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Abstract

A general method is presented to deposit ligastebilised nanoparticles of TiO
FeO, and CdS in photonic macroporous materials {00, FTO) and mesoporous
SiQ. Composites of this type have application in catalysis and solateiti@hology.
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 @ 65 wt%) of nanoparticles have been
prepared.Nanoparticlesupport interactions are enhanced by simple modifications
to the support surface. The @thod can be applied to a variety of nanopatrticles 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 systa. The potential for control over the optical properties of

materials is of interest for sensing applications.

CdS loaded 3DOM Zr@owders have been used as photocatalysts for hydrogen
evolution from sacrificial reagents under visible light irradiatiohe 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
absorgion edge of CdS, a maximudh7 times enhancement in activity was
observed incomparison to a noporous 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 photocatgbt 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.



Table of Contents

ADSITACT. ...t 2
Table Of FIQUIES. ... 10
Table Of TaADIES.....ooiiieee e 20
ACKNOWIEAGEMENTS... .o s 23
DECIAIALION ...t 25

Chapter 1- Introduction

L. OVBIVIEW ..ttt ettt e et e e e e e e e e e e e bbb e e e e e e e e e e e e e aanne 27
1.1.1:Solar ENergy StOrage........ccovveviveeiiieiireniiiiinininiinsssssse s s e e s s e e e e e 27
1.1.2: Semiconductor Photocatalysis............ccccoeeeeeiiieiii 28

1.1.28: EXCIHONGFMALION. ....coiiiiiiiiiiiiiiiiie e 28
1.1.2D: BanNd SHrUCIUIE.......eeiiiiiiiiiiee ettt 29
1.1.2c: Sacrificial REAGENTS.........uuiiiiiiiiieee e 31
1.1.2d: Visible Light Photocatalysis............ccccooeiiii 32
1.1.2e: Photocatalyst EffiCienCy.........coovvvvviiiiiiiiiiiiieeee e 33
1.1.2f: State of the Art MaterialS. ... 34
1.1.29: EleCtroChEMISILY......cciiiiiiiiieeeeeeeeeteet e 34
1.1.2h: Electrochemical DEVICES..........ccuuuuiiiiiiieiiieiiiiieeeee e 36
1.1.3: Methods to Improve Photocatalyst ACHVILY...........cccuvviiiiiieeeeeeeeiis 37
1.1.30: SUIMACE ATBa.....cii ittt 38
1.1.3b: Particle Size and Morphology EffectS.........cccooiiiiiiiiiiine 39
1.1.3c: Layered Materials..........c.ccoovvveiiiiiiiieieiceeiei e A2
1.1.3d: Light COlleCHION.......coeiiiiii e 43
1.1.4: PROTONIC CrYSTAUS.....uuviiiiiiiie et 44



1.1.48; PhOtONIC EffECIS . ..n e 45

1.1.4b: Definition of Stop Band POSItIONS..........cccoeiiiiiiiiiiiiiieeeeeeeeeee 48
1.1.4c: Quantum Dot Emission Modification in Photonic Crystals........... 50
1.1.5: 3DOM PhotocatalyStS......cccooeeeiiiiiiiieiiee e, 52
1.1.5a: PhOtOChEMISTLY.....oiiieeiiee e 52
1.1.5b: PhotoelectroChemlStLY..........uuuuveeeiiiiiiiii e 54
1.1.5c: Coupling of Plasmonics with Photonic Crystals..............ccccvvvneeee. 56

1.1.6: Summary of Photocatalytic Activity Enhancements by Structural

AV oTo [} Tor= 11 To] o PP PP PP P PUPPRPTPPPPPP 57
1.1.7: Techniques for Nanoparticle DepOoSItiQn............cevvveeeeriviiiiiviiieeneeenn. 58
1.1.7a:Chemical Bath Impregnatian..................ccoovviievviiireiiiiiiinens 58
1.1.7D: PROtOUEPOSITION ....cceiiiiiiiiiiieie ettt 60
1.1.7c: Vapour Deposition TEChNIQUES...........eeeiiiiieiiiiiiiiiiiiiieeeeeee e 62
1.1.7d: Electrostatic StabiliSation...............ccvvveiiiiiiiiieiiee e 63
1.1.7e: Sterically Stabilised Nanoparticles............cccoccvveeeeeeiiiiiiiiiiieeee. 64
1.1.8: Summary of Nanoparticle Deposition Techniques............ccccceeeeeennn! 65
1.2: PrOJECT AIMS. ..ttt e e e e e e eeeeeees ] 67

Chapter 2- Synthesis of Ordered Porous Materials

2.1 INErOTUCTION. ..cceiiii ettt e e e e e e e nnnee ) 69
2.1a: Synthetic Approaches to Photonic Crystals..............eevvvevvieniiiniinnnnnnnd 69
2.1b:Emulsifier Free Emulsion Polymerisation of Styrene......................... 72
2.1C: CRAPLEr AIMIS. ..ot e s e e e e e e e 74

2.2: ReSUItS and DISCUSSION.......uuuiiiiiiiieeiiiiiiiiii ettt e e e e 75
2.2.1: Plystyrene Template Synthesis...........ccccvviiiiiiiiieii e 75
2.2.2: Synthesis of Powdered 3DOM MaterialS..........cccceeeriiiiiiiiiiiiieennnnn. 81



2.2.2a: Method Development...........oovvvvviiiiieieeeeiiiieeieeceeeee e 81

2.2.3: CharaCteriSAtION. ............uueiiiiiieeeiieeei e e e 85
2.2.3a: Powder-Ray DiffraCtion..............oooeiiiiiiiiieeeeeeeeeeeeaeed 85
2.2.3D: EleCtron MICIOSCOPY.. .. ieeiieieieeeeeee et eee e e e e e 87
2.2.3c: Diffuse Reflectance WS SPectroSCOQY........ccuvvrrmrrriieeeriraiiiiinee 90
2.2.3: Effect of Solvents on the Reflectance Spectra.............ouvvvvvvinnnnnnnd 94
2.2.3€: Surface Area ANAIYSIS.........uuuiiiiiiiiiirie et 95

2.2.4: Synthesis of 3DOM Transparent Conducting Oxides........................ 98
2.2.4a: Deposition of PSfilMS.........coooviiiiiiie 98
2.2.4b: Infiltration ofPolystyrene FilmS...........ooevviiiiiiiieeeeee 100

2.2.5: Synthesis of Mesoporous SiliCa............ccceeeeeeeeeeeeee 106

2.3: Conclusions and FUture WOrk ...........ocooiiiiiiioniiiiiiee e 110

Chapter 3- Nanoparticle Deposition in Porous Materials

I I [ o1 (o To [F{ox o] o O PP PO PP PP PPPUUPPTN 112
3.1a: Synthesis of G8tabilised NAOpartiCles............ccccvveeeiiiiieinniiiiiiee 112
G0 o O g F=T o) (=T AN 2 P 113

3.2: RESUILS @nd DISCUSSION......uuuuiiiiiiiieeieiiiiiitii et e e e a e e e 114
3.2.1: Nanoparticle SYNtNESIS..........uuvvuriiiiiiiii e 114

3.2.1a: Synthesis of OA/RIRanoparticles...........ccooveeveeiiiiiniiieeeen 114
3.2.1b: Synthesis of OA/f&& NanopartiCles............ccccvvviieeiiiiiieiieee 117
3.2.1c: Synthesis of OA/CdS Nanoparticles............ccccoevvvvveeveivieiiiiiiinnnn, 120
3.2.1d: Synthesis of TOP(O)/CdSe NanopartiCles.........ccccvvvvvrrunnnnnnnnnns 123
3.2.2: Deposition of OA/T§Manoparticles in 3DOM SIQ..........ccceeeeieieeeens 126
3.2.2a: Deposition Method Development.............cccooovvviiiiiieiee e, 126
3.2.2b: Modification of the SUPPOIL........ccovviiiiiiiiiiiiiiii e 127



3.2.2c¢: Oleic Acid Coated 3DOM SIQ .. .ccueeeee e 128

3.2.4: Deposition from Hexane and Chloroform Dispersions................ 129
3.2.2e: Deposition from OA/Hexane DISPEersions...........ccccvvvveeeeeeeeeeennnns 134
3.2.2f: Deposition from OA/Chloroform DiSpersions..........ccccceeeeeeeeeeeennn. 137
3.2.3: OA/Ti@Deposition in Zreinverse OpPalS........ccccvvveveeeeeeeeeveeienieeeinnnns 147
3.2.4: Deposition of OA/B@®, Nanopatrticles in 3DOIBIQ and ZrQ............... 154
3.2.5: Deposition of Nanoparticles in 3DOM FTO Films.......ccccceeeiiiiiiiennn. 161
3.2.5a: Deposition of TN 3DOM FTQ.....ccoooeiiiiiiiiieiieeeeeeee, 161
3.2.5b: Deposition of CdS and CdSe in BDOM.ETO......ccccoeevviiiiieeeeennn. 163
3.2.6: Deposition of Nanoparticles in Mesoporous,;SiO...........cccccevveeveeeee. 167
3.2.6a: Deposition of OA/Ti®lanoparticles in Mes&IiQ ...............ccoeeee... 167
3.2.6b: Deposition of OA/CAS Nanoparticles in M8ED........................... 170
3.2.6¢: PXRD Analysis of Nanoparticle Loaded #8€30............ccccceeernnns 172
3.2.6d: Surface Area Analysis of Nanoparticle Loaded ¥8&3a................ 174
3.3: Conclusions and Future Work ............ccccvviiiiiiiiiieiieeeeee e 180

Chapter 4- Chalcogenide Nanopartie Deposition and Photocatalysis

I | 1 o o 18 o 1 o] o PP TP PP PPPPUPPTN 184
4.1a: Photocatalysis Mechanisms.............ccccoe e, 184
4.1D: Chapter ODJEGIES. .......cooi ittt 185

4.2: ReSUItS and DISCUSSION........uuiiiiiiiiieieeeis ittt e e e e 186
4.2.1: Deposition of CdS Nanoparticles in 3DOM Powdels................uuee. 186
4.2.2: 3DOM PhoOtOCAtAlYSES.....cceviiieeiiiiiiiiiiiiieeeee e 194

4.2.2a: Sample Preparation.........cooccovveeiiiiiiiee e 194
4.2.2b: Photocatalytic TEStING......cccoeeviiiiiiiii e 201
4.3: Conclusions and FUture WOork ............ooooiiiiiiiieiieeee e 213



Concluding Remarks and Future DireCtion............cccceeeeeee e 215

Experimental
5.1: ChemiCalS USE.........ccuuiiiiiiiiiiiee et 218
5.2 TECHNIQUES ...ttt e e e e e 219
5.2.1: Powder Ray Diffraction (PXRD)...........cceeeeeiiiiiiieeee 219
5.2.2: Scanning Electron Microscopy (SEM)..........coovvviviviiveevvininiiininiinnnnns 219
5.2.3: Transmission Electron Microscopy (TEM)..........ooocciiiiiiieieeieinnnnnns 220
5.2.4:Thermogravimetric ANAlYSIS (TGA)......uuuuruiiiiiiireee e e e e e e e 220
5.2.5: Surface Area MeasUremMeNIS..........uueviiiiieeiiiiiiiiiiiieeeee e e e e 221
5.2.6: UWis Absorption and Reflection Spectroscopy..........cccceeeeeveieieennnn. 221
5.2.7: InfraRed SPeCtrOSCOMY.......cceeeiiiiiiiiie et 222
5.2.8: FIUOresSCence SPECIIOSCORY. .. cuureeeeeiiiiiiiiiirieieeeeeeeeeaaaiiiiieereeeaaeeas 222
e O o A 4 F= )] 222
5.2.10: PhotocatalytiC TeStING........ccouiiiiiiiiiiiiieee e 223
5.2.0085 SEIUP ..o i e e 223
5.2.10D: ANAIYSIS....ccco e ————— 225
5.2.10C: CalibBration............uueeiiiiiiie e 226
5.2.10d: Sample RUNS.........coooiiii e 227
5.3: Synthetic MethOds. .........uiiiiiiiii e 229
5.3.1: Synthesis of 3DOM PowdéessColloidal Crystal Templating............. 229
5.3.1a: Polystyrene SYNthesSIS............uuuuuiiviiiiimeiiiceress e e e 229
5.3.1b: Template Preparation.............cccccouiiiiiiiiiiiieee e 229
5.3.1C: 3DOM SHIFFOMMEALION ......uvviiieiiiieeeee e e e 230
5.3.1d: 3DOM ZIFOIMEALION.....eeviiiiieeeeiiiiiiiiiiree et e e 230
5.3.2: Synthesis of 3DOM Films by Colloidal Crystal Templating............. 231



5.3.2a: Deposition of Polystyrene Films on FTO glass..........cccccvvvvvnnne. 231

5.3.2b: Formation of 3DOM FTO on FTO glass.........cccccvvvviieieeeeeenninnes 231
5.3.3: Synthesis of MeSopPOorous SIliCa...........ccovviiiiiiiiiiiiiiiieeeee e 233
5.3.4: NanopartiCle SYNtNESIS..........uuvuuriiiiiiiiiiirrss e 234

R TR - T ) Y I PP 234

5.3.4D0: OAIFED . ccciiiiie ettt 234

5.3.4C: Oleyl/CdS......cco o 235

5.3.4d: CdS QUANTUM DOLS.....coiieiie e 236

5.3.4e: CdSe QUantum DQLS..........cceeeiiieiiiiiriiie e 236
5.3.5: Deposition of Nanoparticles in POKeS...........ccccoovviiiiiiiiiiieeieeeeeeee 237

5.3.5a: Mmenclature of Composite Samples.........ccccceeeeviiiiiieinieeieeeeennn. 237

5.3.5b: DCDMS Treatment of BDOMSIO..........cuvvieiiiiiiieeeiiiieeee e 237

5.3.5c: Surface Modification With OA...........eeiieiiiiiiiieeeee e 238

5.3.5d:Deposition of OA/TIO.......ccvviiiiiieieeeeeeeeeee s 238

5.3.5e:Deposition Of QUFE30 .. ..uuuuieiieieieieeee e 239

5.3.5f:Deposition of Oleyl/CdS............ccoueiieiiiee e 239

5.3.50:Deposition of OA/CAS.........ovvviiiiiiii e 240

5.3.5h:Deposition of TOP(O)/CASE.......ccuuiiiieiiiiieeeiiiiiiieeeeee e 241
5.3.6: Conversion of Surface CdO t0.CAS.........cceveiiiiiieie e, 241
5.3.7: Pt loading on CdS/3DOM ZDMPOSILES......uuvvririeiieeeeiiiiiiiiieeeeeeen 242

Appendix

AL: EXamplealCulations............ooiiiiiiiiiiiieeee e 244
Al.1: Estimation of Crystallite Size from PXRD............cccocovviiiiiiiiiiiinennns 244
Al.2: Example Filling Factor Calculation................ccoovviiiiiiiiiiiciiee e, 244
A1.3: Calcul#zon of QD concentration from UVis Absorption Spectrum.....245



Al.4: Determination of Nanoparticle Composition from CHN Analysis.....245

A1.5: Example Added Weight Percent Calculations..............ccccccveeeeeeennn. 246
Al.6a: TGA Analysis of OA Surface Coverage on 3DEM SIO.................. 247
Al.6b: TGA Analysis of OA Surface Coverage on 3DQM.ZrQ................. 248
A2: Modelling of Nanoparticle Fill Factor Contributions................cccoeeeueeeee. 249
A2.1: Refractive Index and Density LiSt........cccooeeiiiiiiiieiiiiiiiee e, 249
A2.2: EQUALIONS. ... .cieiei i e e e e e ettt 249
A2.3 Chi TAbBIES.. ... 250
A2.4: Experimental Stop Band Shift AnalySiS..........ccceeeveiiiiiiiiiiiiiieieeeeeen, 253
A2.5: ESUMALEA EITOIS.....uuiiiiiiiiiieiiieiiie ettt 253
A3: Supplementary FIQUIES......cooooiiiiiiiiii e 255
ADDIEVIATIONS ... 267
LiSt Of REFEIENCES......oiii i 270



Table of Figures

Figure 1: Schematic of photocatalysis using semiconductor materials. Absorption of
a photon generates an excited/B* pair. Cecatalysts can simultaneously act as
e"/h* traps to reduce recombination by thermalr radiative relaxation of the
excited state, provide a surface for adsorption, and catalyse redox reaction®9
Figure 2 Valence band (black) and conduction band (blue) edge positions of
selected semiconductor materials relative to proton reduction and oxygen oxidation
potentials. Band positions at pH O were obtained from the literatfr®. Unit
increases in pH shift theand position upwards by 59 mV.........ccccccoviiiiiinnnne. 31
Figure 3: Schematic showing electrochemical setup for solar fuel productior85
Figure 4: Example of an electrochemical device for overall water splitting from the
literature. (a) Wireless device operation and (b) layeriglesof Si based triple
junction. Adapted from Reeaat al.and Nocerd™ *°...........c.cooeeeeeeeceeeeen, 36
Figure 5: Literature SEM images of (a) uncoafegin(y .oZn 56> and (b) Pt loaded
(AgIn) 22Zny 56S. Pt is deposited preferentially on the edges of the steps. Adapted
FIOM TSUJIEL @150 ...ttt 41
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....... 44
Figure 7: (a) Visualisation of adjacent (111) planes in an opaline sphere array, across
multiple unit cells. (b) Bragg diffractioof electromagnetic radiation from lattice
planes. Lattice points can be atoms-r@y diffraction) or colloidal crystal
spheres/3DOM walls (reflection from photonic materials).................oeeeeee. 46
Figure 8: SEM images of 3DOM materials showing (a) 3DOM23(@) planes and

(b) 3DOM FTO (111) planes. Yellow circle represents a window between adjacent
pores, red circle represents the pore Size..........ccccccee e 46
Figure 9: (a) Schematic showing inhibition of spontanedils’@ecombination for
semiconductor nanoparticles embedded in photonicystals. Coloured lines
represent approximate photon energies. The photonic stop band inhibits

propagation of certain wavelengths within the structure. (b) ExampleVisv

10



absorbance spectra for the nanoparticle material and 3DOM support. Squares
represent egions of slow photons at the red and blue edge of the stop hand47

Figure 10: Literature photoluminescence spectra for ZnO/Cddmposites.
hNRAYIGS |EA& NBLNB&aSyida fFGGAOS LI N Y
reflectance spectra (a) show red shift in the stop band position on increasing ZnO
overlayer. (b) Photoluminescence (PL) trace (solid line) compared to crushedsampl

(dashed line). (c) Ratio of PL of sample to crushed sample. Adapted from &arcia

Figure 11 Literature TEM images of 3DOM T gDpported nanoparticles deposited

by the chemical bath technique. (a) Ag loaded 3DOM aid (b) Au loaded 3DOM
Ti®. Adapted from Zhaet al.and Zhanget al. ™ * 238 ..o 59
Figure 12: Literature TEM images of 3DOM carbon (a) ang |daded 3DOM
carbon (b) deposited using polyelectrolyte layers and charged precursors. Adapted
frOM WanNQEt @l ... ..ot 64

Figure 13: Packing of spherical templates, by assembly at a surface to form photonic
crystal films (left) or by centrifugation form powders (right)...........ccccc.ceeennn.. 20

Figure 14: Methods for preparation of ordered porous structures. L(ejuid
infiltration of CCP spheres and (b)-@sposition of nanoparticle precursors and
spherical template particles. Template removal can be achieved by calcination,
electrochemical etching, or by leaching with BE..........ccooooveiieeeeeeee, 71

Figure 15: Polymerisation initiation steps using persulfate ions. (a) Formation of
sulfate radicals from persulfate ions and (b) formation of an oligomeric radic&B

Figure 16: SEM images showing variation in polystyrene sphere size by modifying
reaction stir speed, initiator concentratioand temperature. (a)PS3, 402nm
spheres, (b)PS7, 436 nm spheres, (&S1, 492 nm spheres, (dpS2, 601 nm
SPNEIES. ..

Figue 17. SEM image of PS sphere baR®b, formed by reaction for 48 h. A
disordered packing array and some elongated spheres can be observed.....79

Figure 18: DRUVS spectra of 3DOM, $i@pared from different precursor mixes.

The Miller indices of the photonic crystal planes $©Q-Care shown in bracket84

Figure 19: SEM images of 3DOM.Si@pared using different precursor mixes. (a)
Y [@ S () 1S (@ R (o3 1] [ 5 34

11



Figure 20: Powder XRD patterns for 3DOM, &i@ ZrQ. (a) 3DOM Sie * = Al
holder, (b) 3DOM Zr)+ = tetragonal Zr)JCPDS @I79-1763...........cceeeeveeenn... 86
Figure 21: SEM images of (gr) 3DOM351-SiQ, 395-SiQ and503-SiQ templated
from 402, 492 and 601 nm PS spheres respectively; (§J)3DOM271-ZrC,, 343

Zr& and412-ZrG, templated from 402, 492 and 601 nm PS spheres respecti@8ly.
Figure 22: TEM images of 3DOM S&d ZrQ. (a), (b)271-ZrQ, with crcles
showing indexed lattice fringes on crystalline walls, (c) electron diffraction pattern
of region iN (D), (AB51-SIQP. ...vvrrereiiiiiiiirrrr e 89
Hgure 23: DRUVS spectra of (a) 3DOM, @@l (b) 3DOM ZrDsamples with

different periodicities. Numbers in brackets indicate the Miller indices of the crystal

0] = L =TSP 91
Figure 24: Photographs of (a) 3DOM ;S&d (b) 3DOM Zr) showing vibrant
colours due to the photoniC StIUCIUNE.............vvviiiieiie e 94
Figure 25: DRUVS spectraB@B-ZrG, dry (green line) and wet (red line)........... 95
Figure 26: Nitrogen adsorption/desorption isotherm for 895-SiQ, and (b)271-
A (O T 97

Figure 27: Photographs of polystyrene films on FTO glass. Taken (a) without flash
and (b) with flash, showing opalescence of the film...........ccccccoiiiiiiiiininl 99

Figure 28: SEM images of polystyrene films on FTO glass. Lighting effects are due to
charging of the surface under the electron beam..............cccccoeeiiiiiiiiinnnnn. 100

Figure 29: Photographs of 3DOM FTO films. Taken (a) without flash and (b) with
flash, ShOWING OPAIESCENCE........uuvueieiiiccccccee e 101

Figure 30: SEM images of 3DOM FTO films prepared by soaking PS films in ethanolic
solution containing 0.1 M N and 0.2 M SN, ..o, 101

Figure 31: SEM images of 3DOM FTO films prepared by vacuum infiltratiof03

Figure 32: DRUVS spectra of three 3DOM FTO films on FTO glass, showing

reproducibility of the stop band poSItioN............coovviiiiiiiiiee e, 104
Figure 33: (ax (c) TEM images and (d) electron diffraction pattern288-FTO
Assignments in (d) based on JCPD86& and the literaturé®..............cocc.o..... 105
Figure 34: TEM images of ethylbenzene swdll@30-SiQ. ........ccooevvviiiiiinnnnnn. 107

Figure 35: Nitrogen adsorption/desorption isotherm for ethylbenzene swollen

TS0 S 108



Figure 36: Low angle PXRD patternNt@so-SiQ, showing peaks corresponding to

a facecentred cubic pore arrangement. Inset: Zoomed view of low intensity

420110 OO 109
Figure 37: The structure of 0leiC aCid.............uuuuiiiiiiiiiiiiiieie e 112
Figure 38: 3# images of 3DOM SjCand ZrQ used for deposition method
development (aB95SiQ and (D)271-ZrGo......cccoeeeeiieeieeeeeeeeeeeee 114
Figure 39 PXRD pattern of OA/TiGanoparticles. X = Tidsee text)'® + = Al
SAMPIE NOIUE ... 115
Figure 40: IR spectrum of OA/FIRANOPAIICIES........ccvvvvieeeeieiiieiis 116
Figure 41: TEM images of OA/FHAN0opartiCles.............ccccvvviiiiiiiiiei e 117
Figure 42: PXRD pattern of OAdBgnanoparticles. + = cubic &, JCPDS €179
07 118
Figure 43: IR Spectrum of OAdEgnanopartiCles...........ccccvvvvvvveiiveeiiiinnns 119
Figure 44: TEM images of OA/Bgnanoparticles............ccccvvvvvveevvninnnninnnnnnnnns 120

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 BA751545. ...t e e e e e aaaas 122

Figure 46: UWis absorbance (left) and fluorescence (right) spectra of CdS quantum

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 hex{agdSe,
JCPDS fil@ BUTI-ATT 2.ttt e et e e e e e e e e e 124
Figure 48: UWis absorbance (left) and fluorescence (right) spectra of CdSe
(o TV =T g1 (8] 1o (o] £ OUPRUPPRPRRPN 125
Figure 49: TEM images 68%Ti0,-395-SiQ. Nanoparticles were deposited from
dispersions in chloroform. Silica was fireated with DCDMS.......................... 128
Figure 50: SEM image (a) 58%Ti0-395-SiQ sample deposited from hexane
dispersions in O&oated 3DOM SiOshowing surface agglomerates (circled), and
(b) EDX spectrum of the whole area measured at 10 kV accelerating voltag80
Figure 51TEM images d68%Ti(0,-351-SiQ sample. Nanoparticles were deposited

from dispersions in hexane. Silica was-peated with OA.............cooiiiin. 131

13



Figure 52: TEM images 68%Ti0,-351-SiQ sample. Dark field images (b, d) of
corresponding regions (a, ¢) are shown, indicating the presence of crystallipe TiO
inside the pores. (e) Electron diffraction pattern of Jifanoparticles in 3DOM SiO
Redarrow indicates (101) plane used for dark field images (Scale baf'3. nmi32
Figure 53: TEM images of 7ildaded 3DOM SiOdeposited from nanoparticle
dispersions in OA/hexane. (&}.6%Ti0-395SiQ, (b) 36%Ti0,-395SIGQ and (c),
() 58Y6TIO0-395-SICh. c..veeeeeeeeeeeeeeeeeeeeeese et ee e et eeesee et es s eeeen s ee s seeeen e, 135
Figure 54: DRUVS spectra of ;lliddded 3DOM Sideposited from nanoparticle
dispersions in OA/hexane. Spectra are vertically offset for clarity................ 136
Figure 55: TEM images and electron diffraction ot To@ded 3DOM Sileposited
from nanoparticle dispersions in OA/chloroform. (a), 88%Ti0-395SiQ, (c)
7.3%Ti0-395-SiQ and (d) Electron diffraction pattern of the regi in (b) indexed
as anatase TEDJCPDS G078 2486............cccouiiuuiiieiiiieieee e 138
Figure 56: TEM EDX mapping data7#@%Ti0-395-SiQ. (a) HAADF STEMage,
600 {A YILE 0600 h YILEZ 6RO C¢A..XLLMXKOM >Y
Figure 57: PXRD pattern 3%Ti0-395-SiQ from OA/chloroform dispersions. X =
tetragonal anatase T©DJCPDS @178-2486, + = Al sample holder................. 141
Figure 58: DRUVS spectra IDOM Si@ and TiQ loaded 3DOM SiO Insets:
Zoomed view of photonic stop bands, vertically offset for clarity.................. 144
Figure 59: Linglot showing experimental and calculated stop band shift for, TIO
loaded 3DOM SEBAMPIES.....ccoiieeieee e 144
Figure 60: SEM and TEM imagesTafy loaded 3DOM ZrOdeposited from

nanoparticle dispersions in OA/chloroform. (a) SEM and (b), (c) TEM images of

7.3%Ti0-343-Zr0, and (d) TEM image 86%TiO-271-ZrG. ...eeveevvveeeeieenne 149
Figure 61: PXRD pattern 88%Ti0,-271-Zr0, sample. X = tetragonal anatase 7iO
JCPDS 0078-2486, O = tetragonal ZgQICPDB1-079-1763.........ccccovveervneennne 150

Figure 62: DRUVS spectra of 3DOMAr@d TiQ loaded 3DOM ZrInset: Zoomed
view of photonic stop bands, vertically offset for clarity.............ccccoviiiivnnnnee. 151

Figure 63: Line plot showing experimental and calculated stop band shift fer TiO

loaded 3DOM ZrEBamPIES.........uuuuureiiiiiiriree e e e e e e e e e e 152
Figure 64: Nitrogen adsorption/desorption isotherm for {&%Ti0,-395-SiQ and
() RO @Ay 1 A { 153

14



Figure 65: TEM images and electron diffraction fosgCkenanoparticles loaded in

3DOM Si@and ZrQ. (a), (b)65.6%Fe0,-395-SiQ, (c) Electron diffraction pattern

of region in (a) indexed asloic FgO,, and (d¥1%Fe0,4-271-ZrG................... 155

Figure 66: TEM EDX mapping data 3@.8%Fe0,-395SiQ. (a) HAADF STEM
image, (D) SYI L3 600 h YILIX 6RO CS YI LJ.186 >Y &
Figure 67: PXRD pattern 49.2%Fe0,-395SiQ. X = cubic R®,, JCPDS €188

Figure 68: (a) DRUVS spectra of 3DOM &0 FgO, loaded 3DOM SiCand (b)

experimentally measured and calculated stop band shift as a function of loading.

...................................................................................................................... 158
Figure 69: DRUVSesgira of 3DOM Zrgand FgO, loaded 3DOM ZrQ.............. 160
Figure 70: SEM images (a), (b) and TEM image (9.6%Ti0,-289-FTOsample.
...................................................................................................................... 162

Figure 71: DRUVS spectra of;lldaded 3DOM FTO on FTO glass samples.163

Figure 72: Photographs of 3DOM FTO (a) and quantum dot loaded 3DOM FTO, (b)
CdS aNd (C) CASE. ... it 164

Figure 73: SEM images of CdS and CdSe loaded 3DOM FTO. Composites deposited
FNRY 1 >a [/ R{ RAALISNEAZ2Y O6F0 |YyYR cdy
agglomeration of particles. (cjd) 11.2%CdS345FTORS L2 A0SR FTNRBY 5«

...................................................................................................................... 165
Figure 74: TEM images ©f.29%CdS345FTO Crystal planes in (b) could nbe
differentiated due to similar gi-spacings for FTO and CdS..............ccccvvvveneee. 165

Figure 75: DRUVS spectra of 3DOM FTO and CdS loaded 3DQM.ETQ.....166
Figure 76: TEM images and electron diffraction of, Toa@ded mesoporous Si(a)
TEM image and (b) electron diffraction pah of 22%TiO,-Meso-SiQ, indexed as
anatase TiQ (c), (d)6.6%TiO,-Meso-SiQ, (e), ()36%TiO-Meso-SiQ.............. 168
Figure 77: TEM EDX mapping data3e¥eTiO,-Meso-SiQ. (a) HAADF STEM image,
(b) Si map, (c) O map and (d) Ti map. 100 nm scale bar applies to all imagks9
Figure 78: TEM images and electron diffraction of CdS loaded mesoporeugayiO
¢ (b) TEM images and (c) electron diffractiordd?%CdSMeso-SiQ, ard (d) ¢ (f)
TEM images d19.4%CAdSMESO-SIQ. ....ccovvviiiiiiiieeeeeeiiiie et 171

15



Figure 79: Low angle PXRD analysis of nanoparticle lobldsd-SiGQ. (a) TiQ
loaded and (b) CdS loadedeso-SiQ. Insets: Zoomed view of the 083 ° 2
=70 (] o B PP PP TP PP PPPPPPPPPP 173
Figure 80: Nitrogen adsorption/desorptionsotherms for (top) Ti® loaded
mesoporous Sigand (bottom) CdS loaded mesoporous SiO..............ceee...... 175
Figure 81 Literature TEM images of (a) 4 weight %3@oloaded SBAS

mesoporous SiPand (b) CgO, clusters after Sigremoval. Adapted from Jiao and

Figure 82: Analysis of LaGd@aded mesoporous Sid@rom the literature. (a) TEM
image of 38.5 weight % LaCp®aded sample and (b) Adsorption/desorption
isotherms of LaCofoaded samples. Adapted from NguyenalX®*.................. 178
Figure 83: TEM images showing the quality of deposition attained in 3DOM SiO
throughout method development. (a) DCDM&ated Si@Q hexane NP dispersion,

(b) OAcoated Si@ hexane NP dispersion, (c) ©dated SiQ OA/hexane NP
dispersion, (d) O&oated Si@ OA/chloroform NP dispersion......................... 182
Figure 84: SEM images of CdS loaded 3DOWM (ki and 3DOM ZrO(right),
deposited from dispersions of oleyl/CdS in OA/chloroform. Clear agglomeration of
Particles IS ODSEIVEU.........oooo i ———————- 186
Figure 85: Powder XRD patterns of CdS loaded 3DOMI&StPand ZrQ (right). + =

lf &1 YL S K2 f RSNIPDS 0179168, X Nhexagjohdl €dS1AGRDS
OO 74 Y 187
Figure 86: TEM images of CdS loaded 3DOMaBiDZrQ. (a), (b)93.7%CdS316-

SiQ, (c), (d) TEM images 80%CdS270-Zr0, () HAADF STEM image26P6CdS
270-Zr0, and (f) electron diffraction pattern @.5%CdS270-ZrGy................... 188
Figure87: SEM image (a) and TEM EDX mappi@®CdS270-ZrG,. HAADF STEM
image (b), Zr map (c), O map (d), Cd map (e) and S map (f). Scale bar for (b) also
APPHES TOF (CX (F). wvvrnee e e 189
Figure 88: (a) DRUVS spectra of 3DOM &imd CdS loaded 3DOM giénd (b)

experimentally measured and calculated stop band shift as a function of loading.

16



Figure 89: (a) DRUVS spectra of 3DOM, ard CdS loaded 3DOM ZrOnset:
Zoomed view of photonic stop bands, vertically offset for clarity. (b) experimentally
measured and callated stop band shift as a function of loading.................. 193
Figure 90: DRUVS spectra of 3DOM,Zehples used as supports for photocgl
nanoparticles. Voids were filled with air (top) and aqueous 0.25 NS5NaE35 M
N2 S 1@ Y (01 (0] 1 2 ) T 195
Figure 91: SEM images of 3DOM and commercial @r©5) used as supports. (a)
165ZrQ, (b)255ZrG, (€)270-Zr0, (d)312-ZrG, and (e) commercial ZeQ....... 196
Figure 92: Photographs of commercial and 3DOM, Zehples. Before deposition
(left) and after photocatalysis of 9.5 wt% CdS loaded samples (rig&¢ZrG, (1),
2557rQG, (2), 270-Zr (3), 320-ZrQ, (4) and commercial Zig5).......vvvvvvvennnnnne. 198
Figure 93: DRUVS spectraleTiO, ¢ 5-TiG,. Voidswere filled with air (top) and
agueous 10 % methanol (bottom)...............oiiiiiieeeees 200
Figure 94: DRUVS spectrale€d<; 5-CdSn air before photoctlysis.............. 201
Figure 95: TEM EDX analysis of 9.5 wt% CdS loaded 3D@saxples before (left)
and after (right) photoCatalYSIS..........ccoieiiiiiiiiiiiiee e 202
Figure 96: DRUVS spectrale€dS¢g 5-CdSafter photocatalysis. Voids were filled
with air (top) and aqueous 0.25 M p&0.35 MNaSQ (bottom). Inset: zoomed 350

¢ 500 nm region, showintrCdS111) an4-CdS220) stop band positions.....203
Figure 97: Photatalytic hydrogen evolution of 9.5 wit% CdS loaded ,ZrO
composites (2.6 mg Cd$CAS¢ 5-CdSfrom aqueous solution containing 0.25 M
N&S and 0.35 M N&Q under visible light > 400 NM............coovvvviiiiiiiiinninnnn, 205
Figure 98: SEM images of photocatalyst samples. (a), 4B)dS before
photocatalysis, (c), (#}CdSafter photocatalysis, and (e), @TiG.................... 206
Figure 99: Simulated reflectance spectra in which regions of slow photons at the
edge of a stop band overlap with electronic absorption. Circles represent (a) Red
edge overlap angb) Blue edge overlap........cccoooeeiiiiiiiiiiii 210
Figure 100: Photocatalytic hydrogen evolution of 47.8 wt%, To@aded ZrQ@
composites (7.35 mg Ti#DL-TIiOG, ¢ 5-TiG, from aqueous solution containing 10 %
methanol under UV light > 325 NM.....ooooiiiiiiiiii e 212
Figure 101: GC lOOP SEIUP.....cceiiiieeiiiie et e e e e e e eeens 223

17



Figure 102: Photocatalyst testing cell setup. The central 50 ml beaker contains
sample dispersed in 20 mL aqueous solution of Beiali reagents, held directly
beneath the irradiation SOUICE.............ooiiiiiiiiiieieee e 224
Figure 103: Example chromatogram, showing photogeneratefdelek at 1.5 min,

and peaks for @and N diffused from solution at 2.3 and 3 mins respectively226
Figure 104: Calibration graph wfleasured peak area versus the number of moles of
Ho INJECTIEA.... . e 227

Figure 105: Spectral emission profile of the Xe light source used for irradfftion.

Figure 1@: TGA (blue line) and DSC (red line) plots fec@aed 3DOM Si0....247
Figure 108: TGA (blue line) and DSC (red line) plo@4aoated 3DOM ZrD...248
Figure 109: UWis absorption spectra of CdS quantum dot aliquetsacted as a
function of reaction time. Intensity of peaks are normalised for comparisan256
Figure 110: UWis absorption speca of CdSe quantum dot aliquots extracted as a
function of reaction time. Intensity of peaks are normalised for comparison256

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 COMPAIISON............uuuiiiiiiiiii e 257

Figure 112: Fluorescence excitation (top) and emission (bottom) spectra of CdSe

guantum dot aliquots extracted as a function of reaction time. Intensity of peaks

are normalised fOr COMPAIISON........cuuiiiii ittt e e 258
Figure 113: TGA (blue) and DSC (red) plots for @B/Ranoparticles.............. 259
Figure 114: TGA (blue) and DSC (red) plots for OAf&aiparticles................. 259
Figure 115: IR spectra of @Aated 3DOM Si(top) and OAcoated 3DOM Zr©
(0] 0] 1 1 ) PRSP 260

Figure 116: TEM EDX mapping data5@¥sTi0,-351-SiQ fabricated by deposition
in OAcoated 351-SiQ from nanoparticle dispersions in hexane. (a) HAADF STEM
image, (b) Si map, (c) O map, (d) Ti map. 500 nm scale barsaopdik images.261

18



Figure 117: TEM images of TiGaded 3DOM Sildeposited from OA/chloroform
dispersions into O&oated suppdas. (a) ¢ (c) 14.6%Ti0-395-SiQ and (d)¢ ()
36.4%6TIOm395-SIQ. -.uiieieeeee et 262
Figure 118: SEM images of nanoparticle loaded 3DOM & ZrQ composites
deposited from OA/toluene dispersions. (81.5%Ti0-271-Zr0, (b) 28.8%TiOx-
271-2r0, (€)22%Ti0-351-SiQ, (d)15%CdS351-SiQ, (e)93.7%CdS351-SiG and
(F) 4.198F@05-395-SIGh. .o eeee et e et ee et 263
Figure 119: PXRD pattern for;Bgloaded 3DOM Zr© x = tetragonal Zr§) JICPDS
01-079-1763, + = Al sample holddPeaks for Zrfand FgO, are coincidentat this

(ST 0] 1111 0] o SR 264
Figure 120: SEM and TEM images aOfFaded 3DOM Zr9 (a), (b) SEM images
of 8.2%Fe0,4-343-Zr0, and €) TEM image df6.4%Fe04-343-ZrG................. 264

Figure 121: PXRD patterns fdleso-SiQ, 29.4%CdSMeso-SiQ, and 19.8%TiO,-
Meso-SiQ. += Amorphous Si) X = tetragonal anatase HIQCPDS @178H ny ¢ <
= Al SamPle NOIdEr .. ... —————- 265
Figure 122: Nitrogen adsorption/degaiion isotherm for255ZrQ, sample2. .....265
Figure 123: Nitrogen adsorption/desorption isotherm 8#0-ZrQ, samples. .....266
Figure 124: Nitrogen adsorption/desorption isotherm for commercial, fr@vder

ST PP P PP PP PPPPPPPPRPPTRRN 266

19



Table of Tables

Table 1: Effect of temperature, stir speed, and reaction time on the size of
polystyrene spheres obtained. All syntheses use2B mM KSOs. 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.............ccc.ccveene.. 78
Table 2: Effect of initiator concentration on polystyrene sphere size. All reactions
were operated at 70°C for 28 hours, stirred at 245 rpfhAveraged over > 100

] 01 01T €= TP PPPPPPPPP TP 80
Table 3: Effect of added stabiliser on polystyrene sphere size. All reactions were
performed under Nand used 133 mL total solution, 300 rpm stir speed, 9.7 vol %
styrene and 8.34 mM #50s. % Averaged over > 100 spheres...........ccceeuveae... 81
Table 4: Reaction conditions for 3DOM Si@mation using 492 nm PS sphe as a
TEIMIPIALE. e 83
Table 5: Periodicity, wall thickness and fill factors of 3DOM, &i@d ZrQ.
dcalculated using Equation S€ction 2.2.3C)........cccccvvevviirieiiiiieeeceeeere e, 87
Table 6: Stop band positions for 3DOM S6d ZrQ templated from 406, 500 and

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

(0o o USSR 92

Table 7: Mier index assignments for stop bands exhibitedsBg-SiQ sample (see

FIQUIE 23) ittt e e e e e e a s 92

Table 8: BET surface areas of 3DOM &M0ZIGh. .......coeeeriuririeeiiiiiiieeeeeiieeeeend 96

Table 9: Large area SEM EDX analysis gicEi@ed 3DOM Sisamples. Data was
collected at an accelerating voltagemfn 1+ 2y pn E op%orY I N
example calculation, see appendix section ALbL...........ooovvvviviviiiieieiiineninnnnns 139

Table 10: Fill factors, wall reftaee indices and stop band shifts for Fif@aded
3DOM Si@ #Spectrometer resolution 0.5 NMh.......c.coceeeeeeeeeee e 145
Table 11: Comparison of the effect on nanopatrticle loading in 3DOM materials in
this study and in the work of Zhao et’af.Samples are listed in order of increasing
NP/host ratio. Bak heights were measured from baseline to maximum using a

(U] =] SRR 146

20



Table 12: Fill factors, wall refractive indices and stop bsimfts for TiQ loaded
3DOM Zr@. Spectrometer resolution 0.5 NM........ccccceeeeevreeeiieeciee e 151
Table 13: Surface area of 3DOMSi0d ZrQ loaded with TO, nanoparticles...152
Table 14: Fill factors, wall refractive indices and stop band shifts {, feaded

3DOM Si@ ®Spectromete resolution 0.5 NM...........ccceeeeeeieiieiieee e 159
Table 15: Fill factors, wall refractive indices and stop band shifts forlda0ed
3DOM FTG'Spectrometer resolution 0.5 NM...........cccceeeeeeieiieiieeeeceeeeee 162
Table 16: Surface area of nanopatrticle loaded mesoporous materials......... 174

Table 17: Surface area change of mesoporous materials on nanopatrticle loading in
this study and in the literaturé. % 297 248 29%yeight 0% valuescalculated as
massHtotal mass for comparison®loading amount not analysed. Key: @B
Chemical bath deposition, EElectrostatic stabilisation (citrate) deposition, A¢.D
Atomic layer depoSItioN........ccooeiiieiiiiei e, 179

Table 18: Fill factors, wall refractive indices and stop band shifts for CdS loaded
3DOM Si@ ®Spectrometer resolution 0.5 NML.........cceeveeeeeeeiieeecree e 191

Table 19: Fill factors, wall refractive indices and stop band shifts for CdS loaded
3DOM Zr@. ®Spectrometer resolution 0.5 NM.........cc.coceeeereeieeceeceeeeeeeenea 191

Table 20: Periodicity and filling factors of 3DOM xZn@terials used to support
photocatalyst nanoparticleSMeasured from SEM.............cccceeeeveeeeeceeennnne. 196

Table 21: Compositional data for nanoparticle loaded materididote OA
constitutes 2.1% of prealcined SUPPOIT MASS........evviiiieeiiiiiiiiiiiiiieeeeeee e 198

Table 22: Fill factors, wall refractive indices and stop band shifts for 9.5 wt% CdS
loaded 3DOM Zrgphotocatalysis Samples...........occeviiiiieiiiineeeiieeeeeeee 199

Table 23: Fill factors, wall refractive indices and stop band shifts for 47.8 wi TiO
loaded 3DOM Zrgphotocatalysis Samples...........coccvviiiiiiiiiiieeeiieeeeee 199

Table 24: Photocatalytic hydrogen evolutionle€dSg 5-CdS Conditions? 30 mg
catalyst (2.6 mg CdS), 20 mL,8l£0.25 M) and N8Q (0.35 M)inwa NE < B n

10 PP TPPPPT 204
Table 25: Photocatalytic hydrogen evolution1sTiO, ¢ 5-TiG,. Conditions?23 mg
catalyst(74mg T = HAa Y[ wmn 22 YSUOUKEY.21....Ay21261 G SN

Table 26: Refractive indices and densities of materials studied in this.work249

Table 27: Modelled reflectance data for Ti@aded 3DOM SiQ........cccccevnveeeen. 250

21



Table 28: Modelld reflectance data for Tidoaded 3DOM ZrD............ccceenne 251
Table 29: Modelled reflectance data forsBgloaded 3DOM Si0..................... 251
Table 30: Modelled reflectance data for 9.5 wt% CdS loaded 3DOM ZrO
photocatalySIS SAMPIES.........uuriiiiiiii e 251

Table 31: Modelled reflectance data for 47.8 wt% ,Ti@aded 3DOM ZrP

photocatalySIS SAMPIES.........uuriiiiiir e a e 252
Table 32: Modelled reflectance data for CdS loaded 3DOM SiO.................. 252
Table33: Modelled reflectance data for CdS loaded 3DOM.Z1O................... 252
Table 34: Modelled reflectance data for Ti@aded 3DOM FTQ............ceeeee.. 252

22



Acknowledgements

There are a number of people | wish to thank for their supgbroughout this
project. Firstly, 1 would like to thank all my family, foeing supportive throughout

my studies, and always being there when | needed them. Especially thanks to my
parents for providing me with a roof over my head! | am extremely grateful for

everything they have done for me, and for shaping me to be the pdraomtoday.

I would like to thank my supervisor Richard Douthwaite for his academic support
and guidance, and always being approachable with any problems. | am grateful to
my second supervisor Rik Brydson for helpful discussions and for valuable
microscopyadvice. | would also like to thank my IPM Victor Chechik, for always
being a friendly face and for useful discussions and advice in TAP meetings. | am
extremely grateful to the White Rose Consortium for funding my research, and
within the White Rose Univsity network | would like to thank Robin Perutz,
Stephanie Haywood, Julia Weinstein and Rolf Crook for helpful suggestions with
research. | would especially like to thank Jay Wadhawan for helpful discussions and
his general scientific enthusiasm, in adlalit to support outside research, and my
Masters supervisor Grazia Francesconi for continual support and encouragement

that pushed me to undertake research as a career.

In terms of instruments, numerous people provided me with training which was
invaluableto my research. For all of their assistance, | would like to thank Sasha
Borisova, Paul Elliott, Laurence Abbot, Adrian Whitwood, lan Wright, Gonzalo
Vallejo Fernandez, and Leonardi Lari. Thank you to Stephen Cowling and Graeme
McAllister for low angle PXRand CHN respectively, to Michael Ward in Leeds for
TEM analysis, and also to Nicole Hondow and Yothin Chimupala in Leeds. | would
like to thank all the admin and technical staff in the department, in particular to
Simon Grist for his role as long termOREechnician. | would also like to express
gratitude to all the staff in stores and workshops, for always being helpful no matter

the obscurity of the request.

23



Around the lab and the office, | would like to thank all past and present members of
the RED grap, especially Rob Thatcher, for his support in acclimatising to York and
around the lab, and Natalie for both her continual support and for helping to keep
the lab running smoothly. Thank you also to John, who generously donated
electrodes when | neededotmake samples at short notice and to Danielle and
Nathan for brightening up the office lobe. Outside of the RED group, | am especially
grateful to the AKDK/AR groups, in particular Dan and Abeda, for hosting us in their
2FFAOS | T4 SN (0 KSndibgirg lextréntdgy welcdniiig ang & goéd
laugh. | am also grateful to Luisa for being a good housemate, a font of knowledge
and for invaluable advice on Endnote and thesis layout, and to Lucy for support
during thesis times. Thanks also to everyone@@Zand the lunch group for making

work an enjoyable place.

Special thanks have to go out to a series of individuals who made the last four years
incredible. In no particular order, massive thanks to Chris Windle, Richard Falk,
Martin Blake,Anthony Woodhead, James Roton and Rob Thatcher for some
amazing times in and out of chemistry. Finally, | am indebted to Rob $nithe

many lessons on how to enjoy life, for making everything a positive, and for being
the funniest person | knowdithout all this supporthis work would not have been

possible.

24



Declaration

The work presented in this thesis is to the best of my knowleutgginal. The work

contained within is entirely my own, with the following exceptions:

1 Low angle PXRD was performed by Dr Stephen Cowling

1 Elemental Analyses (CHN) were perfornbgdDr Graeme McAllister

1 TEM EDX mapping and HAADF STEM imaging was obtained with assistance
from Dr Michael Ward (University of Leeds).

1 The 3DOM FTO films used for deposition of CdS and CdSe in chapter 3 were
prepared by PhD student Menglong Zhang.

The depsition of TiQand FgO,in 3DOM Si@and ZrQ presented in chapter 3 has
been published in the journal Nanoscale, with refereriReMitchell, R. Brydson and
R. E. Douthwaité\lanoscale2014,6, 4043

The photocatalysis of CdS and Ji@aded 3DOM ZrEpresented in chapter 4 has
been publishedin the journal Phyisal Chenistry Chenical Physcs, with reference:
R. Mitchell, R. Brydson, R.E. Douthwdftkys. Chem. Chem. Phg€15,17,493.

This thesis has not been subneitt for any other degreet this or any other

University.

25



Chapter 1

Introduction



Chapter 1

1.1: Overview

Composite materials in which nanoparticles are homogeneously loaded onto a
support areof interest for a variety of fields including catalysisplar energy: 3
photoelectroctemistry! and as sensors.In this work, anex situ approach to
composite design is presented based on independentiéakion of an ordered
porous support and ligandtabilised 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 viewgths 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 fossielfuas an energy source haved léo
widescale research into incraéag 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, asmall fractionofthe 2 t 2 2F &2t NJ SySNHé RBOSA D
Silicon solar panels can be used to convert the sunsggnéirectly into electricity,

but storage of this energy for later use is problematic, typically achieved in
expensive and inefficient batterie\lternatively, solar energy can bestored in
chemical bonds using solar fuels produced by photocatalysis 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 agerithis chapter will describe the mechams
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 an be used to produce solar fueléor example hydrogen fom
water. Water splitting is arendoenergetiaeaction, requiringenergy input to break

the O-H bonds and form #i and GO bonds as shown irfequationl. 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 dfie products.

Equationl "O0 O -0 NG = 2371 kImol* (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 andHonda, using a T¥photoelectrode under UV light irradiation for
oxidation and a platinum electrode for reductiérilen years later, powdered Pt
coated TiQwas used as a heterogeneous photocatalyst to split waince these
reports, a variety of oxide and nesxide materials have been used as

photocatalysts or for fabrication of photoelectrodes.

Contact between any two phases results inequilibration of the Femi 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 chargéo accumulate on thesemiconductor 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 {E 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 phtoexcited 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 sizeThe effect of band bending is reduced, and instead

transport of & h* pairs is driven by diffusiolf.

If the charge carriers reach the surface, redox transfaron of adsorbed reagents

can occur. However, thermal and radiative relaxation h&pairs competes with

this process’ Cocatalysts fo oxidation and reduction are often employed to trap

holes and electrons respectively, minimising recombination in addition to providing

a surface for reactiomA visual representation of the process is showFRigurel.

hv

Energy
A
e' +
H
g
Oxidation :-/VV\-» Reduction > H,
H.O Co-catalyst E;i hv Co-catalyst
N {(relaxation)
0, :
Semiconductor
Photocatalyst

Figurel: Schematic of photocatalysising semiconductor materials. Absorption of

a photon generates an excitetlle’ pair. Cacatalysts 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 cdnduct

band (CB)must beat a more negative potentidhan the reduction potentiabf the

reaction This permits donation of an excited electron to the lower energy state to

achieve reduction of the reagent. Similarly, the valence béviB) must beat a

more positive potentialthan the oxidation potentialbf the reaction This allows

regeneration of the semiconductor by acceptance of an electransferredduring

oxidation of thesubstrate In addition, since the oxidation/reduction potentials are
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Nernstian, solution pH is important for defining their position versus NHE. For
water, nG® = 237 kJmol** which corresponds to an energy of 1.23 eV under
standard conditions. Consequently, the band gapao$emiconductor must be
greater than this valueo be used foroverall 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 ttte potentials for water splitting are
shown inFigure2. The most active photocatalysts for overall water splitting involve
ions with either d or d'° electronic stées, such as {IV) T4V)or G&lll).** Metal

ions with partially filled d subshells tend to hal®ver photocatalytic activies 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 holesNiTaOs can show photoactivity for water splitting under UV
light as theNi(ll) does not act as a recombination centre, however the observed
I QGABAGE ABKEYNI omm >Y2f
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Figure2: Valence band (black) and conduction band (blue) edge positions of selected
semiconductor materials relative to proton reduction and oxygen oxidation
potentials. Band positions at pH 0 were obtained from the literatd& Unit

increases in pH shift the band position upwards byrg9.

1.1.2c: Sacrificial Reagents

Due to the high thermodynamic and kinetimexgy cost to drive overall water
splitting, sacrificial reagents, which have lower thermodynamic and kinetic barriers
to reaction, ae often used to testwater 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 redpcetonsto form hydrogen.

Using AgN@or NaS0s asa sacrificial reagent, excited electrons reducé #gAg
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metal or $Os% ions to SQ%, and photogenerated holes oxidise water te.®
Sacrificial reagents can also be used to prevent photocorrosion of matefiaés
reactions involved in these processes will be discussed further in chapter 4 (section
4.19).

1.1.2d:VisibleLight Photocatalysis

Many groups are actively researching improved visible light photocatalifsts.
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 tdexband

gaps with energies corresponding to UV absorptModification of metal oxides by

ion doping can be used to reduce the band gap energy into the visible range. For
example, nitrogen doping in 7@& reducesthe band gap from 3.9 et 2.4 eV in
TeON and 2.1 eV in T.*° As N Pions replace ®*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 nitritfe.

TaON and Thls show high oxygen evolution under visible light from sacrificial
AgNQ.?" % Other examples of anion doped compounds which can produce
hydrogen or oxygen (or both) from sacrificddnors under visible light irradiation
are LaTigN, CaTag\, and ¥TaOsN,.2>?° The oxysulfid&SnyTbS0s has a band gap

of 2 eV, with a higher valence band position compared to the parent pyrochlore due
to S 3p contributionsSmTLSOs shows activity for visible lightydrogen evolution
from sacrificial methanol with Pas co-catalyst andoxygenfrom sacificial AQNG@

with IrO, as cocatalyst®®

Doping of Ti@ with nitrogen and other elements has been used introduce
absorption in the visible region.-8bped TiG has been used as a photocatalyst for
2-propanol decomposition under UV and visible light irradiafibidowever, in
many cases the dopant introduces defect states in the band gap which can act as

surfaces fo recombination, reducing thguantum efficieng. For example, methyl
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orange and #Znercaptobenzothiazole can be photodegraded under visible light
using Ndoped TiQ, but the photoactivity under UV light is observed to decrease

with increasing N conterft

Cation doping can also be used to modify the band gap of a semiconductor material.
SrTiQhas a band gap of 3.2 eV and can be used as a photocatalyst under UV light.
By smultaneous N@8) and MqVI)doping the conduction band minimurnof SrTiQ

is loweredby introduction of Mo 4d characteenabling absorption of visible ligfft
Cu(Ilco-catalystloaded naterials showed activity for-gropanol 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 cutreproduced) is
related to the number of photons absorbed by the material. The quantum yield (QY)

of a photocatalyst material is expressedtbyuation2:3* 32

Equation2 0 &b Gp TU TT

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,
quantum dficiency (QE), is used when the action spectrum of the irradiation source
is not known. The apparent quantum vyield (AQY) for water splitting reactions
relates the number of moles sHformed to the incident photon fluf® For

electrochemical processes the efficiency is often described by the incident photon

to current conversion efficiency (IPCE), as defineBdpyation3:

Equation3 00 6éBO p T TT

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 sol:; e€ficiency
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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 measurementsitall lig
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 materialshé mostactive material reported for overall
water spgitting using UV irradiation is idoped NaTa@ with NiO cecatalyst
exhibiting an apparentquantum yield of 56 % at 270 nri* Using sacrificial
reagents,a quantum yieldapproaching unity heibeen reportedfor ZnS(90 %QY,
313 nm)in aqueous Ng5Q solution under UV light®

For visible light photocatalysis, the oxynitride GaN:ZnO solid solution coated with
RhxCkOs nanoparticles exhibits the highest reporteghparent quantum yieldor
overall water splittingof 5.9 % at 420¢ 440 nm*® **%® Other oxide photocatalyst
materialsthat have demonstrated wisle light activity for overall water splitting
include Nidoped InTa@with NiO cecatalyst(0.66 % QY, 402 ngif) and Pt/WO;
coupled to CiTa-doped Pt/SrTiQ (0.1 % QE, 420.7 niif)Using sacrificial donors,
much higher efficiencies have been reported, for example-Pd&catalyst loaded
CdS (93 % QE, 420 nm) in aqueousSKNBSQ solution - 42

1.1.2g:Electrochemistry

Electrochemical methods can be used to evaluate potential semiconductor
materials agphotocatalysts. By supporting the material of interest on a conducting
surface, in the absence of light a voltage can be applied to provide energy fo
chemical transformaons. 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 heeusms exist for product
formation. In a similar fashion to heterogeneous photocatalysis,sémiconductor
can act as hbitn light harvester and catalyst, for example forming hydrogen with
photogenerated electrons on the semiconductor surface and injedtioigs into
the electrode to perform oxidation at an external electrode. Alternativelye t
semiconductor can be used as a light harvestansferring photogeneratedharge
carriersinto the electrodeto provide a current whichdrives a reaction at an
external electrode, for example formation of ,Hrom HO at a platinum working
electrode Figure3). Many semiconductors have small electronfudifon lengths

6 F 2 NJ S EAe®;), 3t whizh can be an issue for thick film electrodes (> 5 pm),
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 A ®

Electrode

Gas out
/ Potentiostat

Ag/AgCl Auxiliary
reference electrode
electrode

Gaseous product
evolution

Electrolyte solution

Figure3: Schematic showing electrochemical setup for solar fuel production.

Transparent conducting oxide (DF materialsare commonly used electrode
materials for electrochemical testing of semiconductofsndoped indium oxide
(ITO) and fluorin@oped tin oxide (FTO) are two such materials with high electrical

conductivity, and when cast as a thin film, optite@nsparency. Electrodes can be
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fabricated fromthin surfacefilms 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 fagher free
carrier density than FT#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 fabricationpafous FTO
supported semiconductors for use atectrodes will be presented in the following

chapters.

1.1.2h: Electrochemical Devices

Electrochemical devices based on multipla junctions have been used for overall
water splitting. An example from the literature is shown Figure4.* *® The Si
based triple junction absorbs light to form an excitéthé pair. Thedoping 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 shbwgniieda.

stainless b)
steel
ITO |ayer 3jn—a-SV OERcatulvsl{
——— l NiMoZn
catalyst catalyst
4H* + O 2H,
i 2H, o 4H*
L

HER catalyst { NiMoZn

Figure4: Example of an electrochemical device for overall water splitting from the
literature. (a) Wireless device operation and (b) layer design of Si bgsled tri

junction. Adapted from Reeet al. and Nocerd™ *°
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A similar study was reported previously with a CoMo hydrogen evolution catalyst
and a separa anode coated with NiF@, oxygen evolution cataly$t. 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 shoviigare4 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 inFigure4 exhibits 4.7 % efficiency for fuel productioh?®

The most efficient device currently reported consists of a monolithic p
Ga sdnp 4dP/N-GaAs/pGaAs electrode with an external Pt counter electrode, which
can achieve an efficiency of 12.4 % fos ptoduction in 3 M HSQ.*® The
combination of GaAs and @alng4d” absorbs the entire range of the solar
spectrum. Stable photocurrent of 120 nuh™? was observed for 20 hours, after

which degradabn 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. Semicondtmr 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 dimensig 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 witadsorbed 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 surfaceedio limited
adsorption/desorption of species. For nanoparticle materials, higher specific surface

areas are inherent as a function of miniaturisation. Porous materials with high

37



Chapter 1

surface areas are of great interest for catalysis applications. In addpmosity

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 isan 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 supps, or by fabrication of porous photocatalysts.
TiQ loaded MCM48 shows high activity forHbroduction fromsacrificial aqueous
methanol without the requirement for a coatalyst.The highest activity observed
was 12.75 mmolh®™* ¢ for a sample with srface area 1146 md™*.* For
comparison, with a Pt coatalyst, aavity of P25 Ti@has been reported as 16
mmol h** ¢ for a surface area of 48 7g*:.>® Mesoporoussilica loaded with
Cu/TiQ shows activity for reduction of G@o CO(60 > Y 2ht* ¢*') and CH (10

> Y 2ht! g"1) under UV irradiatiorwithout a cocatalyst® Mesoporous Ndoped

TiQ has been used for rhodamine B degradation, showing higher activity as a
function of increasing surface aréaOne dimensional structures such as nanowires
have also shown high activities for photocatalysis due to efficient charge transport,

light collection and increased surface areas compared to bulk matétiafs.

Zeolites loaded with CdS nanoparticlésave been tested foH, production from
sacrifcial aqueous ethanol under visible lightThe order of activity and surface
area of CdS loaded materials was Zeelite 6 ¢ ® k™, 380(r& ¢°*) > SBAL5 SiQ

6H OT h' 353 0f ') > Zeolitel (1.7> Y 2ht, 122 nf ¢*Y). 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 compositesto$ type is not often
made with respect to both nanoparticle loading and surface area. For crystalline
mesoporous LA kO, synthesised by hydrothermal reaction, rates of photocatalytic
hydrogen evolution from aqueous methanol scaled with the sample seiréaea.

| e RNR3ISY Sg2fdziAzy NI GSa 6SNAFaHENDISR
ghr G2 wmbehd*@“yeftd) 02 w0 hSg¥ &5int ) for LaThO;
prepared by solid state reaction (SSR)ess crystalline materials exhibited a higher
surface area but lower catalytic activity. Similar influence of crystallinity andairf
area on photodegradation of rhodamine B was observed for mesoporous hollow
shell TiQ>" 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 Morpholoqgy Effects

As nmentioned above, anopartice-sized materials can be more active as
photocatalysts than larger particledue to the increased surface area and the
decreased distance to the surface for photogenerated charge carfi&rdrogen
evolution from agueous methanatas measured foBO ¢ 50 nm sizedand 300 ¢

500 nm sized ®hls particles modified with Pt ceatalyst with a rate three times
higher in the smaller particle§ Other studies have demonstrated threefold
increase in methylene blug@hotodegradation using 18 nm TaNs particles in
comparison to 75 nm TBhs particles®® Enhancements in hydrogen evolution
activity from sacrificial methanol as a function of decreased patrticle size, and hence
increased surfacarea, have been observed for Sri#éhd the sodium tungstates
NaTaQ and NaTa0s.2%%" %2 For NaTa@, comparison was made between samples
prepared by solid state reaction (SSR) and an exotemplating (ET) method, where
particles are grown inside a porsicarbon host which is then removed. Crystallite
sizes were measured atclp > Y F 2 NJ ¢{2% nm for FTRprepared samples,
with corresponding surface areas of 1.4 git and 22.4 M g™ respectively. Rates of

hydrogen evolution from sacrificial methanol under UV light were 0.34 ntn‘ﬁqzj"1
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(SSR) and 5.96 mmigi® g™ (ET), reflecting the increased surface area for reaction
and reduced distance to the surface for smaller particles. Aduit of multilayer
reduced graphene oxide and photodeposited gold nanoparticles increased the
hydrogen evolution rate of ET NaTa@® 13.78 mmolh™ 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 oXid@oupling of light
absorbers with carbon nanotubes to facilitate increased charge separation has also
been used in a variety of studies, including enhancemeh photocatalytic

degradation of phenol, 4itrophenol and rhodamine &'

Structures conisting of small ridged particles, or nanosteps, have demonstrated
increased activity compared to bulk materials due to efficient charge separation.
SEM images of Pt loaded (AglXn s6S containing nanosteps from the literature

are shown inFigure 5.°° Thermal treament of Cd(OAg)formed sintered CdO
nanoparticles, which were reacted with,$1 gas to form ridged CdS nanoparticles
(100 ¢ 300 nm)®’ Pt nanoparticles as ecatalysts were loaded onto the material,
with EDX analysis showing a higher concentration of Pt on the edges of the step in
comparison to the groves. Photoexcited electrons migrate to the Ptaadalyst
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 fooxidation3* Stable hydrogen production
from sulfide/sulfite sacrificial donors was observed, at an increased rate of 5.4
mmol h*! g in comparison to 2.1 mmdi** g** for non-structured CdS formed by
predpitation methods®’ The apparent quantum vyieldt 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,
decreasinghe recombination rate of excitons. (Agdn}Zn sS with Pt co-catalyst
(Figure5) shows a rate of Hproduction of 3.15 mmoh*! g™ from sulfide/sulfite
sacrificial donors and a quantum yield of 20 % at 420 nm, similarly attributed to
nanostep structuring® Nanosteps were observed in 2 %-daped NaTag) in

addition to a decreased patrticle size relative to bulk NaT®aChe same synthesis.
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The materials were active for overall water splitting with a rate of hydrogen
evolution from pure water 0f.45mmol h** g** for Ladoped NaTa@compared to
0.17 mmolh** g** for NaTa@. Stoichiometric oxygen evolution was also measured.
NiO coecatalyst deposition was observed preferentially on the step edges. With 0.2
weight % NiO loading, NaTala producedydrogen at a rate of 19.8 mmabt* g™,

compared to 2.18 mmdi*! g** for 0.05 weight % NiO loaded NaTa®

t cocatalysts

\The edge of
nanostep

Figureb: Literature SEM images of (a) uncoated (Aghan s¢S and (b) Pt loaded
(Aglin} 22Zn 56. Pt is deposited preferentially on the edges of the steps. Adapted

from Tsujiet 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® 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/sulfsdéutions under UV light.
Using visible light, a hydrogen evolution rate of 0.4 mmdl g™ and apparent
quantum efficiency of 13.4 % from 4@0500 nm was observed from sacrificial
sulfite/sulfide solution€® CdSe gantum 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 bgag. 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 part/@lés.

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 mnist g"1 from sacrificial
sulfide/sulfite solutions, with an apparent quantum vyield of 60.34 % at 420Tm.
The catalysts show a high sace area of 112.8 frg™, 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 powdeith surface area 0.2 ¢**, the quantum yield

for photocatalysis with a Pt ecatalyst from sulfide/sulfite solutions has been
reported as 25 % at 450 nff.

1.1.3c: Layered Materials

Intrinsically layered structures can show high activity for photocatalysis due to the
nanometrescaleseparation of the structural moieties, which provides good contact
for electron transfer, and efficient exciton transfer to the surface. Layered titanate
nanosheets (bls7Th.s304) With interlayer CdS have been used as photocatalysts for
hydrogen productn from sulfide/sulfite sacrificial donors, with the most active
sample producing 1.02nmol h** ¢ without a cocatalyst 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 fxcitons’* INFeQ(ZnO), oxides

have shown photocatalytic hydrogen evolutiontigity from aqueous methanol

with a rate of 19.5 mmoh™ g"-.%® The high rate is attributed to spatial charge
separation within the structures, which consist of edge sharings lo€ahedra
separated by a string of Fe and Zn occupied trigonal bypyrimidatetrahedral

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). ¥&HeQ) showed the
highest stable activity, due to interplay of the increased band gap (2.97neV)
comparison to n = 1 and the decreased distance of exciton travel from the Zn/Fe

layer to the In layers compared to n =%.

Layered perovskites with general formula A(Nb.Osn+1), (A = alkali metal and M =

La, Ca, Sr) are highly aetifor photocatalytic hydrogen evolution from aqueous
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methanol”>"® For H exchanged K&4b:O.o, hydrogen is evolved at a rate of 8.9
mmol h** g**, which can be increased to 43 mniSt g™ by loading 0.1 weight % Pt

as cocatalyst’® Migration of water and methanol into the interlayer spaces
expands the sheet separation, and provides close contact between the generated
excitonsand reagentsNi loaded KLaTsOi0has been used as a photocatalyst for H
and Q generation in aqueous KOH Activity of 2.19 mmoh™ ¢"* H, and 1.13
mmol h* ¢ O, was observed for a sample with surface area 5 gi, and
approximately half these values for a sample with 3. 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 scatterings; Al
nanopartides on silicon nanowires have been used to demonstrate a
photoelectrochemical cell with 90 % internal quantum efficiency from ¢GD0

nm.”® Reflective surfaces have also been employed to increase the efficiency of dye

sensitised solar cells (DSSEsY’

Surface Plasmon Resonance (SPR) effects can have an influence on the light
absorption of a photocataly$t Metal nanopaticlesdispersed 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 byeaijon of excited electrons

into the conduction band, or by enhanced exciton formation in strong local electric
fields at the surfac& Au/TiQ composites have shown visible light hydrogen
evolution from sacrificial methanol of 1.32 mmiuf* g™, dueto electron injection

from Au to TiG.® Under simulated solar irradiatio2, weight % Au/Ti©composites

have shown hydrogen evolution of 7.2 mmbt* ¢ from 1 % methanol, in

comparison to 1.08 mmdi™* g™ for 0.3 weight % Pt/Tifrom 25 % methanol, but
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differences in methanol concentration and -catalyst loadingand identity cloud
the SPR effed® Au@Si@ core shell nanoparticles have been used to increthse
IPCE of Bi\g¥ and the photocatalytic hydrogen evolution of CdS from 2

propanol®®

Periodic 1D, 2D or 3D structures can influence the propagation and velocity of
electromagnetic radiationRigure6). In photonic crystals (PCspodular variation in
refractive index within the structure can be exploited t@p light and increase
absorption to enhancethe efficiency compared to an equivalent nphotonic
structure.In addition, the microstructuring involved bestows an inheremdreased
surface arean compaisonto a bulk material Photonic crystals have been used to
enhance the efficiency of solid DSSES Photonic crystal based photocatalysts are

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

>
:’:
>

Figure6: Examples of the effect of dimensionality in struetuon 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

Threedimensionally ordered macroporous (3DOM) materiabn 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 relexhabry, 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 adiacemwavelengths by
Bragg diffraction® ®* These materials consist of an ordered structure, comprising a
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. Acriterion 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 whin the structure, whichare reflected if the source of
illumination is externalFigure7 shows aschematic othis reflection for the (111)
planes in an opale structure. The wavelengths of light reflected typically range
over regions of around 26 100 nm known as photonic stop bands.the case of
3DOM materials, the high refractive index walls and empty or solvent filled pores
form a photonic crystal latticeThe (111) and (220) planes of 3DOM photonic
crystals are shown idrigure 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 Hice.
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Figure7: (a) Visualisation addjacent(111) plansin an opaline sphere arrapcross
multiple unit cells(b) Bragg diffraction of electromagnetic radiation from lattice
planes. Lattice points can be atomsréy diffraction) orcolloidal crystal

spheres/3DOM walls (reflection from photonic materials).
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Figure8: SEM images of 3DOM materials showing (a) 3C80®1(220) planes and
(b) 3DOM 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 phiotstop 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,"#* recombination can be inhibited. This
effect is shown schematically Figure9. Propagation of light of energy equal to the
band gap is forbiddewithin the photonic crystal Figure9a). 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 relax®n 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 Lagnanoparticle loaded 3DOM Si®y overlap of the emission band
and photonic stop ban& 3DOM materials can also exhibit multiple light scattering
effects, increasing the effective absorption of light in comparisbmon-photonic
materials?® Light trapping effects in 3DOM materials can lead to increased quantum

efficiencies for photocatalysis.

Semiconductor Nanoparticle

White Light
Irradiation

StopBand
Reflection

____________ b)
’ ‘ = 3DOM Support

< Photonic :

—~ Semiconductor
Photonic 8 Stop Band Nanoparticles
Crystal _(E

5 <«—— Absorption Edge

£

hv'  hv
Energy (eV)

Figure9: (a) Schematic showing inhibition of spontaneotik erecombination for
semiconductor nanoparticles embedded in photonic crystals. Coloured lines
represent approximate photon energies. The photonic stop band inhibits
propagationof certain wavelengths within the structure. (b) ExampleMis/
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 efféiwe absorption of photons by the
semiconductor can be increased by a photonic crystadtéhs of energy directly
above and below the stop band positiomsa photonic structurehave their group
velocityslowed within the lattice. The wavelengths affeci@e@ commonly referred
to as slow photonsThe effective path length of slow photons is increased, hence

for a semiconductor materialvith 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, andhis has been demonstrated for the photocatalytic degradation of

methylene blue using photoaiTiQ.%

Light at the edges of the photonic band gap can be described as a standind'wave.
% At the red edge of the stop band, the wave maxima are localised in the walls, and
the nodes in the voids. Ahe 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 ¢ated to match the maximum intensity of the

wave. This concept will be discussed further in chaptesedtion 4.2.2ln

1.1.4b: Definition of Stop Band Positions

Bragg diffractionof electromagnetic radiatiorfrom the photonic crystal lattice
shows stopbands corresponding to diffraction froutifferent lattice planes, by the
same principles as-bay diffraction from an atomic latticeF(gure 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 maximuix) has an angular dependence as defined by

Equation4:

Equatiod™® _ — £ [ Q&

Where n,gis the average refractivindex of the walls and voids, is the angle of
irradiation, mis the order of Bragg diffractioandd;y is the paration of the lattice
planes. TheMiller indicesh, k and Idefine the crystalplanes within tle photonic
crystallattice. As‘ H90, sin® Mh1 and hence the value of the square root term
decreasesThe effect of this is to blue shift the stop band positiés. an example,
230 nm polystyrene films show a blue shift in stop band from 570 nm to 450 nm
when the angle of the reflectangarobe to the surface is changed from 0 ° (surface

normal) to 75 %% For a powdered photonic crystal, a randomassent 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 bandiposit

is relaxed, as defined yquation5:

Equation5® %& P %ot

Where . is the filling factor of tie wallsand nis the refractive indexf the material
composing the walls and void spaces. In opaline sphere arrays, a face centred cubic
(FCC) arrangement of particles is observed. A 3D@térial shows the inverse of

the opal structure, consisting of &CC arrangement of air spheres encapsulated by
the wall material. In an FCC lattice, only crystal planes consistiaty @en or all

odd h, k and Valuesshow constructive interference of electromagnetic radiation,
and hence a reflectiai’* Diffraction from the (111), (200), (220) and (311) planes
are expected to produce stop bands in polycrystalline mateffalquation6 and
Equation7 relate the lattice plane separation to the unit celhrameter a andhe
periodicity of the photonic crystal latticeD.In 3DOM materials, the periodicity of

the structure is described by the pore size and watikhess.
Equation6  Q —_—

Equation7 O e

For a material of given refractive index, stop band positions can be controlled by
varying the size of the pores and wall density. Of thesee [®ize is significantly
easier to modify than wall thickness, and hence is th@st commonmethod for

stop band modification. Stop band positions can be determined 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 sto@ibds 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 erféggyd
10).2°2 A composite consisting of 3DOM ZnO was loaded with CdTe by atomic layer
deposition (ALD), followed by growth of ZnO overlay®iation 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. Tha effect of the photonic structure is observed kiigure 10c. For the
photonic samples, photoluminescence (PL) enhancement is observed compared to
the crushed sample tathe 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 centrethe 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 sam@anultaneous
inhibition and enhancement of emission has also been showrCi$->® CdTe'*

zZn$%and zZnS:MH*%in opal structures.
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FigurelO: Literature photoluminescence spectra for ZnO/CdTe composites. Ordinate

l EA& NBLNBaSyida 1 GGAOS LI NIYSGSNI kgl
spectra (a) show red shift in the stop band position on increasing Zn@yawrefb)
Photoluminescence (PL) trace (solid line) compared to crushed sample (dashed line).

(c) Ratio of PL of sample to crushed sample. Adapted from @&’

The IPCE of CdS loaded 3DOM Tii@s on FTO glass electrodeas been studied

as a function of the overlap between photonic stopnda and CdS emission.
Maximum enhancements dPCHoy a factor of 4.7 were observed when the blue
edge of the photonic stop band overlapped with the emission hatiibuted to
slow photon effects,compared to a factor of 1.8 for red edge overfip
Modification of the excited state lifetimes of CdS quantum dots has also been

observed within 3DOM TiQ@lue to the photonic structuré’’

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 wittequation4. Improved emission suppression could be achieved with

a full 3D photonic band gap which fully overlaps the photoluminescence band, but a
3DOM sample that displaythis would require a refractive index contrast of 3.3 and

a fill factor of 22.4% in a 3DOM structurt® The emission lifetime of PbS quantum

dots has been increased by a factor of 10 in a silicon inverse woodpiletste

GAGK | FdzZ £ 05 LK 2'¥Rofradative keosRbinatibnicanistil  m ®n
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 560'1frhgas been prepared by
atomic layer deposition (ALD), and is calculated to have a full photonic band gap at
726 nm™! TiQ woodpile structures with a full 3D photonic band cemtren 701

nm have also been fabricatéd?

1.1.5:3DOM Photocatalysts

1.1.5a: Photochemistry

TiQ is a commonly studied material in 3DOM photocatalysis. Photocatalytic activity
of Pt loaded 3DOM TiMas been evaluated as a function of the photonic stop band
position. Enhanced hydrogen evolution and quantum yields from sacrificial aqueous
methanol wee reported for samples with overlap of Gi@bsorption and (111) stop

ol YR LJ2aA AR yQY &Hhor%) sovhgafed to samples with overlap of
TiIoF 6 a2NLIGAZ2Y FYR OHHAU a6"2gt Qv kE gR%)lara A (0 A
nanocrystalline Tigo ¢ dnol B* g™, QY = 4.8 %), attributed to slow photon effects
and multiple scattering in the 3DOM material§ 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 variatiothe loading of the
platinum cocatalyst.Ag loaded 3DOM Tidhas shown a 1.25 times enhancement in
methylene blue degradation in comparison to a disordered porous analtgue.
Porous photonic Ti© spheres have also been used for methylene blue
photodegradation, showing increased gtadation rate constants (0.0685 rhithin
comparison to P25 (0.0413 nfith due to slow photon effectt® Thephotocatalytic
degradation of acid oranghas been enhanced 4x in comparison to nantipkr
films using Pt loaded 3DOM T%jQdue to slow photon effects and amtalyst
mediation of &h* pairs®® Enhancement in photocatalytic efficiency due to slow
photon effects have also beereported in mesoporous walled 3DOM-Sii oxide
photonic crystal films for the degradation of rhodaminé'Band 3DOM Ti@films
surface coated by poly{Bexylthiophene) 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 film8DOM TiQ dispersionswere tested for dgyradation

of aqueous methylene blue to evaluate the slow photon effect in solution.
Observed decay rate constants were improved from nanocrystal (Bi©3 mirt*

m?) to 3DOM Ti@(11.3 mit* m?). By seeded Ti@growth from Tig' * the wall

filling factorwas increasedand the rate constant was increastm 15.9 mirf* m2
Theenhancements in activity in the 3DOM materials are attributed to gitneton
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
electronicabsorption of Ti@ 3DOM TiQfilms have been studied as a photocatalyst
for the degradation of methylene blussingY 2 y 2 OKNER Y I (1 A G70Mi).RA I G A
Compared to Ti® nanocrystals,samples with a stop band centred on the
illumination wavelength shoed a decreased photodegradation rat® normal
irradiation angle(0.85 times), due to restricted propagation of light within the
photonic crystalVariation of irradiance angle was used to blue shift the stop band
such that the extent of overlap of the electronic absorption with the red eafghe

stop band is adjusted, resulting in rate constant enhancements of 1.4 (10 °) and 2.4
(20 °) For samps 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 8ue toreduced overlap with the red edg# the stop band”

3DOM Pt coated with TigChas been used to photodegrade aqueous phenol. A
cornversion activity of 98.1 % over 4 hours was observed where slow photon
wavelengths on the red edge of the stop band coincided with, Biisorption,
compared with 95 % for samples with roptimised stop band overlap and 90 %
for a nonphotonic analogué’® 3DOM ZnO has demonstrated enhanced
photocatalytic degradation of methyl orange in comparison to disordered porous

and nanocrystal film&*°

BLWG; infiltrated SiQ opal arrays have been used for photodegradation of
rhodamine B and phenol, showing enhanced activity in comparison to puVédBi
under visible light?* 3DOMBLWO; films have also been used for methylene blue

photodegradation. A maximum of 95 dégradation 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:?> 3DOM TaOs, TaON and Ehs have also been studied as
photocatalysts for Kevolution from aqueous methanol. 3DOM TaON showed an
enhanced HS @2 f dzii A 2y NIhG &) imcemparidgn to th¥ Buik material

6on AYPY attributed 12 | YAESR LIKI & STa@Nivthe & A G A

porous materialt®

The rate of photoisomerisation of azobenzene has been studied in 3DOM SiO

Enhancements du& 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 ohe layer, the enhancement factor remained constant,

attributed to scattering within the photonic cryst&?

1.1.5b: Photoelectrochemistry

Thin film photonic crystal arrays deposited on surfaces are of interest due to
potential enhancement bactivity of devices in numerous fields, including optics,
electrochemistry, and solar fuel productiéf.’” 127 3DOM Ti@ films on FTO
glass infiltrated with CdS have been studied as photoelectrodes. Three pore sizes
were hvestigated, with a maximum photocurrent of 4.84 rof" observed for a
material with 288 nm diameter pores under simulated sunlight, with activity
differences between samples attributed to the variation in surface afea.
Architectures based on Ti@hotonic crystals have been used to produce a device
which can generate photocurrent of 6.2 mAcnm™ at 0 Vvs. Ag/AgCl, with 60 %
IPCE at 460 nm. Electrodes consisted of ZnO nanowires grown in 3DGM TiO
sensitised with CdS QDs. The high efficiency was attributed to visible light scattering
by the 3DOM structuré?® Enhanced photocurrents have aldbeen observed in
3DOM Ti@ZnO nanowire arrays in comparison to ZnO and 3DOM.i®educed

TiQ nanotube/3DOM TiQfilm composites have shown photocurrents of 2.5 mA
cm™ at 1.23 Ws. RHE and an IPCE of 79 % at 350'1ir8dSe sensitisedyhrid

mesoporous/photonic crystal TyOcomposite electrodes have shown high
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photocurrents (14.2 mAm™ at 0.5 Ws.Ag/AgCl) under visible light, and increased
IPCE at 575 nm (70.1 %) in comparison to CdSe/P25 (4537 %).

Disordered 3DOM antimony doped tin oxide (ATO) filmglastrodes have been
fabricated on FTO glass surfaces. The electrochemical activity@fF2OM ATO
electrodes for water oxidation in the absence of light was compared to 3DQG% Fe
films, 3DOM ATO and 2D equivalents. Pldra®; films showed increased currents
(11.7 mAcmt? at 2 Vvs.RHE) in comparison to 3DOM,Bg (8.7 mAcm™ at 2 Vvs.
RHE), due to poor charge transport in the porous material. Th&:RBOOM ATO
showed a higher current (31.7 noi™ at 2 Vvs.RHE) and earlier oaspotential in
comparison to Fgs/planar ATO (20.8 mam™ at 2 Vvs.RHE). The enhancements
were attributed to light trapping effects of the porous film, increased surface area,
and efficient charge transport through the conducting pore netwtfkOther
aitdzRASa KIadS | faz2 -R®Y phdtéeledicbdasS ier watérh a
oxidation, showing an earlier onset, increased photocurrent (3.1cm¥X at 0.5 V

vs.Ag/AgCl) and higher IPCE in comparison to planar fitns.

3DOM BIiV@ films with controlled pore and window sizes have been used as
photoelectrodes. All 3DOM electrodes showed an increased photocurrent in
comparison to a nomrdered reference sample (0.3 nedn™ at 1.2 Ws. Ag/AgCl),
with a maximum of 1.35 m&m™ at 1.2 \Ws.Ag/AgCl observed for a material with
180 nm pores. The effect of windowzsi 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 reactioft*

The photocurrent of disordered porous and 3DOM Wiins has been studied with
respect to the stop bangosition. By alignment of the red edge of a stop band and
WG; absorption, observed photocurrents under UV and visible light were doubled
in comparison to disordered porous Wims due to the slowphoton effect. IPCE
values from300 ¢ 420 nm were also mhanced by 0.1¢ 0.15 in the 3DOM
samples-* Photoelectrochemical water splitting over 3DOMMBO; films has been

demonstrated, showing a photeto-hydrogen efficiency ttee times higher (0.13
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%) than for nanocrystal BVGO;s films due to enhanced light penetration. Evolved
AFasa G NFcnSHe T o Rp oz @) wefe observed,
with slightly lower Qyield than stoichiometry would suggest due to adsorption at

the electrode'??

1.1.5¢: Coupling of Plasmonics with Photonys€is

Photonic FTO nanocone arrays have been demonstrated as photoelectrodes.
Photocurrents for Filoped FeO; coated FTO increased from 1.2 rod™, to 2.24

mA cm? and 2.78 mA cnm® for planar, 3D, and Au NP coated 3D electrodes
respectively. Overall posy conversion efficiency of 0.7 % at 0.88/4/ RHE and
photocurrent density of 3.39 mam- were observed on further addition of a &b
co-catalyst! Coupling of SPR and slow light effects to enhance efficiency has also
been used in Ag/3DOM Ti@nd Ag/3DOM Tignanorod TiQ composites->> *|n

the latter, photoelectrochemical water splitting to hydrogen (20 pnhst) and
oxygen (10 pmoh™) is observed, wit a twofold enhancement in IPGBmM 450¢

580 nm due to red edge slow ptoms.

CdS@Au core loaded 3DOM Wsdmposites 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 £6 @2 t dzii A 2 y h™p from saerificialvaguieoudgNQ

for SDOMWG; in comparison to crushed 3DOM W Q@Vith the addition of CAS@Au
YEYy2LIE NGAOE Sazx Il & $O@DO dzii ¥ Ry mMIOPSERE 2 F
observed from sacrificial aqueous sulfide/sulfite and AgN®@spectively, in

02 Y LI NA & 2 yh' {Hp and 26> ¥ '8 (0y) for crushed samples’

Photocatalytic decomposition of-@ropanol has been demonstrated over photonic
Au/hollow TiQ nanosphere (Au/Ti@3DHNS) composites. Enhanced, @@lution

under poly@&iromatic visible light was observed for Au/JHBDHNS samples (0.73
>YZHE0 O02YLI NBR G2 | ONHY &8 moroideredlAi/BG 6 n d ™
I b{ 6 n ® R of sinfildrtsurface areas due to slow photon effects. Under

Y2Y2O0KNRYIl (A O 5'nm), Coledktidn réteof Au/TI@BDHNS (9.4
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> Y zht") was higher than the crushed sample (#.% zh't}) and Au/TIGHNS (6.7
> Y 2htY). Slow photon effects were not observed at this wavelength, hence the
enhancement in activity was attributed towltiple light scattering effects in the

porous materials®

1.1.6: Summary of Photocatalytic Activity Enhancements by Structural

Modification

Direct comprison 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 comparisorof product formationrates. However, an overarching
theme towards efficiency enhancement by miniaturisation of components in
devices can be seeNumerous methods for enhancing the activity of materials are
reported, and the observed enhancement factmary 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 withime tmaterial 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 photocuseand 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 matertais™*’

Synthetic requirements restrict the formation of 3DOM semiconductors mostly to
simple binary oxide materials, with some examplesterary materials:>* %
Instead, the fabrication of composites consisting of nanoparticle photocatalysts
deposited within photochemically inert 3DOM materials with intensepsbands

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 enswe 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 strgths and weaknesses of each method will be
considered, along with examples of their application for nanoparticle deposition in

porous materials.

1.1.7: Technigues for Nanoparticle Deposition

1.1.7a: Chemical Bath Impregnation

The simplest and mostommonly 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 thelgtion 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 suciessonic 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 Zn® Codoped Cud?® BivQ,**! and CdSé&** Chemical
bath methods have also been used for deposition of CoO ap@:@n LaTiGN'**?
and Co(OH)species on Ts,*** showing the method is applicable to oxynitride

and nitride materials in addition to oxides.
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As examples in porous matelsa Ag nanoparticles have been deposited in 3DOM
TiQ films by the chemical bath method. Deposition ofg5l0 nm particles was
achieved by evaporation of aqueous Agf¢0lutions containing ethanol at 50 °C for

5 hours* The photonic stop band intensity drops on nanoparticle loading,
accompanied by a slight red shift in the position as predictedeqQyation5. Au
nanoparticles have also been deposited on 3DOM, piidtonic crystals films by
sequertial dipping in aqueous HAuGInd ethanol solution$®® or by hydrothermal
methods!®* Example TEM images from these literature works are displayed in
Figure11.* % S|LAR techniques have been used to coas flli@s, nanotubes and
3DOM TiQwith CdS, building up multiple layers by sequential dipping in solutions
of cadmium acetate and sodium sulfif&: 1**The same approach has been used

for deposition of CdS in the pore spaces of aluminosilicate zedlites.

5000

Figurell: Literature TEM images of 3DOM F#0pported nanoparticles deposited
by the chemical bath technique. (a) Ag loaded 3DOM an@ (b) Au loaded 3DOM
TiQ. Adapted from Zhaet al.and Zhanget al.*** 13

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 crystd planes is often dictated by the suppofirect control over the particle

size isnot possible but can be influenced byhe chemical composition and
concentration of the precursor. In addition, aggregation of nanopa&sicis

unavoidable in some systems, and Raomiform adsorption of the precursor can
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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 slution 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 intensi 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 reoxidation of the deposited metal species by the photoexcited
holes. This technique is commonly uséd situ to deposit cecatalysts for
photocatalytic reactions by measuring gas evolution from an illuminated aqueous
solution of sacrificial electron donor amhotocatalyst 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,AtCk and acett acid™*® Using the same precursor, Pt
nanoparticles have also been depesi on oxides, for example Ti®'" and nitrides,

for example Tg\s.**® Nanoparticles of Pt, Rh, Pd and Ir have been loaded onto Ag
SmTLSOs by both photodeposition and chemical batbchniques'*® The observed
activity for photocatalytic hydrogen evolution was higher for nanoparticles
deposited by chemical bath approaches, attributed to a betpeality of dispersion.

Au nanoparticles have also been loaded on NaTa(photodeposition, with a wide

size distribution of & 10 nm® The particle size of the support can govern the
dispersion quality of photodmosited Au and Ag on TiOFor large particles,
aggregates were observed, concentrated on grain boundaries and particle edges. In

comparison, well dispersed 1 nm particles were deposited opfAafoparticles:>°

60



Chapter 1

In addition to metal nanopatrticles, deposition of metal oxides has also been
reported by photodeposition. MD; nanoparticles were depogtl on CdS as a-co
catalyst for photocatalytic hydrogen productidrni.CdS powder was dispersed in an
agueous 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 phdéposition of NIOOH films on O
substrates. The mechanism for this process involves band gap excitationof TiO
followed by transfer of photoexcited electrons to an external platinum electrode for
oxygen reduction, coupled with oxidation of(Njiby phdogenerated holes at the
TiQ electrode? Photogenerated holes have also been used to deposit,RuO

Ti® and Ce@, followed by reduction in Fgas to form Ru metal nanoparticl&s.

In porous materials, photodeposition has been used to deposit Au and CdS
nanoparticles on mesfmacroporous Ndoped TiQ.®* HAuG was used to
photodeposit Au nanoparticles on the surface. A solution par&l Cd(Ng), was
added to the Ndoped TiQ/Au composite, forming S clusters preferentially on the
Au patrticles. Further irradiation was used to generate excited electrons which are
transferred to the Au particles, reducing S 3 ®ns and facilitating reaction with
Cdll)ions in solution to form CdS nanopatrticles on the Au surface. Photodeposition
has also been used for coating 3DOM,Ni@h Ag®°and mesporous Ti@with Ag,

Cu and Ni nanoparticl€s®

GCompared 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 wals 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 techniguexist 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 formpour, 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 sqiatticles on the surface.
More complex techniques such as atomic layer deposition (ALD) can be carefully
controlled to build layers of apecific thickness. Sputtering is a related technique
that can be used to form nanoparticle films. A precursor taigdiombarded with

high energy particles, releasing atoms which are then directed onto a substrate.
This technique is also commonly used for coating-oonductive samples with

films of carbon or gold prior to electron microscopy imaging.

In porous materiad, tungsten, molybdenum and tantalum metals have been
deposited on 3DOM carbon materidfs.W(COJ, Mo(CO) and TaGlwere used as
precursors, and were heated to 3@0500 °C in an evacuated chamber to form
vapour, forming metal films by decomposition on the hot carbon surface. The films
were observed2 0SS dzy AT2NX X LISYSGONI GAy3 RSLIIKA

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 requiremerdf 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 reqemefor 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 emplogedorecursors 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
sampe. Synthesi®f stabilised nanoparticlegollowed by depositiortan be used to
increase thenomogeneity of the dispersiorStabilisers such as EDTA and sodium
citrate can be added to simple metal salts to form complewdsch can cluster
together to form charge stabilised nanopatrticles. Deposition from these sols should

favour homogeneously dispersed individual nanopatrticles.

Platinum nanoparticles have been deposited from citrate compléXe§® H,PtC}

and sodium citrate were refluxed for 4 hours to form a platinum citrate $be
citrate was then removed using an ion exchange resin, and replaced with
polyethylene glycol protecting groups. The sol was dispersed across the surface of
TiG powder by sonication. Citrate stabilised Au nanoparticles have been deposited
on methacryate polymer surfaces, after previous modification with pendant amine
and thiol groups®! Electrostatt stabilisation has also been used for deposition of

PdNi nanoparticles on carbdff

As an example of deposition within porous materials, La@e@vskites have been
dispersed in mesoporous silica using citrate precur$drsa(NQ); and Co(NG)s
were mixed with citric acid in aqueous solution and allowed to react for 24 hours.
The mixture was added to the mesopoosupport, 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 ZnDelectrostaic interactions:** 3DOM

ZrQ 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.
Homogerous 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, ThM@noparticles in 3DOM

carbon, TEM images of which afeosvn inFigure12.*%°

Figurel2: Literature TEM images of 3DOM carbon (a) and [6&led 3DOM
carbon (b) deposited using polyelectrolyte layers and charged precursors. Adapted

from Wanget al.'®®

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

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 péeticis also important, and can be
sensitive to the pH of solution. As an alternative, long chain molecules grafted at

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

The mechanism for steric stabilisation can be ex@diin 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 $getem. 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:°®

Exploitation of strong A% and AN bonds has been used in a variety of the
methods to deposit nanoparticles alreadgscribed in this section. Depositions of
ligand stabilised nanoparticles in the literature involve similar methods. Using
preformed dodecanethiol functionalised Au nanopatrticles, a general method for
homogeneous deposition of up to 5 weight percent Au @rvariety of oxide
surfaces has been reportéd’ 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 art€hors.

In addition to Au particles and surfaces, colloidal techniques exist for formation of
planar FeO; films1®® Stabilised nanoparticles were formed by dialysis against
HCIQ. FTO coated glass slides were dipped in nanopatrticle solution for 1 minute,
then a carboxymethylcellulose solutidar 1 minute to bind the particles together,
growing larger films by multiple repetitions of this processzJzenanoparticles
have also been deposited on carbon surfat@©leic acid stabilised nanoparticles
have been deposited as thin films within polymer membranes by aeassisted
CVD (AACVDY In porous materials, oleylamine stiéibed Pd nanoparticles have
been deposited on 3DOM Sp&?

1.1.8: Summary of Nanoparticle Deposition Techniques

Many other techniques exist for deposition of filraed nanoparticles’® including
aerosol based techniqué$ and electrochemical approaché§: *"®The examples
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 dfferent 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 gearal 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. Ithis 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 suppdr

3DOM Si@and ZrQ 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 problematiggand stabilised nanoparticle
materials will be synthesised, and a general method will be developed for their
deposition in 3DOM poders. In addition, the generality of the method will be
evaluated by its application to 3DOM films and mesoporous materials. The
synthesis of ordered porous materialsingestablished literature techniquesill 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 Zr@ith different stop band positions. The
photocatalytic activity of these materials for hydrogen productiooni 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
templates by electrodeposition, ALD or capillary actidn’ *" *"Electron beam
lithography is typically used to etch a substrate to form-dirdensional structure

with high precision. Electrodeposition, ALD and capillary infiltration can produce
high quality 2D and 3D photonic crystal films on a planar substrate. |
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) materialsy\@rse 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
films %% 1181 Common tenplates includemonodisperseSiQ spheressynthesised

by the Stéber method® or polymer spheres such as polystyrene (PS) or poly
methylmethacrylate (PMMA synthesised by emulsifie free emulsion
polymerisation. Template spheres can be packed to form &@§s of sphereby
convective self assembly or vertical capillary deposition at a planafaceto form

films, orby centrifugaton to form monolithic powders as shown frigure13.%% 1%

183185
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Figurel3: Packing of spherical templates, by assembly at a surface to form photonic

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

The3DOM structure igabricatedby infiltration of the interstitial volume between

the colloidal spheregFigurel4a). Precursors are typicaligetal alkoxides, nitrates

or acetates which arehydrolyseal within the voids of the templatéo form asolid
network. Fabrication of high qualitphotonic crystal structures requires a balance
between the rate at which liquid is drawn into the template and the rate of
hydrolysis of the precursors.akes of hydrolysisare often controlled byadditives

and pHadjustment of the precursorsolution Tenplate 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 asatley 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.

3DOMfilms can also be synthesised by -deposition of precursor nanoparticles
and template spheres as illustrated figure 14b. The colloidal particles self

assemble at an intéace to form 3DOM structuresThis method is particularly
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useful for tenary or higher phases in which synthesis by capillary infiltration is

difficult due to variation in thdnydrolysisrate of the precursors.

Q000 ..

precursor Template
2) OQO addition removal
@000 ——

Ordered sphere array Template/precursor Inverse Opal
composite

Precursor
nanoparticles

Q:::@
eet "l e®* »  Co-deposition Template
b) O, o removal

e e ——— E——
. L] ® ® . R
® e . Spherical
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Disordered Template/precursor Inverse Opal
sphere/nanoparticle array composite

Figurel4: Methods for preparation of ordered porous structuresL{gyid
infiltration of CCP spheres and (b)}d&position of anoparticle precursorand
sphericakemplate particlesTemplate removal can be achieved by calcination,

electrochemical etchingor by leaching with HE®®

Photonic crystal arrays can be fabricated from template spheres with astwi
structure. After packing of the template, the core is removed, leaving the shell as a
macroporous network of hollow sphereb these systems, wall thickness can be
directly controlled by variation of the shell thickness. Interpore windows in these
materials are smallef®® which is of less benefit for photocatalysis 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 dafolloidal crystatemplating method allows for wide ranges of
compositional flexibility. Functionalis@DOM material€an be obtained by preor
post processing, for examplenercaptopropyl functionalised 3DOMSIQ and
poly(3hexythiophene) functionalised3DOM TiG.%® 7 3DOM materials with
mesoporous walls have been synthesised using surfactants en pitecursor

solution 8 187
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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
polymerisationwere 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 polymexi®n 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 to70 °C, the solubility of stgne in waterincreases to4 g L™,
allowing some monomerto dissolve in solutiod®® As styrene is consumed during
reaction, more molecules diffuse into solution from the styrene droplets on the
surface.K;S0s (KPS) is used as an initiator, which when heated in solution forms
SQ" radical anions. On addition to styrene, oligomeric radicals are generated
(Figure15). Reaction of these radicals with further styrene molecules propagates
the chain,forming surfactant like molecules with a hydrophobic carlabrain 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 ufavourable.
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Figurel5: 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 carcuo. 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 stafa oligomers,
homogeneous nucleation occurs, where the instability of the oligomers in solution
leads to precigation. 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 gravth, 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 decrease®® 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 grofaparticles

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
particlesare 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 paraneters 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 synthesisand characterisationof porous supportswill be reported in this
chapter. The fabrication of these materials has been reported previoiSkyyt was
modifiedto produce specifisupportpore sizesDeposition of nanoparticlesvithin
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 usednmwdify the spheresize. Using PS
templates, powdered 3DOM Si@nd ZrQ, and 3DOM FTO films were synthesised.
Mesoporous Si@was synthesised using a triblock copolymer template. Powder
XRD, SEM, TEM, porosimetry and DRUVS were used to probe the quality of all

materials prauced.
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2.2: Results and Discussion

2.2.1:Polystyrene Template Synthesis

Attaining highly ordered packed sphere templatess an important factor for
formation of good quality3DOM materiad. 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 3EOM
material¥° Centrifugation can lead to well ordered arraysspheres as long as the
spheres are pedctly sphericalKigurel3, 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 graumpshe
surface of adjacent spheré?’ Theoretically, FCC packing has been shown to be

energetically preferred over hexagonal, and other close packing aftays.

Polystyrene balls with sizes ranging froB®0 ¢ 600 nm were synthesised by
emulsifer free emulsion polymerisation methadas described in the literaturd®

1 The colloidal dispersion was centrifuged to pack the spheres into a close packed
array. The supernatant was removed and the solid dried &Gaernight to yield
polystyrene spheres as a brittle white sblLiterature reports suggest centrifuging
above 1000 rpm is necessary to avoid merging of sphéfesdowever,
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 3oars, 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 effectvafious reaction
conditions on the quality and the sphere size obtainedcomparison to an itial

set of control conditions. SEM imaging was used to determine the diarDatéthe
spheres, byaveraging measurements of a minimum of 100 particles (N) from
multiple images. The number average diametgraDd weighted average diameter

Dy, were calculatedrom the following equations®®
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Equation8 O

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

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

Temperatre, stir speed, reaction timanitiator concentrationand addition of a
stabiliser polyvinylpyrrolidone (PVRjere varied in a series of experiment$ has
been reported that monomer concentration igproportional to the sphere size
produced,however in this study monomer concentration was kept constafithe
purpose of this study was not to rigorously test the effect of each parameter on the
sphere size, but to elucidate general trends in teaction and allow synthesis of a

range of sphere sizes as templates3@OMmaterials.

As an initial series of experiments, effect of variation in stir speed, reaction time and
temperature were investigatedrablel summarises the effect of these parameters

on the size of sphere obtainedihe conditions for batciPS1 were found to
reproducibly produce a particle size of around 500 nm by SEM, and were used as a
basdine for comparison. SEM images showing the various particle sizes are

displayed irFigurel6.
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Figurel6: SEM images showin@wation inpolystyrene sphere size by modifying
reaction stir speednitiator concentratiorand temperature. (aPS3, 402nm
spheres, (bPS7, 436 nm spheres, (cpPS1, 492nm spheres(d) PS2, 601 nm

spheres

In batchesPS2 and PS4, the stir speed was modi#d. ForPS2, increasing the rate

of stirring increased the size of tlspheresobtained. A decreased stir speedylily
decreased the sphere sizeligh 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 nucleatisites, 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 nuctemn sites result in less growth on

individual sites, and hence smaller polymer spheres.

For batchPS3, the reaction temperature was increased. In comparisorPfi,

smaller balls were observed, attributed to thegher 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 concentratignthe final sphere size is

therefore smaller!®®

Temperature| Stir speed| Reaction
Batch Dn/nm? | Dy/nm | D,/ D,
/°C [ rpm Time /h
PS1 70 245 28 492+21 494 1.006
PS2 70 360 28 601+15 602 1.002
PS3 80 245 28 402412 403 1.003
PS4 70 180 28 469+14 470 1.003
PS5 70 245 48 496+10 497 1.001

Tablel: Effect of temperature, stir speed, and reaction time on the size of
polystyrene spheres obtained. All syntheses Us28mM K;SOgs. The conditionor
reaction 1 were used as a control experiment to evaluate the effect of each

parameter.?Averaged over > 100 spheres, &piations.

Reactions at higher temperatures 85 °C and 90 °C producedsmallerspheres of
350 nm and 250 nm respectively. Howevaiter centrifugation disorder could be
observed in the packing of spheres, whigthen templated to form 3DOM
materials, resulted idow photonic stop band intensitied?olymerisation reactions
at 95 °C have been reported in the literature, forming polydisperse spheres
attributed to decomposition of the initiatot®® Other methods were investigated to

access sphere sizes below 400 nm.

For batch PS5, the polymerisation reaction was allowed to continue for an
additional 20 hours.SEM analysis shows a similar sphere size to baR®i,
suggesting that further growth of the spheres does not occur after 28 hours due to
total consumption of the monomer irsolution Images showed a disordered
packing of spheresin addition to some nospherical particleqFigure 17). The
colloidal dispersion obtained was more viscanscomparison to other reactions,

suggestinghon-isotropic growth and promoted reaction between adjacent spheres
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after longer times at high temperaturelt was concluded that 28 hours was
sufficient time to produce well ordered spheres with good size ibistion. Shorter
reaction times have been reported by other groups to form well ordered sphéfes,

but were notinvestigatedhere.

Figurel7: SEM image of PS sphere ba@3b, formed by reaction for 48 h. A

disordered packing asy and some elongated spheres can be observed.

Variation in initiator concentration was also used to control the size of polystyrene
spheres obtainedTable2 lists the conditions used and resulting particle sizes. From
the conditions forPS1, the initiator concentration was reduced f&S6 and PS7,

and increased folPS8. The particle size is seen to decrease with the initiator
concentration, however for batcheBS6 and PS7 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 repoatsributed to insufficient

conversion of reagents at low initiator concentratitti.
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KoSGOs initiator Initiator
Batch ' D,/ nm?| Dy/nm | D,/ Dy
used/g concentration / M
PS6 0.1105 3.07 x 16" 430+12 431 1.002
PS7 0.221 6.13 x 1¢* 4368 437 1.001
PS1 0.442 1.23 x 16° 492+21 494 1.006
PS8 0.663 1.84 x 16° 584+14 | 585 1.002

Table2: Effect of initiator concentration goolystyrenesphere size. All reactions
wereoperated at 70°C for 28 hours, stirred at 245 rpfrAveraged over $00

spheres.

At constant aqueous phase ionic strength,decreasein initiator concentration
would be epected toincreasethe size of the resulting colloidal spherts.
However, i the only ions present irsolution 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, atolw ionic strength particle repulsion inhibits growth, leading to
smaller sphered® The trends in particle sizes obtained 866, PS7 and PS8
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 ofiGO nm was not possible via the
abowe methods. Instead, a modified literature method was used in which PVP is
added to the reaction mixturé®® PVP molecules can interact with growing PS
spheres through a partial positive charge on the amide nitrogen, stabilising them
against aggregation, and hence increasing the number of nucleation*Sitesr a
constant initiator concentration, the growth of individual particles will therefore be
decreased, rsulting in smaller spheredable3 lists the reaction conditions and

sphere sizes obtained.

UsingPS11 as a base reaction, increasing the temperature for synthesiRS12

decreased the size of the spheres as observed previouslyP&dand PS10 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 nucei, leading to more growth on individual spheres. P&L3andPS14the
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 obseed by SEM. Using this method provided access to highly

ordered spheres in the 209400 nm size range.

Batch PVP added| Temperature / b/ nm? | Du/nm DL/ D,
/g °C
PS9 0.1 70 362+24 366 1.012
PS10 0.25 70 251+23 257 1.024
PS11 0.5 70 220+14 222 1.013
PS12 0.5 80 185+14 188 1.017
PS13 0.75 70 224+13 226 1.010
PS14 1.0 70 210420 217 1.031

Table3: Effect of added stabiliser on polystyrene sphere size. All reactions were
performed under Nand used 133 intotal solution, 300 rpm stir speed, 9.7 vol %
styrene and 8.34M KS0s. % Averaged over 200 spheres.

2.2.2: Synthesis of Powdered 3DOM Materials

2.2.2a: Method Development

Polystyrene spheres of siZ00 ¢ 600 nm were used as templatés form 3DOM
structures withperiodicitiesranging from around 15 500 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 filleg capillary
action of precursorsfollowed by hydrolysis and solidification. Silicon and zirconium
hydroxides are formed by hydrolysis of the precursors. If hydroigseo fast, full

penetration of the interstices in the template will not be achieved, hence control of
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the hydrolysis rat 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 removead further
condensation occurs to form the oxides, yielding coloured 3DOM &0 ZrQ
materials as judged by SEM, TEM and DRUVS. Using 1 g PS powder and 3 mL Si/Zr
precursor, yields were typically 50150 mg for 3DOM Spand 150¢ 250 mg for

3DOM ZrQ

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 structuré range of synthetic conditions
were attempted in oder to producehigh quality 3DOM materials with intense stop

bands.

A typical synthesis employs the impregnation of a layer of polystyrene by alkoxide
diluted by alcohqlfollowed by calcination to remove the template. For 3DOM, SiO
formation, tetraethytorthosilicate (TEOS) is used as Si source, with calcination at
500 °C for 10 hours (ramp rate 2 ™) to remove the template. Typical yields
were 50 ¢ 150 mg of opalescent 3DOM SiPowders. Under these synthesis
conditions, an amorphous microstructuie expected® Literaturereports suggest
neat alkoxide can be used to form 3DOM materjf however when this was
attempted using TEOBo0 pores were observedfter calcinationThis is likely du&

the viscosity of the liquid, preventing full penetration of the opal network over the
timescales used. When processed, high local concentrationalkoiide inand
aroundthe template form a thick layer of Sikbn the surface of the polystyren&®

This prevents escape of trapped gagsesulting in a nosporous material as judged

by SEMFurther experiments utilised mixtures of OB with ethanol, water and HCI
Table 4 details the conditions used and theperiodicities obtained from four
precursor solutionsThe quality of 3DOMtsicture was analysed by comparison of

DRUVSpectraand SEM imagef@~igurel8 andFigurel9).
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Periodicity/ | Wall Thicknesg <11 position | Precursorgratio by
Method
nm / nm / nm volume)
SIQ-A N/A N/A N/A TEOS
SiQ-B 424£20 6549 742 TEOS:EtQH:1
_ TEOS:EtOH;:B:1M
SiQ-C 407+16 69+8 719
HC| 6:4:3:1
' TEOS:EtOH;8:16M
SiQ-D 41516 59+9 702
HC| 6:4:3:1

Table4: Reaction conditions f@DOM Si@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 templat€he methodsSiQ-B, SiQ-C

and SiQ-D all producel porous samples, as judged by SEM and DRUVS analysis. The
differencein the stop band positiotior these samples observed by DRUWAS be
explainedin terms of the differences inperiodicity and wall thickness of the
materials.Using methodSiQ-D, the material producedppeaed disordered on the
macroscale, displaying ordered porous regions @0100's of microns wide
interspersed with nofporous silica regiws. The Imited ordering of this samples
confirmed by thelow-intensity stop bandn the DRUVS spectrufthe nonporous
regions result from premature hydrolysis of the TEOS before it fully permeates the
interstices of the colloidal crystal, suggesting that tpid is not optimal for full
penetration of the interstitial sites before precipitation of the alkoxide occurs. The
methods SiGQ-B and SiQ-C produce well ordered materials as judged byEM
analysis, with no discernible differences between thérom DRUVS$he intensity

of the photonic stop band is enhanced for meth8@3-Cin comparison tcSiQ-B.

Due to thesurface characterisingature 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 methiag-C

were used in future syntheses of 3DOM £iO
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Figurel8: DRUVSpectraof 3DOM Si@prepared from different precursor mixes.

TheMiller indices of the photonic crystal planes €-Care shown in brackets.

Figurel9: SEM images &DOM Si@preparedusingdifferent precursor mixes. (a)
SiQ-B, (b)SiQ-C (c)SiQ-D.
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For synthesi®f 3DOM Zr@, impregnation was achieved from a 1:1 volume ratio of
zirconium acetate to methanolComposites were calcined at 450 °C for 4 hours
(ramp rate 1°Cmin*Y). Typical yields were from 150250 mg of coloured 3DOM
ZrQ powder. As the template is removed, crystallisation of the precursors occurs to
form a dense wall structur&® Higher ramp rates as with silica were used initially,
but were found to cause collapse of the 3DOM structurhis method produced
high quality photonic structures as evidenceglthe intense colours of the powders
(Figure24b), SEM imaged-{gure21) andintensestop bands Eigure23b). 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 posiin 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 presentedrfimdividual batches of 3DOM Siénd ZrQ based

on 3 different sized templates.

2.2.3: Characterisation

2.2.3a: Powder -Ray Diffraction

Powder XRD was used to characterise the crystal phases of the 3DOM materials
(Figure20). For Si@ no crystalline peaks are observed, but all samples analysed
aK2g | ONRBFR FSI 0dzNBE OSy (i NG eulcihed at thesedp ¢
temperatures. ZrQ PXRD patterns canebindexed to tetragonal ZeQ JCPDS file

number01-079-1763. The peaks show line broadening suggesting nanopatrticle size.

Thecrystallitesize of nanomaterialsan be estimated from line broadening of PXRD

peaks using the Scherrer equati(fdquation33, section 5.2.1)For the peak at 30.5
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Figure20: Powder XRD patterns for 3DOM S0d ZrQ. (a) 3ADOMSIQ, * = Al
holder, (b) 3DOMZrQ, + =tetragonalZrQ, JCPD&1-079-1763
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2.2.3b:Electron Microscopy

SEM images @&DOM Si@and ZrQ templated from 4@, 492 and 6 nm spheres

are shown inFigure21. The pores sizes, wall thicknesses and calculated filling
factors of these materials are listed able5. On calcinationof the composite
material, the silica/zirconia network in the voidsf the material condenses and
contracts, resulting in periodicitiesmaller thanthe diameter ¢ template sphere
used The shrinkage is greater for 3DOM Zr@Que to sintering of the grains which
compose the microcrystalline walls. The contraction observed is similar to values
observed in the literature for S)Q15 %) and Zr(34 %)° As the template size is
increased, the wall size in ttBDOMmaterial is also seen to increase as a result of
the larger interstitial voids in the templatd-or all 3DOM Sp&amples used in this
work, fill factors between & 9 % were calculated, comparded 15 ¢ 17 % for
3DOM Zr@ samples. Comparable wall fill factors are reported in the literafdre.
Samples were denoted yWO,, where yyy and M@are the periodicity and

chemical identityof the photoniccrystal structure respectively.

Template _
. . 3DOM Wall Thickness CA £ £ @I
Material | Sphere Size / o
Periodicity/ nm / nm %
nm

SiQ 402 351+15 56+9 6.8
SiQ 492 395+12 58+10 8.0
SiQ 601 503+16 67£10 8.2
yA(®) 402 271+20 477 16.8
yA(®) 492 343t17 60+9 17.0
yA(®) 601 41223 69+9 16.7

Table5: Periodicitywall thicknessand fill factorsof 3DOM Si@and ZrQ.

4calculated usindequation9 (Section 2.2.3c).
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Figure21l: SEM imags of (a)x (c) 3DOM351-SiQ, 395-SiQ and503-SiQ templated
from 4@, 492 andb01 nm PSpheres respectivel{d) ¢ (f) SDOM271-ZrQ, 343
Zr& and412-ZrG templated from 4@, 492 andb01 nm PSpheres respectively.

TEM was also used to image the 3D@Mterials Figure22). Consistent with the
PXRD data, the walls in 3DOM Sie amorphous judged by both the absence of
lattice fringes and the broad features in eteon diffraction patterns. For 3DOM
ZrQ, single crystalline particles are observed at high magnification. The lattice
spacings of the circled particles Figure 220 were measured to be2.59 A,

corresponding to the (200) crystal plane. An indexed electron diffraction pattern for
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3DOM ZrQis shown inFigure22c. The average pacle size over 200 particles was
measured to be 3.47 £ 0.33 nsimilar to thecrystallitesize 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.

=) [ R 0]

g,
m 28 S e 3
s SR ez SV LR S

Figure22: TEM images of 3DOM Si&hd ZrQ. @), (b)271-ZrG, with circles
showing indexed lattice fringes on crystalline walls, (c) electron diffraction pattern of
region in (b), (d351-SiQ.
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2.2.3c: Diffuse Reflectance WNs Spectroscopy

Diffuse reflectancespectroscopy was employed to characterise tplotonic
structure of these materialsFigure 23 shows the diffuse reflectance spectra for
3DOM Si@and ZrQ as a fundbn of increasing template siz&he positions of the

observed photonic stop bands are explained using the B&aggl equation:

Equation9

%& P %0 £

z

Where< A& GKS &02LJ 0 loerof Hifraction, fAsythe lattice A &
LI FyS &SLI NI GA2Z2Y T2 N the filXadtoy & thedwialls,Kandh y RA O
represents the refractive index of the walls and voids. The lattice plane separation is
related to the periodicityD and unt cell parameter a forthe material byEquation

10:

Equationl0 Q

n n

Table6 lists thepositions of thephotonic stop bandsobserved inFigure23. A red
shift of the stop band is observddr materials with larger pees, in agreement with
Equation9. The Si@sample with a periodicity of 503 nm, denot&d3SiQ, shows

three stop bands at 454, 540 a®81 nm. These represent diffraction of light from

different lattice planes within the photonic crystal.
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plane.
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Material Periodicity/ (111)stop band Minor stop band
nm position / nm positions / nm
351-SiQ 351+15 591 363(220)
395SiQ 395+12 724 370(311) 435(220)
503-SiGQ 50316 881 353(331) 454(311)
540(220)
271-2rQ 27120 510 N/A
34321 343t17 629 405(220)
412710 412+23 790 408(311), 503(220)

Table6: Sop band positions foBDOM Si@and ZrQ 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, l,are allowed. For electromagnetic radiationteracting with other planes
within the crystal, destructive interference occumd no reflection is observed.
(111), (200), (220) and (31a&)e four possibleMiller indices for planes which will
show a reflection. Fronkquationl0, it follows thatdyy is inversely proportional to

the square root of the sum of th®liller indices. Compared to thé11)plane, the
(200), (220), and (311) planes are esfed to be observed at smaller wavelengths,

with ratios as detailed iTable7.

Miller indices Theoretical ratio to 503-SiQ ratiosto (111)
(111)plane plane
(111) 1 881nm, 1
(200) ViofVIt = 0.866 N/A
(220) MoIp= 0.612 540 nm, 0.612
(311) NoWp = 0.522 454 nm, 0.515
(331) NoMp & 0.397 353nm, 0.401

Table7: Miller index assignments for stop bands exhibite®®@%SiQ sample (see

Figure23)
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TheMiller index assignments ihable6 and Figure23 were deduced usingquation

10. From the reflectance spectrum 603-SiQ, the mapr 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 themmadtvalues, 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 Si@appeas colourless in the bulk powder, due 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 cormsging to stop
band wavelengths are observe8cattering is also decreased fdnirt films, hence

the colours observed iRigure24a. 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 Siaterials are of interest for djzal filtering

applications™

In the images of3DOM Zr@ 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-n@mndom fashior?’ This results

in brightly coloured bulk poders as illusated in Figure24b. The small grain size is

important for the observation of coloured samples, as described above.
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271-210, 4 343-ZrO 8 412-ZrONEN

Figure24: Photographf (a) 3DOM Sigand (b) 3ADOM Zrshowing 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 posion of the stop band, as described Eguation9. In a

dry powder the photonic stop band is well defined as the voids are filled with air,
which has a refractive dex 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 vaid 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 colbange on addition of
solvent. Figure 25 shows the diffuse reflectance spectra of349-ZrG, sample,
templated fromPS7 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 Zn®.0>= 2.2,Equation9 was

dza SR G2 Ol f Odzf I { 9. Additoi df étharfol widhiréfrhidiveé index 2 F
1.36 would be expected to shift the stop band to 775.7 nm, in good agreement with
the observed shift. Evoldn 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 predictedByuation9.*® 2%
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Figure25: DRUVSpectraof 319-ZrG, dry (green line) and wet (red line).

2.2.3e: Surface Area Analysis

The surface areas of 3DOM Si@nd ZrQ 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 SGand ZrQ are shown inFigure26. The
shapes of the graphs resemble a type Il adsorption isotherm as defined by f}PAC.

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

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

Surface areas of 3DOM Si&@hd ZrQ were calculated from the volume adsorbed in
the low relative pressure (PgPregion of the adsgtion/desorption isotherm using
BETtheory (section 5.2.5), andre listed inTable8. Multiple samples were tested
and gave similar values regardless of the battiwhich they were synthesised,
showing the reproducibility of the method. The surface areas of 3DOM ZrO
samples are much lower than 3DOM Sgamples, suggesting the amorphous walls
in 3DOM Si@ have additional microporosity. The surface areas obtainedewe
comparable to literature values. For some literature repor8idOM Si@materials
higher surface areas are observed (173 231 nf ¢), however the
adsorption/desorption isotherms show hysteresis implying mesoporous Walls.
Similar values to this work have been reported in the literature for 3DOM, At

other crystalline 3DOM materia&”: 2°2

Sample BET Surface Area /g
395SiIQ 91+1
271-2rG 20.6 £0.3

Table8: BET surface areas of 3DOM,Sifd ZrQ.
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Figure26: Nitrogen adsorption/desorption isotherm for @5-SiQ, and (b)271-
ZrQ,
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With relevance to future chapters, fully characterised sample39&SiQ and 271-

ZrQ, were used for method development to study deposition of sg@thesised
nanoparticles within porous materials. 3DOM Zr@aterials with different
periodicity and well defined photonic stop bands were identified as targets for CdS

and TiQ deposition for photocatalysis.

2.2.4: Synthesis of 3DOM Transparent Conducting Oxides

As discussed in section 1.1.2g, recombinatioremisonductors makes their use as
macroscopic electrodes problematic. In the literature, 3DOM electrodes have been
fabricated from transparent conducting oxide (TCO) matelfal$**The deposition

of nanoparticles on the surface of these materials is of interest f
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 oxi(BDOM FTO) glass has been
reported in theliterature 2°* 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 deposibn method. Colloidal polystyrene dispersions in water were
evaporated at constant temperature over¢l3 days. As the solvent evaporates, the
meniscus travels down the surface of the substrate, depositing polystyrene spheres
by capillary forces as shownhematically inFigurel3 (section 2.1a)The attractive
lateral capillary immersion forces between adjacent particles contribute to the

formation of CCPsphere array$® The dispersion concentration was found to be
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especially important for the deosition process. For high concentrations (>>12'y

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 lightah 3 dimensions. Dispersions containing
around 2 g™ polystyrene were found to produce good quality films, and were

further improved by addition of polyvinylpyrrolidone as per literature methdds.

Photographs of polystyrene films are showrFigure27.

Figure27: Photographs of plystyrene films on FTQOagk.Taken (a) without flash

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

SEM images show th@11) plane is prevalent normal to the surfadégire28).

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!® 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 obsdryed
scanning across the surface. By tilting the slides on the SEM stage, typical film
thicknesses were measured to be aroundcl@H > Y3 O2 NNB & L2/ RA Yy 3

24 layers of spheres.
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Figure28: SEM images of polystyrene filors FTO glass. Lighting effects are due to

charging of the surface under the electron beam.

2.2.4b: Infiltration of PolystyrenEilms

Initial approachesto form 3DOM conducting films werattempted using indium
doped tin oxide (ITOnanoparticles, synthesised by literature proceduf®s.
Packing of the nanopatrticles into the interstitial sites of the polystyrenetaivas
largely unsuccessful, occurring mostly due to grawtyth poor reproducibility
across the slideThe inability to find a solvent which would disperse the hydrophilic
PS spheres and organophilic Ii@noparticles limited attempts at edeposition
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 preparedas described in the literaturé’ 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 fih™}) to form 3DOM FTO materials, as
observed by eye and SEMidure29 and Figure30). Ordered porous regions were
observed, within islands of around £+ 1 > Y  Alafids &rk bftSndobskrded in

this type of film, forming due to contraction of the film on heating. Typically the
separation between these regions is around@ >Y® ¢ KS LINBaSyOS
layer beneath the film should allow transfer of charge actbsselectrode, making

this a nonissue for the use of these materials in devices.
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Figure29: Photograph®f 3DM FTO filmsTaken(a) without flash and (b) with

flash, showing opalescence.

F————— &umm

“k Se X,

Figure30: SEM images &DOMFTO films preparely soaking PS films in ethanolic
solution containing 0.1 NNH,F and0.2 M SnGF*

To improve the quality of the films produced, a reduced pressufétration
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 intthe 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 athanol 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 calcine80dx °C for 2 hours (ramp rate 1 °C
min*Y) to form 3DOM FTO filmEigure31 shows SEM images of films produced via
this method. Surface layers and grooves in tiE08/ film were visibly reduced in
comparison to samples where soaking alomas 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 thlands in multiple SEM
images, the fraction of surface covered with 3DOM FTO was determined to be

approximately 65 %.
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Figure31: SEM images &DOM FTO films prepared by vacuum infiltration

Figure32 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 olvget, 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 seemmal to the surface. The
absence of a peak in the reflectance spectr&igure32 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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Figure32: DRUVSpectraof three 3SDOMFTCfilms onFTO glass, showing

reproducibility of the stop band position.

The periodicity of these materials was measured to be 288 + 14 nm. From this, the
FAEE FI OG2N) . esawlis caldhlhated to®e 1814 & THiL¥ 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 displaydeignre33. The particle size of the grains
composing the walls was measured to be 10.4 + 1.8 nm. Electron diffraction showed

diffraction rings with gq-spacings matchintgtragonal FTQICPDSIé 50467).2%
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Figure33: (a)¢ (c) TEM images and (d) electron diffraction patter@@8-FTO
Assignments in (d) based on JCPD867 and the literaturé®
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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 fieldsjncluding 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 forrmpmusite materials,
typically from metal salts or vapour phase deposition processes as with 3DOM
materials®®” 2°® In this study, mesoporous silica materials eefabricated in
accordance with literature techniqué’ Deposition of preformed nanoparticles
within the mesopores was attempted, and will be dédifurther in chapter 3. The

synthesis and characterisation of these materials is discussed here.

Meso-SiQ 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 wasetiai
corresponding to 87 % conversion of TEOS. Pluronic F127 is a triblock copolymer
with formula PE@QPPQ)PEQus 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 marial, with pore size reflective of the micelle diameter.

TEM imaging was used to analyse the materfigure34), showing multiple layers

of hexagonally packed pes. 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 @siestimated to be around 4 nm
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Figure34: TEM images of ethylbenzene swolMeso-SiQ.

The surface area dfleso-SiQ was measured by nitrogen adsorptiédesorption
porosimetry. The adsorption/desorption isotherm is showrfigure35, resembling

a type IV isotherm with H2 hysteresis loop as classified by I AG.described
above for 3DOM materials, the steady slope as the pressure increases corresponds
to adsorption of a monolayer of nitrogen onto the porous surfagégh a sudden
increase in adsorption due to capillary condensation as tresgure 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 statentip P/R

= 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 i$ fudly known, however
theories have been postulated based on the size and shape of the P8r&<For
circular pores which are large in comparison to the windows between them, at high
P/R, the pores are filled by capillary condensation. However, onoge®n the
small windows act as a bottleneck, and prevent emptying of the pores until the
relative pressure is decreasedhe surface tension of the liquid in the pores
prevents the formation of bubbles at high relative pressure, and hence evaporation
cannot occur’* The window size determines the relative pressure at which

emptying of the pores occurs? From the 0.05 to 0.3 P{Region of the adsorption
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branch, a surface area &60.3 + 7.4m? g”* was calculated using BET theory (see

section 5.2.5). ifhilar surface areas have been reported in the literatafe 23
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Figure35: Nitrogen adsorption/desorption isotherm for ethylbenzene swdlleso

SiQ.

The PXRD pattern foMeso-SiQ is shown inFigue 36. The observed peaks
represent a faceentred cubic pore arrangement, and aassigned in accordance
with the literature and the ratios of the gk-spacings in accordance wilguation10
(section 2.2.3cJ°C2NJ G KS 1LISH{1 G ndpn ¢ H' T . NI.
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.
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Figue 36. Low angle PXRD pattern fdeso-SiQ, showing peaks corresponding to
aface-centred cubic pore arrangemenhset: Zoomed vieof low intensity

region®®®
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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. Hollard al. report the synthesis of 421

+ 40 nm and 697 + 64m polystyrene spheres by emulsifier free emulsion
polymerisation stirred at 245 rpm and 360 rpm respectivélyFollowing their
synthetic method, spheres of diameter 492 + 21 nm and 601 = 15 nm vikated

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 theexperimental 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 20600 nm.

3DOM Si@and ZrQ powders with periodicity from 15Q 500 nm were pepared 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
microscoy, DRUVS and porosimetry. Between batches, small variations in
periodicity (£ 5 nm), photonic stop band position (x 5 nm) and fill factor (£ 2 %)
were observed. Sinter funnels were used to infiltrate the templates, which may
become clogged due to hydrolgsof 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 sea, 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 ,Si@as synthesised using a tmok
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 Q3tabilised Nanoparticles

As described isection 1.1.7many 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 witln the pores, crystal phase and loading is diffictit.the case of
methods where control is possible such as ALD, the requirement of specialised
equipment limits the univeid applicability of the methodBy formation of
stabilised nanoparticles priootdeposition, 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 longhain molecules. In many cases, monodisperse
nanoparticles <10 nm can be fabricated. Examples include oleic #gid,

215 e216

oleylamine;™ trioctylphosphine;™ and polyvinylpyrrolidone capped nanoparticle

materials®’ The structure of oleic acid is shown Figure37. When used as a
ligand, the carboxyl group binds to the particle surface. Stabilisation of
nanoparticles is achieed due to steric repulsion between the hydrophobic fatty

acid chains at the patrticle surface.

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

OH

Figure37: The structure of oleic acid.

To the best of our knowledge, general methods to achieve homogeneous
deposition of high loadigs (>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 nanopatrticles stabilised by
oleic acid is investigated. Oleaxid is a liquid at room temperature due to its
melting point of 13 °G*® 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®

Oleic acid can also act as a surfactdhand a stabilisef?* 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 OfAstabilised nanoparticles is by high temperature
decomposition of a metal oleate complex. Thecomposition of Fe(oleatg)n 1-
octadecene habeen studied byn situlR spectroscopy and TEM, and a mechanism
proposed by which nucleation begins at 20@40 °C by dissociation of one oleate
ligand®*? Around this temperature slow, anisotropic growth of particles will occur
and lead to polydisperse nanoparticles. On heating the temiuto 300 °C
dissociation of the remaining ligands occurs, and growth is acceleratexioleate
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 proce$® Monodisperse metal chalcogenide
nanoparticles capped with OA can be formed by injection of chalcogenide sources
into metal okate complexes at high temperatuf& Monodisperse O&oated TiQ
nanorods and spheres have also been formed by slow hydrolysis of Ti@&iPgD

°C in an OA solvent, which stabilises the particles throughout the growth proicess.

3.1b: Chapter Aims

In this chapter, the synthesis and characterisation ofmiijatabilised nanoparticles

of TiQ, FeO, CdS and CdSe is presented. Deposition of these materials will be
presented in 3DOM SyOZrQ and FTO and in mesoporous SiGhitial method
development will be presented based on the deposition of, TICBDOM £, 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 Si@and ZrQ powders were fabricated as outlined in chapter 2. For method
development,395-SiQ and 271-ZrG, samples were used as deposition targets, SEM
images of which are displayed kigure38. The high quality of the packing and
interconnectivity of the porous network can be seen. Deposition of ligand stabilised
nanoparticles of Tig) FgO,, CdS and CdSe was targeted, due to the existence of
established literature methods fahe synthesis of these materiad&*?10: 219 226. 227

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

proton reduction reactions.

e
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Figure38: SEM images of 3DOM Si&hd ZrQ used for deposition method
developmenia) 395-SiQ and(b) 271-ZrG..

3.2.1a: Synthesis of OA/Tianoparticles

TiG nanoparticles were formed by a modified literature methdd 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 esterificen 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 overniBkactions 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/Ti@owder was characterised by CHNGA, IR, XRD
and TEM. The nanoparticles could be readily dispersed in organic sodtmttsas

hexane, chloroform and toluene to give optically transparent dispersions.

The crystal phase of the nanoparticles was analysed using F{@RDeB9). The
RAFTFNIOG2INIY &K2ga | aAaAy3atsS LIKFaAS oAlrF
been attributed to partially condensed hydrous titanium dioxfd&ln the literature,

TiQ nanorods exhibiting this phase were observed to convert to the more stable
anatase polymorph by extending the reaction tiftéIn 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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Figure39: PXRD pattern of OA/Ti®anoparticles. X FiQ (see textf + = Al

sample holder.
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IR spectroscopy was used to analyse the powder, as showfigure 40. The
observed spectrum appears similar to the literatGtéwith two peaks at 2928m*

and 283 cnt! representing antisymmetric and synetric GH stretches
respectively corresponding to oleic acid GHyroups, and a peak at 3006 tm
attributable to the olefinic &4 stretch. The two peaks at 154&"* and 1440cmt!
have been attributed to the antisymmetric and symmetric stretches of CH@Ns
bound to Ti centre$?*?*° An additional carbonyl peak is observed in our spectrum
at 1734 crfi, with a low intensity compared to the-ig stretches in the IR spectrum
of free oleic acid® This band is close to expected values for ester linkages @725
1750 cnf%), 2 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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Figure40: IR spectrum of OA/Ti@anoparticles.

TEM images of Tgkdanoparticles are shown iRigure4l. Single crystalline particles

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

Combustion analysis was used to quantify the rafid@iQ to ligand. For a particular

OA/TiQ 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. Assumihg tesidual
corresponds to Tig) a ratio of 1 Ti@molecule to 1.25 oleic acid molecules was
calculated, or that the nanoparticles are 18.5 %, ipmasgsee appendix section
Al.4 for example calculatignFrom this, expectedlemental compositions d62.42
%(C), 9.8%6(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 % Ti®y 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 OAATiD support of the CHN

analysis.

Figure41l: TEM imagesf OA/TIQ nanopatrticles.

3.2.1b: Synthesis of OA/F®, Nanoparticles

Oleic acid coated E®,; nanoparticles were synthesised by a two step process.
Initially, an iron oleate complex was synthesised by reaction of;Fedl sodium
oleate. OA/FgO, nanoparticles were formed by decomposition of this complex at

290 °C in octyl ethé®® ?*" The nanoparticle dispeien 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 TiQ, redispersion of the powder in organic solvents gave optically transparent
liquids. CHN analysis gave an elemental composition 883%.C, 8.12 % H and 0 %

N. A ligandratio of 1 FgO, to 2.01 oleic acid moleculesvas determined
corresponding to an R®, content of 29 %y masdn the nanoparticlesFrom this,
expectedelemental compositions d4.37%(C) 8.62%(H),21.0 % (Fe) and 16.1 %

(O) were calculated.

PXRD was used to analyse the phase of the nanopar(kigsre42). In addition to

wide angle analsis, longer scans were performed on the®62¢c H ° NBEIAZ2Y
similarities in the diffraction pattern for E®, and other iron oxides. Analysis of the
peaks confirmed the presence of single phase ci®®©, JCPDS €1790416.
PAAYy3 GKS C21a 2F dryséllitedsifelof|6.1 hn was gstinatedc  H

using the Scherrer equation.
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Figure42: PXRD pattern of OA/g@, nanoparticles. + = cubic §&&, JCPDS 0479
0416

The IR spectrum of @Re;0, is shown inFigure43. Similar to OA/Tig) peaks at
2924 cnfi* and 2854 cift can be attributed to @ stretches, peaks at 1549 &
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and 1416 cil can be assigned to C&@nions and the peak at 1709 ¢fhcan be

assigned as a C=0 stretch.
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Figure43: IR Spectrum of OA/k&, nanopatrticles.

The nanoparticle size was studied by TEMjre44). A mixture of small (2 3 nm)
amorphous particles and larger single crystalline particles with an average diameter
of 7.3 £ 1.2nm was observed. For the crystalline particles, the observed pasiide

is in agreement with values calculated frétXRDAnN 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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Figure44: TEM images of OA/g@, nanopatrticles.

3.2.1c: Synthesis @A/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,sfability of dispersions in
organic solvents was shelived, with some precipitate observed after 4 hours. CHN
analysis returned an elemental composition of 25.43 % & % H and 0 % .M\
ligand ratio ofl CdS to 0.25 oleylamine molecules was deieed, corresponding

to 68.7 % CdS conterty mass. From thigxpectedelemental compositions of
25.57% (C), 4.41% (H),52.3% (Cd),14.9% (S and 1.6 % (N) were calculated In
comparison to theobserved valugsthe expected hydrogen conteid considerably
lower, whichmay be due to impurities in theechnical gradeleylamine(70 %) The

lack of nitrogen detected by CHN malgosuggest that incomplete combustion has
occurred The poor stability of nanoparticledispersions is likely due to theamaller
ligand shellin comparison toTiQ and FgO,. Deposition of these particles was
attempted as described previously. Nbomogeneous 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 wassed to fabricate oleic acid functionalised CdS

quantum dots?**

Nanoparticles were formed by injection of sulfur into a hot
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 centrifugywashing. Yields were between §0L00 mg of ligand
coated nanoparticles. The nanoparticles were stored in toluene, in which they were
stable for extended periods of time @months). Particles were analysed by CHN,

U\-Visspectroscopyfluorexcence and TEM.

CHN analysis gave an elemental composition of 62.3 % C, 10.3 % H and” % N
ligand ratio of 1 Cd® 2.03 oleic acid moleculegas determinegcorresponding to
18.1 % CdS contefty massin the nanoparticlesFrom this, expected lemental
compositions of 62.6%6(C), 9.9346(H),14.1%(Cd), 9.26(0) and 4.06(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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Figure45: TEMimages(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 fil@1-0751545

TEM imagesHigure45) show single crystalline particles with an average size of 2.84
+ 0.3 nm.The lattice fringes of the circled particle kigure45b were measured to
be 2.05 A, corresponding to th@10) crystal plane. Electrodiffraction confirmed
the chemical identity of the nanoparticles as hexagonal CdS, witksmhcings

matching JCPDS fl04-075-1545

The growth of CdS nanoparticles was studied famation 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 increasieggifowth time from

37 s to 180 s, the position of the excitation peak shifted from 421 nm to 431 nm,
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