatalysis samples.

Xcds / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % Ai111 shift / nm shift / nm
15%-CdS-316-Si0, 0.30 1.595 5.48 2.5 2.49
31.4%-CdS-316-Si0, 0.67 1.648 5.84 5.0 5.29
50.5%-CdS-316-Si0, | 1.27 1.701 6.45 9.5 9.23
93.7%-CdS-316-Si0, 2.21 1.797 7.38 16.5 16.55

Table 32: Modelled reflectance data for CdS loaded 3DOM SiO,.

Xcds / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % Ai111 shift / nm shift / nm
4%-CdS-255-Zr0, 0.97 2.209 17.77 6.0 5.62
8%-CdS-255-7Zr0, 1.77 2.217 18.58 10.5 10.38
16%-CdS-255-Zr0, 3.15 2.232 19.95 18.5 18.69

Table 33: Modelled reflectance data for CdS loaded 3DOM ZrO,.

XTio2 / brotal / | Experimental | Calculated Aq1q
Sample Navg
% % A111 shift/ nm shift / nm
15.6%-Ti0,-289-FTO | 3.43 1.790 16.7 24 24.1
19.6%-Ti0,-289-FTO | 4.27 1.824 17.6 30 30.1

Table 34: Modelled reflectance data for TiO, loaded 3DOM FTO.
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A2.4: Experimental Stop Band Shift Analysis

The gradients of the plots of stop band shift vs. nanoparticle loading vary between
the different materials used in this study. As an example, for CdS loading in SiO, and
TiO; loading in ZrO, the gradients of these plots for the experimental data are 0.18
and 0.95 respectively. The loadings are calculated in wt%, and hence a large
proportion of this difference is due to the increased density of ZrO, (5.68 g cm™)
compared to SiO, (2.2 g cm™). The densities of TiO, and CdS are 4.23 and 4.83 g
cm™ respectively. For a loading of 20 wt%, the volume ratio of CdS/SiO, and
TiO,/ZrO, are 0.09 and 0.27 respectively, hence the added volume of TiO,

nanoparticles in ZrO; is three times higher than CdS in SiO, for a given loading.

The rest of the difference is accounted for by variation in refractive index, fill factor,
and periodicity of the two materials. The average refractive index of the wall space,
Nave, IS Much lower for CdS/SiO, compared to TiO,/ZrO, due to the low refractive
index of SiO, (1.46) in comparison to ZrO, (2.2). The left hand side of the brackets in
Equation 13 will be larger for TiO,/Zr0O,, by a factor dependent on the fill factors for
a given material, hence the stop band shift for a given nanoparticle loading will be

larger than in CdS/SiO,.

A2.5: Estimated Errors

The main sources of error in the determination of the modelled data are the
measured periodicity, the measured stop band shift, and the loading amount. The
periodicity of 319-ZrO, discussed above was measured to be 319 + 12 nm, which
translates to a dpy value of 260.2 + 10 nm, or around a 4 % error. The error in the
calculated values of the fill factor from this are 15.6 + 4 %, showing the sensitivity of
the fill factor calculation. The percentage error in the fill factor is 25 % for this
example, and can approach 50 % for 3DOM SiO, which has a lower value of ¢.
However, ¢ values are linked to specific dn values and hence the percentage error

does not extend to the modelled shift data.
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For measurement of reflectance data, the resolution of the spectrometer used was
0.47 nm, and hence for two measurements of the stop band position (uncoated and
NP loaded) the error in the shift value is a minimum of 0.94 nm. Some peaks are
asymmetrical which complicates the determination of the centre, and may further
increase this error. Taking £ 0.94 nm as the error for a stop band shift, it is clear that
for low loadings the percentage error is much higher than for high loadings. From
the trendlines of stop band shift as a function of loading, larger deviations are
observed for low loading values in agreement with this analysis. From EDX
measurements, the error in the loading amount was observed to be around 20 %
for low loadings, decreasing to around 10 % for higher loadings. The error bars on
the plots attempt to convey some of this information. As a general conclusion,
taking into account the errors in the measurements, the experimental stop band
shift shows a linear increase for all materials as a function of nanoparticle loading,

and the calculated shifts agree well with the experimental trends.

For the modelled shift data, the calculated values of xxp do not involve the fill
factor. For the TiO,/ZrO, series the periodicity of the porous structure was
measured as 271 = 20 nm. Changing the periodicity by £ 20 nm changes the values
of Xti02 by £ 7.5 %. This corresponds to a maximum 6.5 % error in the calculated shift
values. The ¢yotal Values reported are subject to large errors intrinsic to the ¢ values
of the 3DOM material, however the rest of the tabulated values (xnp, calculated

shift) are not expected to deviate by more than around 10 %.
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A3: Supplementary Figures

The figures in this section are listed here for reference:

Figure 109: UV-Vis absorption spectra of CdS quantum dots.

Figure 110: UV-Vis absorption spectra of CdSe quantum dots.

Figure 111: Fluorescence spectra of CdS quantum dots.

Figure 112: Fluorescence spectra of CdSe quantum dots.

Figure 113: TGA trace for OA/Fe;0,.

Figure 114: TGA trace for OA/TiO,.

Figure 115: IR spectra of OA-coated 3DOM SiO, and ZrO,.

Figure 116: TEM EDX mapping for hexane deposited TiO, in 3DOM SiO,.
Figure 117: TEM images of OA/chloroform deposited TiO, in 3DOM SiO..
Figure 118: SEM images of OA/toluene deposited nanoparticles.

Figure 119: PXRD of Fe304 loaded 3DOM ZrO,.

Figure 120: SEM and TEM images of Fe30,4 loaded 3DOM ZrO,.

Figure 121: PXRD patterns for bare and nanoparticle loaded mesoporous SiO,.
Figure 122: Nitrogen adsorption/desorption isotherm for 255-ZrO, sample 2.
Figure 123: Nitrogen adsorption/desorption isotherm for 270-ZrO, sample 3.

Figure 124: Nitrogen adsorption/desorption isotherm for commercial ZrO, sample

5.
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Normalised Absorbance (A.U.)
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Figure 109: UV-Vis absorption spectra of CdS quantum dot aliquots extracted as a

function of reaction time. Intensity of peaks are normalised for comparison.
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Figure 110: UV-Vis absorption spectra of CdSe quantum dot aliquots extracted as a

function of reaction time. Intensity of peaks are normalised for comparison.
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Normalised Fluorescence Intensity (A.U.)
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Figure 111: Fluorescence excitation (top) and emission (bottom) spectra of CdS
quantum dot aliquots extracted as a function of reaction time. Intensity of peaks are

normalised for comparison.
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Normalised Fluorescence Intensity (A.U.)
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Figure 112: Fluorescence excitation (top) and emission (bottom) spectra of CdSe
quantum dot aliquots extracted as a function of reaction time. Intensity of peaks are

normalised for comparison.
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Figure 113: TGA (blue) and DSC (red) plots for OA/Fe304 nanoparticles.
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Figure 114: TGA (blue) and DSC (red) plots for OA/TiO, nanoparticles.
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Figure 115: IR spectra of OA-coated 3DOM SiO, (top) and OA-coated 3DOM ZrO,

(bottom).
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Figure 116: TEM EDX mapping data for 58%-TiO,-351-Si0; fabricated by deposition

in OA-coated 351-Si0, from nanoparticle dispersions in hexane. (a) HAADF STEM

image, (b) Si map, (c) O map, (d) Ti map. 500 nm scale bar applies to all images.

261



Appendix

Sy
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| I—

Figure 117: TEM images of TiO, loaded 3DOM SiO, deposited from OA/chloroform
dispersions into OA-coated supports. (a) — (c) 14.6%-TiO,-395-Si0; and (d) — (f)
36.4%-TiO,-395-Si0,.
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Figure 118: SEM images of nanoparticle loaded 3DOM SiO, and ZrO, composites
deposited from OA/toluene dispersions. (a) 11.5%-Ti0,-271-ZrO,, (b) 28.8%-TiO,-
271-Zr0;, (c) 22%-TiO,-351-Si0,, (d) 15%-CdS-351-Si0;, (e) 93.7%-CdS-351-Si0, and
(f) 4.1%-Fe304-395-Si0,.

263



Appendix

7000 ~

Intensity (A.U.)
-

?

2000 -

1000 4

5 15 25 35 a5 55 65
26(°)

Figure 119: PXRD pattern for Fe30,4 loaded 3DOM ZrO,. x = tetragonal ZrO,, JCPDS
01-079-1763, + = Al sample holder. Peaks for ZrO, and Fes0, are coincident at this

resolution.

Figure 120: SEM and TEM images of Fes0, loaded 3DOM ZrO.. (a), (b) SEM images
of 8.2%-Fe304-343-Zr0,, and (c) TEM image of 16.4%-Fe304-343-2Zr0,.
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Figure 121: PXRD patterns for Meso-SiO,, 29.4%-CdS-Meso-SiO,, and 19.8%-TiO,-
Meso-SiO,. + = Amorphous SiO,, X = tetragonal anatase TiO,, JCPDS 01-078-2486,

= Al sample holder.
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Figure 122: Nitrogen adsorption/desorption isotherm for 255-ZrO, sample 2.
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Figure 123: Nitrogen adsorption/desorption isotherm for 270-ZrO, sample 3.
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Figure 124: Nitrogen adsorption/desorption isotherm for commercial ZrO, powder 5.
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Abbreviations

3DHNS — Three Dimensionally Ordered Hollow Nanospheres
3DOM — Three Dimensionally Ordered Macroporous Material
AACVD - Aerosol Assisted Chemical Vapour Deposition

Ac — Acetate

ALD — Atomic Layer Deposition

AQY — Apparent Quantum Yield

A.U. — Arbitrary Units

BET — Brunauer Emmett Teller

CB — Conduction Band

CCP — Cubic Close Packed

CVD — Chemical Vapour Deposition

DCDMS — Dichlorodimethylsilane

DRUVS — Diffuse Reflectance UV-Visible Spectroscopy

DSSC — Dye Sensitised Solar Cell

EDTA — Ethylenediaminetetraacetic acid

EDX — Energy Dispersive Analysis of X-rays

EQE — External Quantum Efficiency

E; —Band Gap

EG — Ethylene Glycol

EPR — Electron Paramagnetic Resonance

ET — Exotemplating
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FCC - Face Centred Cubic

FDU — Class of Mesoporous Material

FTO — Fluorine Doped Tin Oxide

GC — Gas Chromatography

HNS — Hollow Nanospheres

ID — Internal Diameter

|0 — Inverse Opal

IPCE — Incident Photon to Current Conversion Efficiency

iPr—Isopropyl

IQE — Internal Quantum Efficiency

IR — Infra Red

ITO — Tin Doped Indium Oxide

Macroporous —> 50 nm Pores

MCM — Mobil Crystalline Material Class Porous Material

Mesoporous —2 — 50 nm Pores

Microporous —< 2 nm Pores

NP — Nanoparticle

OA - Oleic acid

P25 — 80:20 mixture of Anatase:Rutile TiO,

PC — Photonic Crystal

PEO — Poly(ethylene oxide)

PL — Photoluminescence
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PMMA — Poly(methyl methacrylate)

PPO — Poly(propylene oxide)

PS — Polystyrene

PVP — Poly(vinyl pyrrolidone)

PXRD — Powder X-Ray Diffraction

QDs — Quantum Dots

QE — Quantum Efficiency

QY - Quantum Yield

RT — Room Temperature

SBA — Santa Barbara Amorphous Type Mesoporous Material

SEM — Scanning Electron Microscopy

SILAR — Successive lonic Layer Adsorption and Reaction

SPR — Surface Plasmon Resonance

SSR — Solid State Reaction

STP — Standard Temperature and Pressure

TCO — Transparent Conducting Oxide

TEM — Transmission Electron Microscopy

TGA — Thermogravimetric Analysis

UV — Ultraviolet Light

UV-Vis — Ultraviolet and Visible Light

VB — Valence Band

wt% — Weight Percentage of Nanoparticles as a Ratio to the Support Mass
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