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Abstract 
Current wastewater treatment methods are not able to effectively remove organic 

micropollutants, present in low concentrations. This group of compounds includes a 

wide range of biologically active substances from a range of human sources, including 

pharmaceuticals, pesticides, drugs, and caffeine that are found in concentrations of 

ng L-1 to µg L-1 in domestic wastewater. Photocatalysis is an advanced oxidation 

technique that can be applied as a tertiary treatment step after conventional 

treatment, utilising semiconductor materials activated by UV irradiation to degrade 

these compounds. Currently, most examples of photocatalysis focus on either 

nanoparticles slurries or immobilised catalyst systems. Slurry systems require post-

treatment downstream removal, while immobilised systems have lower surface 

areas and show lower activities than slurry systems. Recently, more interest has been 

paid to immobilising photocatalysts onto porous supports, however a remaining 

issue with this approach is the potential leaching of catalyst and loss of nanoparticles 

from the support surface due to weak surface-catalyst interactions. Focusing on ZnO, 

the aim of this thesis was to develop a novel method to produce porous structures 

made entirely of ZnO, thus removing the surface-catalyst interactions and removing 

the need for downstream removal, while combining the high surface areas of a slurry 

system.  

Novel foam-like structures were produced via direct air incorporation into a sol-gel 

reaction of zinc acetylacetonate and oxalic acid leading to the formation of 

macroscale zinc oxalate foams. These proto foams were then sintered to form ZnO 

foams, consisting of a continuous structure, free from discrete crystals or particles. 

The resulting structures were termed molecular foams or MolFoams. Control of the 

pore size was found to be possible by tuning the concentration of surfactant present 

in the gel, resulting in foams of smaller pore sizes and unique crystal morphologies, 

both of which proved to be beneficial to the photocatalytic activity of the foams. To 

analyse the photocatalytic activity of the foams, a bespoke recirculating batch 

reactor was developed to utilise the foams while making best use of the porous, 

hierarchical structure, consisting of a range of interconnected pores of different 

sizes. These foams were able to surpass the performance of slurry and supported 
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photocatalyst systems for the removal of carbamazepine, with reaction rate constant 

of 5.43 x10-3 min-1 along with high electrical energy efficiencies and quantum 

efficiencies.  

ZnO is a widely used photocatalyst but is hindered by its low resistance to 

photocorrosion, and its large band gap means that it is unsuitable for solar 

applications. While research into doping of ZnO exists, it is focused on nanoparticles 

and films, with the few publications that report negative results failing to provide 

significant characterisation or interpretation to discern the cause of the reduced 

photocatalytic activity. The ZnO MolFoam synthetic method was modified for the 

incorporation of transition metal dopants into the structure to reduce the band gap 

of the material, such that it could be used under solar or visible light irradiation and 

to increase the resistance to photocorrosion that hinders wider usage. After initial 

testing revealed doping metal into the structure to have been successful at 

significantly reducing the photocorrosion of ZnO, with a 60-85 % reduction in Zn2+ 

leaching after irradiation but resulted in decreases in photocatalytic activity, focus 

was shifted towards analytical characterisation of the materials, including x-ray 

photoelectron spectroscopy and ultra-violet photoelectron spectroscopy, to identify 

the cause of this decrease in activity as the shifting of band edge positions.   

Also in this thesis is a meta-review of foams used in photocatalysis, which proposes 

an expansion of the terminology and literature surrounding porous materials, 

building upon the existing IUPAC terminology, and expanding it to include 

categorisation of foams and porous objects. This work also describes categorisation 

of foam materials with definitions based on synthesis method and includes a 

systematic analysis based on this categorisation, while also providing a semi-

quantitative comparison of the literature surrounding foams and photocatalysis, 

considering the wide range of parameters involved in the publications in this area. 

Finally, this work highlights the relevance of using multiple figures of merit in 

photocatalysis and proposes a short list of common best practices for the field.  

To conclude, this work has placed a primary focus on the development and 

adaptation of the MolFoam synthesis, leading to the production of wholly 

photocatalytic foams of ZnO, demonstrating good photocatalytic activity and high 
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efficiencies. The pore size of these foams was shown to be a key parameter for the 

photocatalytic activity, with smaller pores leading to a higher reaction rate constant 

due to decreased distance required for pollutant to diffuse to the catalyst surface, 

and could be controlled using surfactant, CTAB.   

Doping of these foams with transition metals was shown to significantly increase the 

resistance to photocorrosion, with higher dopant concentrations leading to 

significantly reduced Zn2+ leaching post irradiation, however the doping process was 

found to lead to shifting of the band edge positions of the material, such that the 

photocatalyst lacked the ability to produce hydroxyl radicals required to degrade 

carbamazepine.  

The research presented in this thesis has led to three published papers and future 

work would be to refine the doping process for the ZnO foams, such that the resulting 

foams do not see the reduction in photocatalytic activity shown by the initial doping 

process. Additionally, it is of interest to examine the effect of doping of non-metal 

dopants such as nitrogen, assessing the impact on photocatalytic activity and 

stability, when compared to metal doped foams. The photocatalytic activity of these 

foams would also be investigated under visible light irradiation, in comparison to the 

UV irradiation described herein.  

 

 

 

 

 

 

 

 



 

 v 

Acknowledgements  
Well, it’s been an interesting few years to say the least and times like these make 

one realise how lucky they are to be surrounded by such a supportive group. I 

would like to give thanks to everyone mentioned below (and more).  

First and foremost, thanks must be given to my supervisors, Professor Davide 

Mattia and Dr Jannis Wenk, for their invaluable advice, constant support and 

endless patience. They have guided me through this, often tumultuous, process and 

helped me grow, while pushing me to refine my skills as a researcher for which I am 

incredibly grateful.  

To my Mum, Brothers and Sister, thank you for always having my back and for 

putting up with my stress/coffee fuelled rants about, water, lamps or “the 

literature”, and for always being there to listen while I talk about photocatalysis or 

water treatment and nodding encouragingly before politely asking me to stop.  

To my non-PhD friends, James, Mark and Roz. Thank you for constantly reminding 

me there is a world outside of the PhD and for being generally wonderful people. 

To the chemists from Southampton, thank you for constantly providing me with 

laughs and life updates that occasionally made me feel better about my situation.   

I have spent more hours in 9W over the last years than I care to count. I appreciate 

all the support that the technical staff have provided me and for being incredibly 

helpful throughout my PhD. I also owe so much to university staff from across 

multiple departments for their time and assistance, particularly Dr Shaun Reeksting, 

Dr Philip Fletcher, Dr Gabriele Kociok-Kohn, Diana Lednitzky and Clare Ball.  

I consider myself very lucky to have worked with all members of the Mattia group 

over the last few years and alongside others from multiple groups working in 4.01, 

4.04 and 1.02.  

Particular thanks must be given to Dr Thais Tasso Guaraldo, for being there for me 

from day one and always having the time to sit down with me to discuss some 

results or a theory about experiments. Her patience and willingness to talk and 



 

 vi 

listen have helped get me through some of the more stressful periods of this PhD 

while her help and guidance has helped make me a better researcher.  

My thanks are also extended to the EPSRC for providing the funding and allowing 

me the opportunity to undertake this PhD.  

My final thanks are to the rest of the 2018 cohort, whom it has been a pleasure to 

take this journey alongside. Thanks in particular Viviane Runa and Scott Allan, for 

making the regular weekends in the lab much more bearable. Best of luck in your 

future endeavours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 vii 

 

 

 

 

 

 

 

 

 

 

In memory of Brian Grover. The best man I ever knew.  

Papa, I wish you could have seen this. 

 

 

 

 

 

 

 

 

 

 

 



 

 viii 

Dissemination  
Publications 

Warren, Z., et al. (2022). "Synthesis of photocatalytic pore size-tuned ZnO 

molecular foams." Journal of Materials Chemistry A 10(21): 11542-11552. 

Warren, Z., et al. (2023). "Photocatalytic foams for water treatment: A 

systematic review and meta-analysis." Journal of Environmental Chemical 

Engineering 11(1). 

Warren, Z., et al. (2023). "Increased photocorrosion resistance of ZnO foams 

via transition metal doping." RSC Advances 13(4): 2438-2450. 

  

 Conferences 

January 2021 RSC Materials Chemistry Division Poster Symposium. 

Poster Presentation. 

April 2021 American Chemistry Society, Spring Meeting 2021. 

Oral Presentation.  

April 2021 Materials Research Society, Spring Meeting 2021. 

Oral Presentation. 

July 2021 15th International conference on materials chemistry 

(MC15). Oral Presentation.  

May 2022  Water Innovation Research Centre Poster Day. Poster 

Presentation.  

 

Honours & Awards 

January 

2021 

Poster Award - Judges' Selection RSC Materials 

Chemistry Division Poster Symposium 2021 for poster 

titled "ZnO Molecular foams for micropollutant 

removal" 



 

 ix 

Table of Contents 
Declaration .................................................................................................................... i 

Abstract ........................................................................................................................ ii 

Acknowledgements ...................................................................................................... v 

Dissemination ............................................................................................................ viii 

List of Equations ......................................................................................................... xii 

List of Figures ............................................................................................................ xiii 

List of Tables ............................................................................................................... xix 

List of symbols ............................................................................................................ xx 

List of Abbreviations ................................................................................................. xxii 

Thesis outline ........................................................................................................... xxiv 

Literature Review ......................................................................................................... 1 

1.1. Wastewater Treatment & Micropollutants ................................................... 2 

1.2. Advanced Oxidation Processes (AOP) ........................................................... 9 

1.3. Photocatalysis – Fundamental Principles .................................................... 12 

1.4. Photocatalytic Reactor Design .................................................................... 20 

1.5. ZnO .............................................................................................................. 29 

1.6. Bandgap Engineering of ZnO ....................................................................... 32 

1.7. Summary of Literature and Thesis Aims. .................................................... 37 

1.8. References ................................................................................................... 38 

Photocatalytic Foams For Water Treatment: A Systematic Review And Meta-
Analysis ....................................................................................................................... 53 

2.1. General overview ............................................................................................ 57 

2.2. Methods to produce inorganic foams: general aspects .................................. 59 

2.3. Key definitions ................................................................................................. 61 

2.3.1. Definition of foams and porosity.................................................................. 61 

2.3.2. Classification of pore size for foams – expanding upon IUPAC ............... 62 

2.3.3. Methodology............................................................................................ 65 

2.3.4. Figures of merit in photocatalysis............................................................ 67 

2.4. Photocatalytic activity for different foam structures .................................. 68 

2.4.1. Performance comparison ............................................................................. 68 

2.4.2. Substrate supported foams – effect of substrate materials. .................. 72 

2.4.3. Substrate removed foams ....................................................................... 76 

2.4.4. Substrate-free photocatalytic foams ....................................................... 78 

2.5. Use of photocatalytic foams in reactors ..................................................... 79 



 

 x 

2.6. Future perspectives on development of photocatalytic foams .................. 82 

2.6.1. Technological advances................................................................................ 82 

2.6.2. Novel foam materials .............................................................................. 82 

2.6.3. Foam reactor development ..................................................................... 83 

2.7. Conclusions.................................................................................................. 83 

2.8. CrediT authorship contribution statement ................................................. 85 

2.9. Appendix ..................................................................................................... 86 

2.10. References ............................................................................................... 90 

Methodology and Materials .................................................................................... 100 

3.1. Context .......................................................................................................... 100 

3.2. Experimental Procedure ................................................................................ 101 

3.2.1. Reagents ................................................................................................. 101 

3.2.2. Foam synthesis ....................................................................................... 101 

Synthesis of FOAMM ............................................................................................ 101 

Synthetic method – ZnO Foams ....................................................................... 101 

Synthetic method – Doped ZnO Foams ............................................................ 102 

3.3. Material Characterisation ............................................................................. 103 

3.3.1. Structural Analysis .................................................................................. 103 

2.3.1.1. Powder X-ray Diffraction (PXRD) ......................................................... 103 

3.3.1.2. X-ray Microtomography ...................................................................... 105 

3.3.1.3. Gravimetric porosity measurement .................................................... 106 

3.3.1.4. Photoelectron Spectroscopy (XPS) and (UPS) ..................................... 107 

3.3.1.5. XANES X-ray Absorption Spectroscopy ............................................... 109 

3.3.1.6. RAMAN ................................................................................................ 110 

3.3.1.7. Nitrogen Adsorption and Brunauer – Emmett – Teller Theory ........... 110 

3.3.2. Microscopy ............................................................................................. 112 

3.3.2.1. Field Emission Scanning Electron Microscopy ..................................... 112 

3.3.2.2. Energy Dispersive X-ray spectroscopy (EDX) ....................................... 113 

3.3.3. Photocatalysis analysis ........................................................................... 113 

3.3.3.1. High Performance Liquid Chromatography (HPLC) ............................. 113 

3.3.3.2. UV-Vis Reflectance Spectroscopy ........................................................ 115 

3.3.3.3. Inductively coupled plasma mass spectrometry (ICP-MS) .................. 116 

3.4. Reactor .......................................................................................................... 117 

3.5. References ..................................................................................................... 119 

Synthesis of Photocatalytic Pore Size-Tuned ZnO Molecular Foams ...................... 126 



 

 xi 

4.1. Published Manuscript .................................................................................... 126 

4.2. Supplementary Information .......................................................................... 153 

Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping. ..................................................................................................................... 174 

5.1. Published Manuscript .................................................................................... 174 

5.2. Supplementary Information .......................................................................... 202 

Conclusions .............................................................................................................. 210 

6.1. Context .......................................................................................................... 210 

6.2. MolFoam Synthetic Method.......................................................................... 210 

6.3. Photocatalytic Activity ................................................................................... 211 

6.4. Doping of ZnO Molfoams .............................................................................. 211 

6.5. Expansion of Current Nomenclature ............................................................. 211 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xii 

List of Equations  
Equation 1.1: Pollutant mineralisation via hydroxyl radicals. ..................................... 9 

Equation 1.2 Photo-redox reactions for the photocatalytic degradation of organic 

compounds. ............................................................................................................... 17 

Equation 1.3 Overall reactions for the photocorrosion of ZnO. ................................ 31 

Equation 2.1: Electrical energy per order of 1) batch and 2) flow reactors .............. 67 

Equation 2.2: Quantum Efficiency of photocatalysts ................................................ 67 

Equation 3.1: Bragg’s Law ........................................................................................ 103 

Equation 3.2: Scherer Equation. .............................................................................. 104 

Equation 3.3:Gravimetric porosity. .......................................................................... 107 

Equation 3.4: Binding energy of a photon. .............................................................. 108 

Equation 3.5: Beer-Lambert Law. ............................................................................ 114 

Equation 3.6: Micropollutant degradation. ............................................................. 114 

Equation 3.7: Kubelka-Munk method for Tauc plots. .............................................. 116 

Equation 4.1: Gravimetric porosity. ......................................................................... 131 

Equation 4.2. Pore  surface area : volume ratio. ..................................................... 131 

Equation 4.3. Electrical Energy Per Order for a batch system. ................................ 134 

Equation S4.1. UV dose for recirculating reactor. ................................................... 162 

Equation S4.2. Quantum Efficiency of photocatalyst .............................................. 164 

Equation S4.3. Electrical Energy Per Order Calculation. .......................................... 164 

Equation S4.4. Hydrodynamic equations for Reynolds, Peclet, Schmidt and 

Sherwood numbers .................................................................................................. 167 

Equation 5.1: Photocorrosion of ZnO ...................................................................... 174 

Equation 5.2 Electrical Energy Per Order ................................................................. 181 

 

 

 

 

 



 

 xiii 

List of Figures 
Figure 1.1: An example diagram of the three steps in wastewater treatment including 

an optional disinfection step. Image adapted from ref 6 ............................................. 2 

Figure 1.2: Various methods of water treatment processes for removal of organic 

compounds. Adapted from ref 11 ................................................................................. 4 

Figure 1.3: Composition of pharmaceutical micropollutants by therapeutic class 

across low- to middle- and high-income countries. Brackets contain mean cumulative 

pharmaceutical concentration. Image adapted from reference 15. ............................ 5 

Figure 1.4: Pathways used by micropollutants in water to travel through the 

environment. Adapted from references 44-46 ............................................................... 8 

Figure 1.5 Broad overview and classification of AOPs. .............................................. 10 

Figure 1.6: A simplified diagram showing the formation of energy bands through 

combination of multiple atomic orbitals ................................................................... 14 

Figure 1.7: (Left) A diagram depicting the band structure of an insulator and a 

semiconductor material. (Right) A diagram showing the band structure of intrinsic 

and doped semiconductors and the differences between them. Adapted from 

reference  87 ............................................................................................................... 15 

Figure 1.8: A diagram showing the formation of charge carriers and photocatalytic 

breakdown of pollutants with the potentials of redox processes that occur. Adapted 

from references 74, 90 .................................................................................................. 16 

Figure 1.9: Schematic depicting the steps occurring during advanced oxidation 

processes at a catalyst surface. Adapted from reference  94 ..................................... 18 

Figure 1.10: Solar spectrum showing UV, visible and infra-red regions. Adapted from 

reference 109 ............................................................................................................... 19 

Figure 1.11: Graphical summary of the 4 main photocatalytic reactor designs. 

Modified from reference 121. ..................................................................................... 21 

Figure 1.12: Schematic to show two methods of photocatalyst immobilisation in 

reactors. ..................................................................................................................... 23 

Figure 1.13 Configurations of PMRs where the photocatalyst is a) suspended as a 

slurry, b) immobilised onto membrane. Adapted from reference  159 ...................... 25 

Figure 1.14: Schematic representation of reactor used to study photocatalytic 

disinfection of E.Coli. Abstracted from reference 132 ................................................ 27 



 

 xiv 

Figure 1.15: Schematic representation of the reactor configurations used for the 

degradation of clofibric acid. Abstracted from reference 125 .................................... 28 

Figure 1.16: Crystal structures of a) rocksalt, b) zinc blende and c) wurtzite ZnO. 

Adapted from reference  178 ...................................................................................... 30 

Figure 1.17: Energy levels of defects within ZnO. V denotes a vacancy while I denotes 

interstitial atoms. OZn shows the energy level of an antisite oxygen atom. Abstracted 

from ref 202. ................................................................................................................ 33 

Figure 1.18: Schematic of band structure and charge separation of a ZnO/CdS coupled 

photocatalyst system. Adapted from ref 204 .............................................................. 34 

Figure 1.19: Depiction of S-doping of ZnO. A) shows oxygen substituted with sulphur 

while b) show interstitial sulphur and oxygen atoms. Abstracted from ref 208 ......... 35 

Figure 1.20: Schematic representation of doped ZnO energy levels using metal and 

non-metal dopants. Adapted from ref 90 ................................................................... 35 

Figure 2.1: First, second and third generations of photocatalysts. ........................... 57 

Figure 2.2: Structure of photocatalytic foams for water/wastewater treatment. .... 59 

Figure 2.3: Possible processing routes for macroporous foams (a) replica, (b) 

sacrificial template and (c) direct foaming (adapted from reference20). .................. 60 

Figure 2.4: Schematic representation of photocatalytic foams: (a) foams with 

substrates produced via catalyst immobilisation (b) foams formed via substrate 

removal and (c) substrate-free foams formed via direct foaming. ........................... 62 

Figure 2.5: Proposed pore size characterisation scheme for foams and porous 

ceramics. Figure adapted from ref57. ......................................................................... 64 

Figure 2.6: Plots of left) 1/EEO and right) Photocatalyst quantum efficiency, against 

normalised kinetics, kε, for foam based photocatalytic systems showing a breakdown 

by: (a,b type of foam and (c,d) photocatalyst material. Lines I, ii and iii represent the 

25th, 50th and 75th percentile respectively. The legend in graphs a and c, also apply 

to graphs b and d, respectively. ................................................................................. 69 

Figure 2.7: Plots of a) 1/EEO and b) Photocatalyst quantum efficiency, against 

normalised kinetics, kε, for foam based photocatalytic systems showing a breakdown 

by year of publication. Lines I, ii and iii represent the 25th, 50th and 75th percentile, 

respectively; c,d) Plots of c) annual and d) cumulative number of publications related 

to photocatalytic foams for water treatment broken down by type of foam used. . 71 

file:///C:/Users/zac16/Documents/PhD/Thesis/Completed%20Chapters/Final%20Thesis%20WIP.docx%23_Toc114492957
file:///C:/Users/zac16/Documents/PhD/Thesis/Completed%20Chapters/Final%20Thesis%20WIP.docx%23_Toc114492957
file:///C:/Users/zac16/Documents/PhD/Thesis/Completed%20Chapters/Final%20Thesis%20WIP.docx%23_Toc114492957
file:///C:/Users/zac16/Documents/PhD/Thesis/Completed%20Chapters/Final%20Thesis%20WIP.docx%23_Toc114492957
file:///C:/Users/zac16/Documents/PhD/Thesis/Completed%20Chapters/Final%20Thesis%20WIP.docx%23_Toc114492957


 

 xv 

Figure 2.8: Flow chart showing the development of foam based photocatalysts over 

time. ........................................................................................................................... 72 

Figure 2.9: SEM micrographs of a) SiC foam, b) Supported TiO2 on foam and c) 

removal rates of 4-ABS using supported TiO2 photocatalysts. Adapted from 

reference108 ................................................................................................................ 75 

Figure 2.10: SEM micrographs of a) ZnO/rGO foam (inset is the photograph of free-

standing ZnO/rGO foam), b) ZnO nanorods on the ZnO/rGO foam scaffold and c) 

removal rates of RhB using ZnO/rGO foam. Adapted from reference37. .................. 77 

Figure 2.12: a,b) SEM micrographs of TiO2 foam and c) removal rates of multiple 

target pollutants using TiO2 photocatalysts. Adapted from reference15. .................. 78 

Figure 2.13: Single-pass reactor configurations for photocatalytic foams: (A) the 

irradiation source is allocated internally and centrally, surrounded by a 

photocatalytic foam14; (B) designed foams allowing the presence of multiple 

illuminating points internally to the structure126; and (C) a foam centrally allocated 

with UV lamps externally surrounding it109. .............................................................. 81 

Figure 3.1: Schematic diagram of the process of synthesising, characterising and 

testing the photocatalytic foams. ............................................................................ 100 

Figure 3.2: Left) Front view of the final set up used in the synthesis of the foams. 

Right) Schematic diagram of set up used. a) drying column; b) rotameter; c) ethanol 

bubbler; d)  fritted jacketed funnel. Black arrows indicate air flow whilst blue arrows 

indicate water flow. ................................................................................................. 102 

Figure 3.3: Schematic diagram of x-ray diffraction and the relationship to Bragg’s Law. 

Modified from Ref. 2 ................................................................................................. 104 

Figure 3.4: Schematic of an x-ray microtomography device.5 ................................. 105 

Figure 3.5: schematic diagram of bespoke dyeing rig to test dye uptake into MolFoam 

pores. B) photograph of dyeing rig in operation. C, d) A dyed MolFoam before and 

after being cut open. ................................................................................................ 106 

Figure 3.6: Adsorption isotherm of: I. a microporous material, II. a microporous 

material. III. an example of a BET plot derived from an isotherm. The gradient, m, and 

intercept, I, allow for the calculation of the monolayer volume. Adapted from ref 14

 .................................................................................................................................. 111 



 

 xvi 

Figure 3.7: Schematic diagram of field emission scanning electron microscope (FE-

SEM). Adapted from ref 18 ....................................................................................... 112 

Figure 3.8. Schematic of HPLC. Modified from reference 21.................................... 114 

Figure 3.9: Schematic diagram of UV-Vis spectrometer. Adapted from ref 22 ........ 115 

Figure 3.10: Schematic diagram for recirculating photocatalytic reactors. Labelled are 

I) quartz tube containing foam surrounded by UV lamps, II) gear pump Ismatec, MCP-

Z with a pump head Model GBS.P23.JVS.A-B1, III) reservoir 500 mL)..................... 118 

Figure 4.1: Graphical overview of synthetic method of MolFoam production ....... 134 

Figure 4.2 FE-SEM micrographs showing the interconnected structure of the 

MolFoams (a) and the irregular microporous channel structure (b). (c) 3D 

reconstruction from MicroCT showing the irregular pore and channel structures 

within the MolFoams. The dashed circles and lines highlight examples of pores and 

channels, respectively. ............................................................................................. 136 

Figure 4.3:Photocatalytic degradation of CBZ using ZnO MolFoams at varying flow 

rates  photolysis, ◼ 100 mL min-1 ,● 200 m L min-1 , 
 300 mL min-1 , 400 mL min-

1 ,◆ 500 mL min-1. Inset shows first order reaction kinetic as a function of flow rate 

(Reynolds number)................................................................................................... 138 

Figure 4.4: FE-SEM micrograph of ZnO MolFoams synthesised using 10 mM CTAB 

solutions. Encircled regions show highly faceted rod-like structures. .................... 141 

Figure 4.5. a) Photocatalytic degradation of CBZ using ZnO MolFoams synthesised 

using various CTAB concentrations:  photolysis, ◼ 5 mM, ● 10 mM,  15 mM,  

20 mM. Relationship between [CTAB] and b) CBZ degradation and the associated 

pseudo first order kinetics; c) CBZ degradation and the pore diameter of the 

MolFoams; and d) pseudo first order kinetics and the pore diameter of the 

MolFoams. ............................................................................................................... 142 

Figure 4.6 a) Photocatalytic degradation of CBZ using MolFoams synthesised using 10 

mM CTAB within a recirculating reactor operated at various flow rates [X photolysis  

◼ 200 mL min-1 , ● 250 mL min-1 , 
 300 mL min-1 ,  400 mL min-1] b) First order 

kinetic constant for MolFoams synthesised using ◼ 5 mM , ● 10 mM CTAB as a 

function of flow rate (Reynolds Number) c,d) MicroCT 3D reconstructions of 

MolFoams synthesised using 5 or 10 mM CTAB solutions, respectively. Circled areas 

highlight the decrease in pore size as CTAB concentration increases. ................... 143 



 

 xvii 

Figure 4.7: Comparison between ● zinc concentration post photocatalytic CBZ 

degredation after 120 mins, pseudo first order reaction kinetics (bar) and  EEO of 

MolFoam reactors operating at various flow rates. ................................................ 145 

Figure 4.8: Plot mapping quantum efficiency and log of 1/EEO of photocatalytic 

systems for the degradation of CBZ. ........................................................................ 146 

Figure S4.1: 3D model of printed buffer included inside reactor cartridges. .......... 155 

Figure S4.2: Schematic diagrams for recirculating photocatalytic reactors. Labelled 

are I) quartz tube containing foam surrounded by UV lamps, II) gear pump Ismatec, 

MCP-Z with a pump head Model GBS.P23.JVS.A-B1 and III) reservoir 500 mL)…….. 155 

Figure S4.3: a) schematic diagram of bespoke dyeing rig to test dye uptake into 

MolFoam pores. b) photograph of dyeing rig in operation. c, d) A dyed MolFoam 

before and after being cut open. ............................................................................. 156 

Figure S4.4: XRD pattern of ZnO MolFoams synthesised using different CTAB 

concentrations. Tick marks correspond to peaks reported from JCPDS No. 36-1451 1

 .................................................................................................................................. 157 

Figure S4.5 Various characterisations of ZnO MolFoams synthesised using 5 mM CTAB 

solutions a,b) FESEM  c-e) MicroCT slices and f-g) 3D reconstructions based on 

MicroCT. ................................................................................................................... 157 

Figure S4.6: FE-SEM micrographs of ZnO MolFoams synthesised using a) 5mM, b) 10 

mM, c) 15 mM and d) 20 mM CTAB solutions. ........................................................ 159 

Figure S4.7: FE-SEM micrographs of ZnO MolFoams(a, c,e) before and (b,d,f) after 

application within reactor for photocatalytic CBZ degradation  ............................. 160 

Figure S4.8: Removal of CBZ using MolFoams synthesised using 10 mM CTAB within 

a recirculating reactor operated at flow rate of 250 mL min-1 [◼ Photocatalysis , ● 

Photolysis , 
 Adsorption. ....................................................................................... 161 

Figure S4.9: Photocatalytic degradation of CBZ using MolFoams synthesised using 10 

mM CTAB within a recirculating reactor operated at various flow rates [◼ 200 mL 

min-1 , ● 250 mL min-1 , 
 300 mL min-1 , 400 mL min-1] ................................  161 

Figure 5.1: a,b,c,d) images of dried Zn1-xMxO foams were M is Zn, Co, Ni or Cu, 

respectively; e,f,g,h) images of sintered Zn1-xMxO foams were M is Zn, Co, Ni or Cu, 

respectively. Scale bar is 1 cm in all images............................................................. 182 



 

 xviii 

Figure 5.2: Photocatalytic degradation of CBZ using ZnO doped with  a) 1% and b) 2% 

of various transition metals:  photolysis, ● undoped , 
 Co ,◆ Ni,  Cu. Numerical 

values provided in Table 2. ...................................................................................... 183 

Figure 5.3 FE-SEM micrographs of a) pure ZnO and ZnO doped with b) Co, c) Ni and 

d) Cu at two different magnifications. ..................................................................... 186 

Figure 5.4: Raman spectra of pure and doped ZnO molfoams.  * correspond to multi-

phonon features ...................................................................................................... 187 

Figure 5.5 a,b) UV-Vis transmittance spectra of pure and doped ZnO MolFoams. C,d) 

show corresponding Tauc plots. .............................................................................. 189 

Figure 5.6: XPS spectra of pure and doped ZnO foams. a) global, b) Zn and c) O of 

undoped foams. XPS spectra of 2p regions of TM dopant d) Co, e) Ni and f) Cu. ... 192 

Figure 5.7: Band diagram of pure and doped ZnO based on UPS and Tauc plot 

calculations. ............................................................................................................. 193 

Figure S5.1: Photocatalytic degradation of CBZ using ZnO doped with various 

concentrations of a) Co,  b) Ni and c) Cu:  photolysis, ● undoped, p 1%, and 2%.

.................................................................................................................................. 202 

Figure S5.2: XRD spectra of a,c) 1% and b,d) 2% transition metal doped ZnO 

molfoams. Tick marks correspond to peaks reported from JCPDS No. 36-1451 1 .. 202 

Figure S5.3: EDX elemental mapping for ZnO doped with a) Co, b) Ni and c) Cu. .. 203 

Figure S5.4: Raman spectra of pure and doped ZnO molfoams at dopant 

concentrations of a) 1% and b) 2%.  * correspond to multi-phonon features. ....... 203 

Figure S5.5: UPS spectra of doped and pure ZnO showing a,d) full spectra, b,e) 

valence band region and c,f) cut off region. ............................................................ 204 

Figure S5.6: Xanes spectra of a) Co,  b) Ni and c) Cu within doped ZnO foams. The 

insets of a and c show clearer the pre-edge features. ............................................ 205 

 

 

 

 

 



 

 xix 

List of Tables 
Table 1.1: Table of micropollutants and their common uses, along with their main 

sources of pollution. 18-23 ……………………………………………………………………………………….. 6 

Table 2.2: Classification of foams according to the 3D macroscopic structure (foam 

pore size) and material microporosity (material pore size)…………………………………… 64 

Table 3.3: Mass of dopant salts used to produce doped ZnO MolFoams…………….. 103 

Table 4.1: Correlation between [CTAB], CBZ removal for foams prepared at different 

CTAB conditions (120 min irradiation time, flow rate 200 mL min-1) and pseudo first 

order degradation kinetics (k) with the porosity calculated by Archimedes’ method 

(e), macropore diameter and pore Surface Area: Volume ratio (AVS ) and BET Surface 

…………………………………………………………………………………………………………………………… 138 

Table S4.1: Table of conditions investigated in research for MolFoam production 

 ……………………………………………………………………………………………………………………………154 

Table S4.2: Tabulation of Vr for corresponding flow rates…………………………………...163  

Table S4.3: Tabulation of UV dose for recirculating reactors at various flow rates.

 ……………………………………………………………………………………………………………………………163 

Table S4.4: Degradation, pseudo-first order kinetics, quantum efficiency and EEO data 

for MolFoams synthesised using 5 mM CTAB……………………………………………………… 165 

Table S4.5: Degradation, pseudo-first order kinetics, quantum efficiency, zinc 

concentration and EEO data for MolFoams synthesised using 10 mM CTAB………… 165 

Table S4.6: Hydrodynamic data and calculations for 5 mM CTAB foams…………….. 166 

Table S4.7: Hydrodynamic data and calculations for 10 mM CTAB foams…………… 166 

Table S4.8: CBZ photocatalytic degradation kinetics for slurries and immobilised 

systems reported from literature……………………………………………………………………... 168 

Table 5.1: Molarities and masses of metal salts used in synthesis of doped ZnO Foams. 

…………………………………………………………………………………………………………………………… 177 

Table 5.2 CBZ removal for pure and doped ZnO MolFoams, pseudo first order 

degradation kinetics (k) and Zn concentration post photocatalytic degradation. Also 

tabulated are quantum efficiency and EEO for each condition…………………………… 184 

 

 



 

 xx 

List of symbols  
avs Surface Area : Volume ratio [cm-1] 

A Cross-sectional area of foam [m2] 

c Speed of light [m s-1] 

C0 Initial concentration of pollutant  

Ct Concentration of pollutant at time, t 

D Diffusion Coefficient [m2 s-1] 

Du Density of Water [g cm-3]  

Df Density of ZnO [g cm-3] 

dp Pore Diameter [mm] 

Dp Pore Diameter [mm] 

E Band gap energy [eV] 

Ep Photon energy [J] 

Eqf Photon flux [Einstein s-1] 

EEO Electrical energy per order [kWh m-3] 

e- Electron 

F Flow rate [m3 hr-1] 

h  Planck’s Constant [6.63 x 10-34 m2 kg s-1] 

h+ Charge hole 

Iαλ Attenuated irradiance of light  [mW cm-2] 

k Rate constant [min-1] 

k’ Molar rate of degradation [mol s-1] 

kε Normalised kinetic constant [M cm min-1] 

L Foam length [m] 

NA Avagadro’s number [mol-1] 

Np Number of Photons [-] 

R Reflectance  

Re  Reynolds number [-] 

P Power [kW] 

Pe Peclet number [-] 

Q Volumetric flow rate [m3 s-1] 



 

 xxi 

QE Quantum Efficiency  

S Irradiated surface area [m2] 

Sc  Schmidt number [-] 

Sh Sherwood number [-] 

T Transmittance  

t Reaction time  

u Flow velocity [m s-1] 

VI Volume illuminated [L] 

Vo Volume receiving UV dose per second [mL s-1] 

VR Total reaction solution [mL] 

W Work function [eV] 

ε Molar absorption coefficient [M-1 cm-1] 

ε Porosity [%] 

Φ Quantum yield [-] 

λ Wavelength [nm] 

ν Frequency [Hz] 

τ Irradiation time [s] (UV dose) 

τ Average crystallite size (XRD) 

ρ Fluid density  

µ Dynamic viscosity of fluid [kg m-1 s-1] 

θ Diffraction angle 

 

 

 

 

 

 

 

 



 

 xxii 

List of Abbreviations  
  

AO Atomic orbitals  

AOP Advanced oxidation processes  

BET Brunauer-Emmet-Teller 

BOD  Biological oxygen demand  

BPA Bisphenol A 

CAFO Concentrated animal feeding operation 

CB Conduction band 

CBZ Carbamazepine 

CPS Chlorpyrifos 

CTAB Cetrimonium bromide 

CVD  Chemical vapour deposition 

EDC Endocrine disrupting chemical 

ES Endosulfan 

EtOH Ethanol 

EDX Energy Dispersive X-ray spectroscopy 

FESEM Field emission scanning electron microscopy  

FWHM Full width at half maximum  

HPLC  High performance liquid chromatography  

ICP-MS Inductively coupled plasma mass spectrometry 

ID Inner diameter 

LCAO Linear combination of atomic orbitals  

LED Light emitting diode 

MAC Molar absorption coefficient  

MDMA Methylenedioxymethamphetamine 

MO Molecular orbital 

MB Methylene Blue 

MP Methyl parathion 

OD Outer diameter 

PA Parathion 

PAH Polyaromatic hydrocarbon 



 

 xxiii 

PEG Poly-ethylene glycol 

PMR Photocatalytic membrane reactor 

PPCP Pharmaceuticals and personal care products 

PTFE Poly-tetrafluoroethylene  

QE Quantum Efficiency  

RGO Reduced graphene oxide 

SCE Standard calomel electrode 

sCO2 Supercritical carbon dioxide 

SHE Standard hydrogen electrode 

SI Supplementary information  

STY  Space-time yield  

TCCP Tris(chloropropyl)phosphate 

TCEP Tris(2-chloroethyl) phosphate 

TiO2 Titanium dioxide 

TSS Total suspended solids 

UPS Ultraviolet photoelectron spectroscopy  

UV Ultraviolet  

UV-Vis Ultraviolet-Visible 

VB Valence band 

XANES X-ray Absorption Near Edge Structure 

XPS  X-ray photoelectron spectroscopy  

(P)XRD (Powder) X-ray diffraction  

ZnO Zinc oxide 

  
 

 

 

 

 

 



 

 xxiv 

Thesis outline  
This doctoral thesis investigates the development of highly porous ZnO monoliths, or 

foams, including the use of a novel method for the formation of solid foams with the 

ability to include metal dopants into the foams. The photocatalytic activity of these 

foams was studied to assess their potential for use in wastewater treatment.  

This thesis consists of six chapters 

Chapter 1 provides a literature review of organic micropollutants, advanced 

oxidation processes and photocatalysis, in addition to the synthesis of pure and 

doped ZnO and its application as a photocatalyst in water treatment. 

Chapter 2 consists of a literature review paper, focussing of the use of foams as 

photocatalysts, while also expanding on literature definitions and the use of specific 

figures of merit. Based on work in Warren, Z., et al. (2023). "Photocatalytic foams for 

water treatment: A systematic review and meta-analysis." Journal of Environmental 

Chemical Engineering 11(1). 

Chapter 3 summarises and supplements methods, materials and experimental 

procedures used through this thesis, including discussions on the fundamental 

theories behind characterisation techniques used. 

Chapter 4 covers the development of ZnO MolFoams and the discussion on the 

impact of pore size on photocatalytic activity of foams. Based on work published in 

Warren, Z., et al. (2022). "Synthesis of photocatalytic pore size-tuned ZnO molecular 

foams." Journal of Materials Chemistry A 10(21): 11542-11552. 

Chapter 5 covers the modification to the synthetic method for the production of 

MolFoams presented in the preceding chapter to incorporate dopant metals into 

the foams. Based on work in Warren, Z., et al. (2023). "Increased photocorrosion 

resistance of ZnO foams via transition metal doping." RSC Advances 13(4): 2438-

2450. 

Chapter 6 includes general conclusions of the presented research as well as an 

outlook for future work and research.  
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Literature Review  

1.1. Wastewater Treatment & Micropollutants 

Access to clean water is one of the greatest challenges facing modern society, caused 

by deep imbalances between availability and demand, with scarcity expected to rise 

within countries deemed “water rich” and those without.1 The risks associated with 

consumption of clean water are well known, with over 1 billion people lacking access 

to safe drinking water and the annual death toll due to waterborne disease in the 

millions.2 Compounding this issue, is an increasing global population as well as the 

impact that it will have on existing water supplies due to increased usage and 

increased pollution through human interaction.3  

Wastewater treatment processes have seen use for over a century, primarily driven 

by outbreaks of waterborne diseases such as cholera and typhoid in high-income 

countries caused by contamination of drinking waters with the pathogens present in 

wastewater with the goal of preventing further outbreaks.4 A typical wastewater 

treatment plant, consists of three treatment steps, as seen in Figure 1.1. Wastewater 

is a complex matrix, consisting of multiple compounds present at the same time. 

Typical wastewater has a biological oxygen demand (BOD) of 100 to 300 mg L-1
, a salt 

content of 30- to 100 mg L-1 in addition to nutrients such as nitrogen and phosphorus 

present at levels > 100 mg L-1.5 

 

Figure 1.1: An example diagram of the three steps in wastewater treatment including an optional disinfection 
step. Image adapted from ref 6 
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The primary treatment step is used to facilitate separation processes of grit and 

particulate matter using physical processes such as size separation and 

sedimentation with the aim to remove total suspended solids (TSS) and reduce the 

BOD via removal of sludge. A coarse screen is used to remove larger solid matter such 

as leaves, from the effluent. From here, grit and smaller particulates along with oils 

and fats are removed, separated by density relative to water, with the former 

undergoing sedimentation to form sludge and the latter being skimmed off the 

surface.7  

Secondary treatment consists of biological processes to further reduce BOD from the 

influent via biochemical decomposition of organic solids via oxidation by aerobic 

microbial species.8 This process typically involves aeration of the solution, via 

bubbling of compressed air, to promote the growth of aerobic microorganisms which 

are responsible for the degradation of organic compounds and reduction of BOD. As 

these microorganisms grow to a sufficient size, they form flocs, which sink and form 

sediment at the bottom of the tank, forming activated sludge, allowing for them to 

be removed and either returned to the aeration tank to provide seeded 

microorganisms, or treated before further use in agriculture as fertilizers.9 The 

tertiary step, which was added to many wastewater treatment plants in the 1960s 

and 70s in water treatment involves the reclamation of nutrients, such as nitrogen 

and phosphorus, using a wide range of methods including filtration and chemical 

treatment,10 as their presence has been linked to eutrophication of surface waters.4  

A summary of a range of water treatment processes can be seen below in Figure 1.2. 
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Figure 1.2: Various methods of water treatment processes for removal of organic compounds. Adapted from ref 
11 

While wastewater treatment plants are capable of removing macropollutants, 

including particulates, total suspended solids and BOD, the low concentration of 

micropollutants (µg L-1 to ng L-1) coupled with the often-persistent nature of the 

compounds means that these compounds are able to pass through treatment plants 

with little to no change in concentration and be released into the wider 

environment.12, 13 

Pharmaceutical usage is estimated to be around 15 g per capita as a worldwide 

average, increasing to 50-150 g per capita in industrialised countries. 14 However 

disparities in water treatment technologies leads to higher concentrations of 

pharmaceutical micropollutants in water supplies in low to middle income 
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countries, compared with higher income ones,15 as shown in Figure 1.3. 

 

Figure 1.3: Composition of pharmaceutical micropollutants by therapeutic class across low- to middle- and high-
income countries. Brackets contain mean cumulative pharmaceutical concentration. Image adapted from 
reference 15. 

A growing concern of developed countries is the accumulation of, often organic, 

pollutant compounds in water supplies present in low concentrations in water at the 

µg L-1 or ng L-1 scale,16 which are identified as micropollutants. Micropollutants can 

be roughly categorised into drugs, both pharmaceutical and illicit, personal care 

products and cosmetics, pesticides and industrial compounds, as shown in Table 

1.1.17   
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Table 1.1: Table of micropollutants and their common uses, along with their main sources of pollution. 18-23 

Category  Compound  Use  Common 

Sources  

Pharmaceutical  Carbamazepine  Anti-convulsant  Domestic 

wastewater, 

landfill leachate 

Hospital 

effluent, CAFO 

runoff. 

Diclofenac  Anti-

inflammatory  

Azithromycin Anti-bacterial  

Estrone (E1)  Steroid hormone  

Estradiol (E2)  

Fluoxitine  Anti-depressant 

Illicit drugs  MDMA  Hallucinogen  Domestic 

wastewater, 

landfill leachate  

Methamphetamine  Stimulant  

Cocaine  

Personal Care 

Products (PCP) 

Parabens  Preservative  Domestic 

wastewater, 

landfill leachate  

Triclosan Disinfectant  

1-Benzophenone Sunscreen UV 

filter 

Galaxolide  Fragrance  

Pesticides  Atrazine  Herbicide  Agricultural 

runoff Diuron  Herbicide  

Diazinon Insecticide  

Industrial 

compounds 

Perfluorinated compounds  Coatings Industrial 

wastewater, 

manufacturing 

discharges, 

landfill leachate. 

Bisphenol A (BPS) Plasticiser  

Tris(2-chloroethyl) phosphate 

(TCEP) 

Flame retardants 

Tris(chloropropyl)phosphate 

(TCCP) 

 

While present in low concentrations, these compounds are still of concern as they 

can have wide reaching effects to both health and the ecosystem while also 

bioaccumulating in living organisms, with the potential to make their way up the food 

chain. Many of the compounds that are considered to be micropollutants, 

particularly pharmaceuticals, show toxicological effects,24 particularly endocrine 
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disrupting effects, given that these organic pollutants tend to be highly lipophilic and 

as such are able to accumulate inside fatty tissues.25, 26 This process referred to as 

bioconcentration27 or bioaccumulation, leads to increased exposure via dietary 

intake and thus can impact human health. 28 These endocrine disrupting chemicals 

(EDCs) can affect the endocrine system in three ways, either directly mimicking or 

antagonising the effects of hormones, altering the synthesis or metabolism of 

hormones within the body, or by altering the levels of hormone receptors within the 

body.29 The impact of endocrine disruption on the body has widespread effects, 

including: infertility, altered sexual behaviours, increased incidence of specific 

cancers and birth defects.30 Furthermore the impacts of the EDCs are not specific to 

humans nor mammals. It is widely reported the impact that these chemicals have 

had on a wide variety of fauna, e.g. the since banned pesticide DDT and it’s 

metabolite DDE have been linked to the thinning of avian egg shells and the related 

decrease in population of raptors in the UK and USA.31  

Carbamazepine is a pharmaceutical product used as an anti-convulsant for the 

treatment of conditions such as epilepsy,32 with an estimated annual consumption in 

excess of 1,000 tonnes worldwide. 33 It is also a micropollutant frequently detected 

in municipal waterways 22 and rivers.15 A recent worldwide study found 

carbamazepine to be one of the most prevalent micropollutants in aquatic systems 

worldwide: In a study consisting of over 1,000 sampling sites across 104 countries, 

carbamazepine was detected in water at over 60% of sampling sites with an average 

concentration of 75 ng L-1, with upper concentrations detected exceeding 5 µg L-1.15 

The ecotoxic effects of carbamazepine have been widely reported: One study found 

that exposure of mussels to carbamazepine led to a decrease in filter feeding 

behaviours, along with a reduction in growth and reproductive behaviours, with 

potential impacts on long term population stability.34 Asian clams 

(Corbicula fluminea) exposed to carbamazepine in concentrations ranging from 0.1- 

to 50 µg L-1 over 14 days exhibited inhibition of the neurotransmitter acetylcholine 

esterase resulting in higher concentrations of acetylcholine and potential disruption 

to the central nervous system.35 Zebrafish exposed to carbamazepine showed 
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greater chance of embryo deformation and abnormalities along with swelling in adult 

fish, highlighting detrimental issues at all stages of life.36, 37  

A study into the exposure of swallows feeding on midge larvae exposed to 

carbamazepine, estimated the exposure rates and daily dosage per body weight at 

between 0.5- and 49.8 µg kg-1,38 clearly demonstrating the effect of bioaccumulation. 

Exposure to carbamazepine has been shown to have a range of adverse effects on 

birds, including deformation of embryos, bone marrow suppression and reduced 

food competition aggression behaviours. 38    

Of further concern is the polar nature and stability of micropollutants, allowing them 

to resist the biological and physiochemical treatment steps in typical wastewater 

treatment plants.39-42 Furthermore, organic micropollutants can also decrease the 

effectiveness of biological treatment generally, due to the presence of antibiotic 

compounds inhibiting the activated sludge bacteria,20 or through micropollutant 

sorption into the sludge,43 leading to micropollutants being released back into the 

environment as effluent or as fertilizer (Figure 1.4).  

 

Figure 1.4: Pathways used by micropollutants in water to travel through the environment. Adapted from 
references 44-46 
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Additionally, these compounds come from a wide variety of sources and can travel 

through the aquatic environment due to their polar nature, leading to delocalisation 

of pollutant molecules across the water and soil environments, with the eventual 

occurrence and build up in human food chains and the wider anthroposphere. 

As such, in order to prevent the release of micropollutants into the environment, 

there is a need for improved water treatment processes to remove micropollutants 

from wastewater.  

1.2. Advanced Oxidation Processes (AOP) 

Advanced oxidation processes is the name given in the 1980’s to the oxidative 

processes able to generate hydroxyl radicals in the quantities required to purify 

water,47 as these hydroxyl radicals are powerful oxidizing agents able to destroy 

organic pollutants in wastewater.48 As such, they provide a promising approach for 

the removal of organic micropollutants from water.49 AOP is a broad title 

encompassing a wide variety of reactions, with AOP technologies utilising many 

different methods for activation and oxidant generation for the formation of 

hydroxyl radicals and the destruction of organic components. A generic AOP reaction 

scheme is shown below: 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 
𝐻𝑦𝑑𝑟𝑜𝑥𝑦𝑙 𝑅𝑎𝑑𝑖𝑐𝑎𝑙𝑠
⇒               𝐻2𝑂 + 𝐶𝑂2 + 𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝐼𝑜𝑛𝑠 

Equation 1.1: Pollutant mineralisation via hydroxyl radicals. 

Hydroxyl radicals are the most reactive oxidising agent used in water treatment, 

with the oxidation potential between 2.80 – and 1.95 V at pH 0 and 14 respectively, 

versus SCE (saturated calomel electrode).7 These radicals, though nonselective, 

react rapidly with rate constants in the order of 108-1010 M-1 s-1.50-52  Hydroxyl 

radicals attack organic compounds in four pathways: radical addition, hydrogen 

abstraction, electron transfer and radical combination.53 Compound with regions of 

high electron density, such as carbon double bonds or aromatic rings are more 

reactive towards hydroxyl radical attack than saturated molecules, with the 

reactivity also being proportional to molecular weight and inversely proportional to 

the oxidation level.54  
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As stated previously, AOP is a broad title, covering physical, chemical, 

electrochemical and photochemical processes for the formation of hydroxyl 

radicals, with the most established types being ozone or UV-based, or Fenton type 

processes as seen in Figure 1.5. 

 

Figure 1.5 Broad overview and classification of AOPs. 

Processes marked according to established scale, Red – Lab based, Blue – Pilot scale, Green – Full scale.  

Adapted from ref 55 

Ozone-based AOPs have seen widespread usage in water treatment as ozone itself 

acts directly as an oxidant for organic degradations, albeit a weaker and more 

selective one compared with hydroxyl radicals.47 While hydroxyl radicals will react 

with most organic groups regardless of oxidation state or saturation (although 

electron dense functional groups are more reactive), ozone reacts with electron rich 

functional groups such as amines, double bonds, or aromatic rings.55 In addition to 

this, in an aquatic environment, ozone decomposition and reaction with water forms 

hydroxyl radicals to further degrade organic pollutants.18, 56  This can be enhanced 

through the addition of H2O2 as the process of hydroxyl formation with ozone alone 

is very slow with formation rates of 70 M-1s-1.57 The increased presence of hydroxyl 
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radicals further enhances the removal capabilities of ozone based AOPs due as the 

less selective radicals can remove contaminants deemed recalcitrant to ozonation.   

Due to the rapid degradation of ozone however, it has to be generated in situ and 

constantly supplied to the reactor.58 In addition to this, more widespread use of 

ozone-based AOPs is hindered due to the formation of degradation by-products such 

as bromate compounds which pose a hazard to human health.59 The addition of H2O2 

to increase the reactivity of ozone-based systems requires an additional treatment 

step to ensure the H2O2 is destroyed prior to release to the environment, increasing 

the cost of the process.55  

UV-based processes require a combination of UV irradiation and a suitable oxidant, 

often ozone or hydrogen peroxide, as the UV irradiation alone is insufficient to induce 

significant photolysis and removal of micropollutant compounds.60 Hydrogen 

peroxide undergoes photolysis to two hydroxyl radicals, while ozone cleavage leads 

to the formation of highly energetic atomic oxygen which reacts with water to form 

H2O2 which, as before, degrades to form hydroxyl radicals.61  UV/H2O2 systems are 

limited by their low molar absorption coefficient,50 requiring high concentrations of 

H2O2, which, in turn,  requires removal of the excess peroxide from the effluent.57 

Additionally, photolysis based systems are highly dependent on the UV adsorption of 

the compound and, as such, micropollutants show low removal efficiencies under UV 

irradiation, requiring high UV doses, up to an order of magnitude higher than other 

AOP-based systems.62 Furthermore, as mentioned previously, the H2O2 required to 

increase the efficiencies must be treated and destroyed prior to release. 

Catalytic AOPs fall into two main categories, Fenton related AOPs and photocatalysis. 

Fenton processes feature hydrogen peroxide decomposed at the surface of an iron 

catalyst, through the oxidation of Fe2+ to Fe3+ to form hydroxyl radicals,47, 63 while 

photo-Fenton processes improve the efficiency through the use of UV irradiation to 

couple photolysis with catalytic cleavage of the peroxide molecules, couple with the 

reduction of Fe3+ species back to Fe2+ to facilitate peroxide decomposition.64, 65 The 

iron complexes used in Fenton processes have two key drawbacks, the generation of 

hydroxyl radicals is most effective at acidic pH while wastewater treatment plants 

operate at higher pH, requiring pre-treatment of the influent, thus increasing running 
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costs. Furthermore, the rate at which the oxidised Fe3+ ions are reduced is 

significantly slower, resulting in the formation of an iron sludge that is non-catalytic 

and requires separate disposal.47 

Even with their specific drawbacks, AOPs show advantages over traditional 

wastewater treatment methods discussed previously, such as higher degradations 

and non-selectivity due to the hydroxyl radicals. AOPs have been employed for the 

degradation of antibiotics, such as amoxicillin,66 and pharmaceuticals including 

carbamazepine and diclofenac.67 Physical treatment steps such as adsorption to 

activated carbon are able to remove micropollutants but have no chemical effect on 

the structure, leading to the concentration of micropollutant that still needs to be 

treated. 68 

Furthermore, AOPs are hindered by more complex water matrices, with dissolved 

organic and inorganic species having multiple inhibitory effects, including acting as 

hydroxyl scavengers, competing with the targeted organic compound, increasing the 

light attenuation, and in the case of heterogenous systems, adsorption and other 

fouling effects. These inhibitory effects are highly variable and matrix dependant but, 

in all cases, reduce the efficiency and effectiveness of treatment.69, 70  

As such, further research into AOPs is required. 

1.3. Photocatalysis – Fundamental Principles 

Regarding the history of photocatalysis, one of the first reported papers on the 

phenomenon regarded the use of TiO2 powders for the bleaching of dyes under 

oxygen and vacuum conditions.71, 72  The discovery of the water splitting capability of 

TiO2 by Fujishima and Honda, wherein exposure to near UV light and a platinum black 

counter electrode could lead to the formation of gaseous oxygen and hydrogen at 

the titania and platinum electrodes respectively, and opened the possibility for the 

production of hydrogen gas as an alternative fuel source,73 lead to an increased 

interest for research in the area.74 Since then, photocatalysis has found use within a 

wide range of areas including water splitting,75 self-cleaning surfaces,76, 77 

disinfection,78-80 and chemical synthesis.81-84 
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In photocatalysts, the band gap corresponds to the energy of the incoming photon 

of light required to excite electrons from the valence to conduction band, forming an 

electron-hole (e-h+ pair) that are then responsible for the subsequent 

photochemistry, which will be discussed later.85 

When predicting and modelling the electronic structures of bulk materials such as 

semiconductors it is useful to apply Band Theory. This model considers the electronic 

structure of the bulk material to be derived from a linear combination of atomic 

orbitals (LCAO) of the individual atoms that make up the crystal. As the two atomic 

orbitals (AOs) combine they form two molecular orbitals (MOs), a lower energy, 

stabilised bonding orbital and a higher energy, destabilised antibonding orbital. 

Increasing the number of AO’s in the model to four means that we will form 4 MO’s, 

two bonding and two antibonding. Due to varying degrees of orbital overlap, when 

dealing with more than two AO’s and MO’s, the bonding (and antibonding) orbitals 

are of marginally different but quantised energies and this energy difference 

decreases as the number of molecular orbitals formed increases. When considering 

a bulk structure in semiconductors it is convention to consider an infinite number of 

atomic orbitals and as such there will be an infinite number of molecular orbitals 

formed each with an infinitely small energy gap between them. At this point the 

molecular orbitals are no longer considered to be quantised and are instead 

considered as two continuous bands of energy, with the bonding orbitals forming the 

valence band and the antibonding orbitals forming the conduction band. A simplified 

diagram of this is shown below in Figure 1.6 which shows the formation of energy 

bands within the bulk structure of a semiconductor using based on a 1 electron 

system. 
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Figure 1.6: A simplified diagram showing the formation of energy bands through combination of multiple atomic 
orbitals 

For more complex binary systems, with a focus on metal oxides, the inherent 

difference in energy levels between the metal orbitals and oxygen orbitals (although 

this is also true for other anions including nitrides and sulphides to varying extent) 

leads to an energy difference in the formed valence and conduction bands with this 

energy difference referred to as the band gap.  

The energy of the band gap determines the materials properties, in particular 

whether the material acts as a conductor, semiconductor or insulator as shown in 

Figure 1.7. If the energy difference between the valence and conduction bands is 

sufficiently large that promotion of an electron from the valence band to the 

conduction band cannot occur, thus preventing the movement of charge and flow of 

current, the material shows insulating properties. On the other hand, conductors 

have continuous energy bands allowing for movement of electrons, and therefore a 

flow of charge. 

Meanwhile, semiconductors have a sufficiently narrow band gap that a only a small 

addition of energy to the material is required to facilitate promotion of electrons 

from the filled valence band to the empty conduction band (1.5 - 3.5 eV). This means 

that the addition of thermal energy is often sufficient to allow a movement of 

electrons and a flow of charge, resulting in the temperature dependence of 

semiconductors and their use in electronic devices such as thermistors. 
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Figure 1.7: (Left) A diagram depicting the band structure of an insulator and a semiconductor material. (Right) A 
diagram showing the band structure of intrinsic and doped semiconductors and the differences between them. 

Adapted from reference  86 

Furthermore, semiconductors can be considered either to be intrinsic or extrinsic: 

Intrinsic, or i-type, semiconductors are formed of a pure, un-doped material, e.g. 

silicon,87 while extrinsic semiconductors are those that are made up of multiple 

elements, either as a binary (or higher order) material or one that contains dopants. 

The latter can be further categorised depending on the nature of the effect the 

incorporation of secondary elements has on the band structure, and whether the 

dopant atoms form acceptor or donor levels, as can be seen in Figure 1.7. 

Semiconductors made with dopants that are electron deficient relative to the host 

material are classified as p-type semiconductors.88 The electron deficiency of the 

dopant atoms (or the presence of holes) appears as electron acceptor levels below 

the conduction band. The presence of these acceptor states increases the mobility of 

the electrons within the valence band as they move up into the acceptor levels, 

leading to a flow of charge and leaving a partially filled valence band along with an e- 

h+ pair that can be used for photochemical or photocatalytic reactions.  

In the case of semiconductor materials where the dopant atoms are more electron-

rich than the host, these are referred to as n-type semiconductors and the increased 

electron density of the dopant atoms appear as electron donor levels above the 

valence band. Flow of charge occurs in this case as the electrons move from the 

donor level to the conduction band, once again forming an electron-hole pair.88 

In order to classify a semiconductor as a photocatalyst it must have two main 

properties: Firstly, the band gap of the semiconductor must correspond to the energy 

levels of photons found in solar rays, in particular visible and UV photons, to allow 
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for excitation of electrons from the valence band to the conduction band under 

irradiation. Secondly, the energy levels of the valence and conduction bands must lie 

either side of the redox potential of the desired redox products so as to enable the 

desired reactions to proceed.  

Considering the reduction of oxygen into superoxide radicals and the oxidation of 

water into hydroxyl radicals, as shown in Figure 1.8, the redox potentials of these 

reactions are -0.28 V Vs Standard Hydrogen Electrode (SHE) and +2.27 V Vs SHE 

respectively,89 which leads to an overall minimum band gap of 2.55 eV required to 

effectively promote this reaction.  

 

Figure 1.8: A diagram showing the formation of charge carriers and photocatalytic 

breakdown of pollutants with the potentials of redox processes that occur. Adapted from 

references 89, 90 

Photocatalysts exposed to a suitably high energy light source and an oxidant such as 

air or oxygen can cause organic pollutants to undergo breakdown. Absorption of 

photons of light with energy greater than the band gap of the material leads to the 

formation of an electron-hole pair in the conduction and valence bands, 

respectively.91 The positive hole formed in the valence band oxidises water to 

produce the hydroxyl radical (•OH) or oxidises organic pollutant adsorbed to the 

photocatalyst surface directly, and the electron in the conduction band reduces 
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oxygen molecules in the water, or is adsorbed on the surface of the material to form 

superoxide radicals that then undergo sequential reduction to water molecules.92 

This can be represented by the following reactions:93 

Activation of photocatalyst: 

Photocatalyst + hν (  ≥  g) → e- + h+  

e- + O2 → O2
-• 

Photo-oxidation reactions: 

h+ + pollutant → degradation products → H2O + CO2  

h+ + H2O → •OH + H+  

•OH + pollutant → degradation products → H2O + CO2  

Photo-reduction reactions: 

O2
-• → H2O2 → •OH → H2O 

Equation 1.2 Photo-redox reactions for the photocatalytic degradation of organic compounds. 

These advanced oxidation processes take place within the reactant solution but can 

be further classified depending on the state of the oxidant or catalyst relative to the 

reactants: 

Homogenous photocatalysis refers to systems where the reactant and catalyst or 

oxidant are in the same physical state and include systems that use dissolved 

hydrogen peroxide and its subsequent decomposition to form •OH radicals, that then 

go on to degrade pollutants as shown in equation 1.2 above.93 UV/Ozone systems 

are another alternative to facilitate homogenous photo degradation of pollutants as 

the dissolved ozone radicals decompose in water under UV irradiation to form the 

hydroxyl radicals required for the degradation.54 

Heterogeneous catalysis on the other hand is used to describe a system where the 

catalyst or oxidant are in a different physical state to the reactant, e.g. often a solid, 

supported catalyst or as a slurry. In these systems, oxidation can occur either directly, 

where the micropollutant adsorbs onto the surface of the catalyst and is oxidised by 

holes at the catalyst surface, or is oxidised indirectly, where the hydroxyl radicals 

react and lead to the decomposition, as discussed earlier. In systems using direct 

oxidation, the process of the reagent reaching the catalyst surface has to be taken 
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into consideration as the rate at which the reagents are brought into contact with 

the active surface can have an effect on the overall rate of the reaction.1 

Shown in Figure 1.9 are the steps involved in a reaction occurring at a catalyst 

surface: Step 1 involves the transport of a reagent molecule (either organic pollutant 

or water) to the catalyst surface; step 2 is the adsorption of the reagent to the 

surface; step 3 in is the photocatalytic reaction in which reagents, R, are converted 

to products, P; followed by desorption from the surface and transfer away from the 

surface and into the bulk, steps 4 and 5, respectively.94 

 

Figure 1.9: Schematic depicting the steps occurring during advanced oxidation processes at 

a catalyst surface. Adapted from reference  94 

Given this complex process the overall rate of a reaction is considered to be 

equivalent to the slowest step. When the rates at which reactants are brought to the 

surface and products are removed from the surface (steps 1 and 5) are fast in 

comparison to the reaction step, they are not considered to be rate limiting and as 

such are not considered when determining the reaction rate.94  

For a photocatalyst to be applied in water treatment, the material choice must fulfil 

certain specifications, such as being photocatalytically active, chemically and 

photochemically stable (resistant/immune to photocorrosion), insoluble in 

wastewater at a range of pH, non-toxic and economically viable.95 A range of 

materials have been used as photocatalysts, including ZnO, TiO2, SnO2, WO3, CdS, 

Fe3O4 and Cu2O,96, 97 as well as carbon based and metal-free photocatalysts including 

graphitic carbon nitride (g-C3N4).98-101  Tungsten oxide (WO3), tin oxide (SnO2) and 

copper oxide (Cu2O) are limited by their poor stability and high rates of electron-hole 



 Chapter 1: Literature Review 

 19 

pair recombination.102-104 CdS exhibits photocorrosion in water to Cd2+ and sulphate 

ions (SO4
2-),105 and the toxicity of Cd limits its use in water treatment         

applications.106, 107 Carbon-based photocatalysts are hindered by high production 

costs, limiting their wider adoption.108 Zinc oxide (ZnO) and titanium dioxide (TiO2) 

are the predominant materials used for photocatalysis at present, due to their 

relatively low cost, similar degradation mechanisms and capability for use as 

disinfectants, in addition to photocatalysts.97 ZnO and TiO2 are examples of large 

band gap semiconductors, with band gaps in excess of 3.0 eV, requiring illumination 

by U  irradiation (λ <400 nm) accounting for less than 5% of the solar spectrum as 

shown in Figure 1.10.109 

 

Figure 1.10: Solar spectrum showing UV, visible and infra-red regions. Adapted from reference 109 

As such, solar irradiation is not suitable for promotion of electrons to the conduction 

bands of the photocatalyst, meaning dedicated UV sources are required, increasing 

the cost of these systems.55 Doping of the catalyst surface is one potential method 

for reducing the band gap and increasing the range of wavelengths absorbed into the 

visible spectrum, as well as reducing the rate of electron-hole pair recombination. 

This will be discussed in greater depth in section 1.6. 

Photocatalysis is promising as a method of water treatment as it can mineralise 

organic pollutants, rather than transferring them to an alternate phase, e.g. activated 

carbon, which the requires further containment, treatment or disposal. Furthermore 
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photocatalysis does not require the addition of hazardous materials such as ozone or 

peroxide.110 To this end, pilot scale testing of photocatalysis for water treatment has 

been demonstrated effective  for the removal of pharmaceuticals from 

wastewater,111-113 the treatment of water from agricultural and concentrated animal 

feeding operations (CAFO),114-116 as well as treatment of wastewater from textile 

industries.117-119 However issues remain as UV/photocatalytic systems are more 

energy intensive than other AOPs,55 and while this may be abated by the use of more 

efficient UV LEDs, at present, more research is required into improving the efficiency 

of these systems.  

1.4. Photocatalytic Reactor Design 

While extensive research into photocatalyst materials has been conducted, less 

vigour has been applied to the study of photocatalytic reactor design, an equally 

important area of study. The design of the reactor will impact the efficiency and 

suitability for scaled up applications and therefore needs to be taken into 

consideration when creating a photocatalytic set up.  

While multiple reactor designs exist - a recent review discussed 28 different reactor 

designs120 - the current state of the art focusses on 4 different design types: slurry, 

immobilised, membrane and fluidised bed reactors,121 as shown in Figure 1.11, with 

foam based reactors, the focus of this work, emerging as a 5th main type.  
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Figure 1.11: Graphical summary of the 4 main photocatalytic reactor designs. Modified from reference 121.  

Slurry-type reactors are the most highly researched type of photocatalytic reactor 

used in a laboratory setting. These reactors use a suspension of photocatalyst 

particles, usually in the nanometre range, within the reaction solution allowing for 

utilisation of the photocatalysts’ high surface area to be in contact with the reaction 

solution,97, 122 thus providing (i) a larger area for the adsorption of reagents to the 

photocatalyst,123, 124 and therefore, potentially higher rates of degradation; and (ii) a 

larger surface area to receive photons to promote the formation of the electron hole 

pairs required for the reaction to proceed.125, 126 

The large contact area between the photocatalyst and the pollutant solution when 

suspended, assuming adequate mixing or agitation occurs, means that the distance 

between the catalyst and reactants (or products) is minimised and, as such, the 

diffusion to and from the catalyst surface increases. This leads to a decrease in the 

time required for reactants in the flow to diffuse to the catalyst, resulting in faster 

reaction kinetics. By increasing the rate at which the mass transfer occurs, such that 

it is occurring much quicker than the reactions at the surface, mass transfer steps are 

not considered to be rate limiting and therefore do not affect the overall rate of 

reaction,94  as was shown in Figure 1.9. 
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The main drawback of slurry systems is that they require downstream removal of the 

catalyst which will result in increased cost and complexity of the reactor system.127 

Considerations need also to be paid to the potential negative impacts of the release 

of nanoparticles into the environment. Similar to micropollutants, when released 

into the environment, nanoparticles are able to bioaccumulate within marine 

animals and eventually make their way into the anthroposphere, while also showing 

the potential to accumulate within plant cells as well as mammalian ones.128 

Furthermore, it has been shown that there is the potential for synergic interactions 

between catalyst nanoparticles and pollutants present in the environment, such that 

the toxicity of both compounds is amplified.128  Additionally, particular care needs to 

be taken regarding the concentration of the photocatalyst in the slurry as it has a 

negative impact on the light penetration into the slurry, and therefore on the 

photocatalytic activity.125 A recent study into the degradation of chlorpyrifos (CPS) 

and endosulfan (ES), found that in both cases a twofold increase in the concentration 

of TiO2 particles in the slurry led to a ten percent decrease in the rate constant of the 

degradation of both pesticides.129 Similar findings were also reported using slurries 

of nano-ZnO as a photocatalyst in the degradation of two more pesticides, parathion 

(PA) and methyl parathion (MP), reporting a decrease in the rate constant and the 

overall reaction rate in both cases over a range of concentrations.130   

Conversely to slurry reactors, immobilised (or fixed bed) photocatalyst reactors use 

photocatalysts that are fixed within the reactor and the reaction solution is flowed 

over, across or through the surface.131 One basic design involves the coating of the 

inner wall of the reactor with photocatalyst usually through repeated dip coating into 

suspensions of photocatalyst, followed by calcination, to form highly crystalline films 

and improve adherence to the support.132 Similarly, a fixed bed reactor using glass 

beads or rings that have been coated in photocatalyst has also been reported,125 with 

a schematic representation of these shown in Figure 1.12. Immobilised catalyst 

reactors have also made use of fibre optic cables,133, 134 and metallic meshes,135, 136 

as supports for photocatalysts. The material used as a support is required to be heat- 

and UV-resistant, while also resisting oxidative treatment and environments, in order 

to be suitable for catalyst immobilisation and operation, respectively.137 A range of 
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substrates have been used as supports, including glass,138-140 quartz,141, 142 carbon 

nanotubes, 143 and  concrete.144  

 

Figure 1.12: Schematic to show two methods of photocatalyst immobilisation in reactors. 

Adapted from reference  132 

The primary advantage of immobilised catalyst reactors over slurry reactors is the 

removal of the catalyst recovery step during the process, eliminating any downtime 

in the reaction process. In addition to this, supported photocatalysts on a support 

that is inherently a suitable adsorbent for reactants can improve the removal of 

organic matter from the flow, allowing for increased reaction rates as the reagent 

and catalyst are brought into contact with each other at a greater rate.127, 145 

A major drawback of immobilised catalysts is that these reactors suffer from a lower 

surface area in contact with the eluent stream which leads to lower rates of reaction 

and efficiencies.126 Another disadvantage of the immobilised catalyst is that of light 

scattering and absorption of radiation by external media: The photocatalyst must be 

irradiated before it is able to catalyse any reactions and immobilisation onto a 

support can prevent this, if the support is not entirely transparent to the light 

required to activate the photocatalyst, thereby reducing or blocking entirely the 

number of photons activating the catalyst.146, 147 This is also an issue for porous 

photocatalysts and those on porous supports, with the catalyst within the pores 

receiving less irradiation as the support or the photocatalyst itself on the outside of 

the pores will absorb the light and prevent it from reaching the catalyst.131, 146 
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Furthermore, over time the photocatalyst can become detached from the support 

and leach into the stream. The impact of this is that the catalyst is no longer acting 

as an immobilised entity and as such any reactor design around this may no longer 

be suitable: For example, if no downstream separation is in place, there is the risk 

that the photocatalyst will be lost or released into the wider environment, ending up 

with the same limits of slurry-based systems but not their advantages.148-150            

Another drawback of immobilised catalyst reactors is the distance between catalyst 

and pollutant, leading to long diffusion times resulting in low kinetics as the pollutant 

must first reach the surface of the photocatalyst before they are able to adsorb and 

then be degraded as shown in Figure 1.9. They must then desorb and travel away 

from the surface. It is the diffusion steps of this process that limit the reaction as 

compared to the transfer of electrons between the activated photocatalyst and the 

pollutant.94 This is most evident in the case of batch reactors where insufficient 

perturbation of the solution can lead to the formation of concentration gradients 

which can lead to mass transfer limitations.94, 151 On the other hand, when the 

photocatalytic reactors are run as flow reactors or with a recirculating system, it is 

possible to reduce the mass transfer limitations to negligible levels by ensuring that 

the flow is sufficiently turbulent, and the flow rate is sufficiently high.151, 152  

An area of interest is the combination of membrane separation with AOPs, 

particularly photocatalysis. These hybrid systems, known as photocatalytic 

membrane reactors (PMR), involve immobilising photocatalyst onto or within a 

porous membrane which influent is passed across,153 leading to the removal of 

pollutants and simultaneous separation of photocatalyst, eliminating the need for 

downstream removal. An alternative operating configuration is the use of a catalyst 

slurry with membrane separation as part of the reactor, rather than as part of 

downstream removal.154 These are shown in Figure 1.13. In addition to this, control 

over the pore size, and thus filtration type (micro-,155, 156 ultra-,157 or 

nanofiltration158), allows for greater control over the removal and quality of the 

permeate.1 
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Figure 1.13 Configurations of PMRs where the photocatalyst is a) suspended as a slurry, b) immobilised onto 
membrane. Adapted from reference  159 

As a hybrid technology, PMRs bring a range of advantages from the separate 

techniques that make them up, as well as potentially mitigating some of the 

drawbacks. One key advantage is the removal of any downstream removal 

requirements, similar to immobilised reactors. PMRs that use a photocatalyst slurry 

also benefit from the high surface areas of catalyst present that are associated with 

slurry reactors. Furthermore, traditional micro- and ultrafiltration membranes are 

unable to remove micropollutants and, as such, are restricted to use as a pre-

treatment for the removal of natural organic matter.160 Combining these membranes 

with photocatalytic material, allows the use of lower levels of filtration, compared 

with nanofiltration or reverse osmosis, which have significantly higher running 

costs.161 Additionally, the combination of photocatalyst with membranes leads to a 

reduction in the rate of membrane fouling, as the presence of photocatalyst leads to 

a breakdown of the foulant at the membrane surface.159, 162 

As a hybrid technology, PMRs are also hindered by the drawbacks of its constituent 

parts. As with all photocatalyst systems, loss of catalyst needs to be monitored as, 

after extensive use, PMRs can show loss of activity, either through material from the 

slurry passing through the membrane into the permeate or from loss of adherence 

from within the membrane.159 Secondly, while the presence of the photocatalyst may 

lead to the degradation of pollutants in the system, they are not 100% effective at 

reducing fouling and, in the case of slurry systems, can cause or even exacerbate 

fouling of the membrane as particles become caught in the pores of the membranes, 
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causing blockage.162 Furthermore, when immobilising photocatalyst onto a 

membrane, care needs to be given to the membrane material, due to the exposure 

to UV and oxidising species that will be present during operation. Polymeric 

membranes may be less suitable for use in these reactors due to the potential for 

damage to occur after exposure to UV and hydroxyl radicals.162 

A fourth type of reactor design – fluidised bed reactors involve the use of 

photocatalytic particles immobilised onto a solid support, which when fluid or air 

flow is applied, becomes suspended and thus acts like a slurry system.163 The inert 

supports used frequently tend to be beads of similar materials used for immobilised 

photoreactors, such as glass, due to the ease of adhering the photocatalyst.164, 165 

The advantages of fluidised bed reactors are the low pressure drop within the 

system, reducing any inhibitory effects on flow through the system which may impact 

diffusion times of pollutant and subsequently lower the kinetics of the system.110 

Additionally, owing to the upward stream required to “fluidise” the catalyst, these 

reactors are often operated as recirculatory or flow systems leading to higher 

throughput of the reactor.166 Additionally, the porous nature of the supports allows 

for large surface areas to be coated in catalyst and can lead to removal of pollutant 

via adsorption.167 The benefits of high surface area are further enhanced by the 

fluidisation of the reactor, leading to a “slurry like” system with the benefits of 

surface area of slurries discussed previously.    

Similar to slurry reactors, the disadvantages of fluidised bed reactors are the need 

for downstream removal of any support material and catalyst that may be lost during 

operation, as well as the potential for excess catalyst presence, leading to light 

attenuation and reduction in activity.164 

As mentioned briefly, foam-based photocatalysts show promise as a potential new 

reactor design. These systems make use of a highly porous, monolithic structure to 

provide high surface areas, similar to slurry systems while providing the stability of 

immobilised catalysts, thus removing the need for downstream removal. This foam 

structure tends to be produced in one of three ways: Use of a porous substrate, 

usually mechanically stable and non-photocatalyst, to which photocatalyst is 
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adhered. Use of a sacrificial porous structure which is coated in catalyst before being 

removed, to leave a porous structure of photocatalyst. Finally, foams produced 

without a substrate, through the use of liquid templating or sol-gel synthesis. These 

shall be discussed in greater depth later in Chapter 2 

Multiple comparisons between different reactor types have already been made 

discussing the photocatalytic efficiencies. One review compared the activity of TiO2 

as a slurry or immobilised as a film or fixed bed for the photocatalytic disinfection of 

E.Coli,132 within an annular reactor (Figure 1.14).  

 

Figure 1.14: Schematic representation of reactor used to study photocatalytic disinfection of E.Coli. Abstracted 
from reference 132 

It was found that while the supported TiO2 showed lower removal rates than an 

equivalent mass of slurry, they also showed less inhibition due to dissolved organic 

content, and thus showed comparable activity when applied with a more complex 

matrix. Additionally, it was shown that the immobilised catalyst was stable and able 

to be applied in continuous systems.  

A complementary study into the efficiency of TiO2 for the removal of the 

pharmaceutical clofibric acid,125 this time using an experimental set up with UV lamp 

positioned perpendicular to the reactor and photocatalyst.  Similarly, TiO2 was used 
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as a slurry and immobilised, this time onto the reactor window and glass beads 

(Figure 1.15).  

 

Figure 1.15: Schematic representation of the reactor configurations used for the degradation of clofibric acid. 
Abstracted from reference 125 

The results of this study found that the slurry system showed the highest kinetics and 

quantum efficiencies, although the slight decrease shown by the fixed bed set up 

relative to the slurry was deemed highly promising for applications, with the 

efficiency increased with thicker TiO2 films on the beads.  

Both studies showed an inherent drawback of slurry systems, the need for catalyst 

separation after degradation. In both studies, prior to analysis, the solutions were 

centrifuged and filtered through either a 0.02- or 0.22 µm filter, a process that is both 

time and cost intensive. 

Other reviews have shown a wide variance in types of photocatalytic reactor as well 

as the multiple operating parameters that can be assessed, including:120 

• Space-Time Yield (STY) which considers the processing volume of a reactor 

relative to the volume of the reservoir and how much pollutant can be 

processed from 100 mM to 0.1 mM.168 

• Electrical energy per Order (EEO) which considers the electrical energy 

required to reduce the concentration of a pollutant by an order of magnitude 

(90%) in 1 cubic metre of water. 169 

• Quantum Yield/Efficiency which considers the ratio of degradation of 

pollutant per photon absorbed by the system, often calculated using the ratio 

of the rate constant of the system and the photon flux.170 The usage of 

quantum efficiency is preferred over quantum yield as the former requires 

incident irradiation as opposed to attenuated irradiation, allowing for ease of 
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comparison between systems using different pollutants, while the latter 

requires information on the number of absorbed photons and often assumes 

negligible scattering, which is not applicable to heterogenous photocatalysis 

as solid particles (suspended or immobilised) will lead to photon scattering. 

171 

Reactor design is a key factor in photocatalytic efficiency and the optimisation of the 

reactor will lead to enhanced performance of the photocatalyst. As such, reactor 

design will be a key area of investigation in this thesis.  

1.5. ZnO 

ZnO is a highly researched material both within and without the field of 

photocatalysis,172 with its properties highly dependent on its structure, including 

morphology and crystal size.172 ZnO shows ideal properties for photocatalysis 

including a UV active and direct band gap of 3.2 eV,173 similar to TiO2 . In addition it 

is able to absorb a greater fraction of the solar spectrum than TiO2,
174, 175 between 

470 and 350 nm while TiO2 absorbs in the much narrower range of 420 to 400 nm.176 

ZnO also shows greater electron mobility,177 and longer electron lifetimes than TiO2 

photocatalysts.178 Additionally ZnO is a markedly cheaper a material, having 

production costs of around 25% of that of TiO2 when comparing the cost of 

production of metal oxide nanoparticles.179 

ZnO, like most other II-VI binary compounds, shows two main crystal phases, 

hexagonal closed packed wurtzite structure and a cubic close packed zinc blende 

structure. Both wurtzite and zinc blende crystal structures show AB stacking of 

alternating Zn 2+ and O 2- ions in a tetrahedral coordination as shown in Figure 1.16:  
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Figure 1.16: Crystal structures of a) rocksalt, b) zinc blende and c) wurtzite ZnO. Adapted 

from reference  179 

Wurtzite is the thermodynamically stable crystalline phase of zinc oxide with lattice 

parameters of a = b = 3.25 Å and c = 5.21 Å,180 while the zinc blende phase is 

metastable and requires growth on a cubic substrate to stabilise it and prevent the 

formation of the wurtzite phase.172, 181 A third, rock salt phase for zinc oxide has also 

been reported but requires very high pressures.182 

However, a key issue for ZnO and its use as a photocatalyst is that, like other II-VI 

semiconductors, it suffers from photocorrosion in aqueous solutions under UV 

irradiation.183 This is due to instability of the photogenerated holes at the surface of 

the ZnO interacting with surface oxygen atoms leading to the release of O2
 and the 

dissolution of Zn2+ as shown Equation 1.3.105 Additionally, the solubility of ZnO in 

water is high, 8.59 mg L-1 and is increased at acidic pH and when using nanomaterials 

compared to bulk ZnO.184   
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Reactions at the surface: 

𝑂𝑆𝑢𝑟𝑓𝑎𝑐𝑒 
2− + ℎ+  

𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
⇒       𝑂𝑆𝑢𝑟𝑓𝑎𝑐𝑒 

–   

𝑂𝑆𝑢𝑟𝑓𝑎𝑐𝑒 
− + 3𝑂2− +  3ℎ+  

𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
⇒       2(𝑂 − 𝑂2−)  

(𝑂 − 𝑂2−) +  2ℎ+  
𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛
⇒       𝑂2  

2𝑍𝑛2+  
𝐷𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
⇒         2𝑍𝑛(𝑎𝑞)

2+   

𝑂2 + 4𝑒
− + 2𝐻+  

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛
⇒        2𝑂𝐻−  

Overall reaction for the photocorrosion of ZnO  

2𝑍𝑛𝑂 + 4ℎ+
𝑃ℎ𝑜𝑡𝑜𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛
⇒            2𝑍𝑛2+ + 𝑂2  

Equation 1.3 Overall reactions for the photocorrosion of ZnO. 

Synthesis and photocatalysis 

Within the literature, ZnO shows a remarkably wide range of synthesis 

methodologies, such as chemical or vapour phase deposition (CVD/PVD),185 

hydrothermal processes, as well as electrochemical methods such as anodisation,186 

each with their own resultant morphologies and size ranges. Vapour deposition 

covers all methods where a solid material is deposited from the gas phase onto a 

surface and uses zinc or zinc salts as precursors, which react with oxygen or 

decompose to form ZnO.187  Hydrothermal synthesis involves the reaction of zinc 

salts (often acetates or nitrates) under elevated temperatures and pressures within 

an autoclave. The key experimental parameters for this synthesis are ratio of 

reagents,188 time of reaction, 189 pH of solution,189 and the presence of a templating 

agent such as CTAB.190, 191 Dip coating or spin coating the gels onto FTO glass is often 

used to form thin films of ZnO.192 Similarly to immobilised photocatalysts, these 

syntheses require suitable substrates for the deposition of ZnO, due to the need for 

the support to have high surface areas, strong immobilisation between support and 

ZnO as well as being resistant to oxidising environments.137 Suitable substrates that 

have been used include glass, quartz,193 and activated carbon.194  

The novel synthetic methodology for ZnO monoliths reported in this thesis is based 

on the sol-gel synthesis, a soft chemical approach that involves the formation of a sol 

and its subsequent gelation into a gel. A sol is defined as a suspension of colloidal 
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solids, either particles or polymers within a liquid, usually a solvent. Gelation occurs 

leading to the formation of a continuous solid phase within and around the liquid 

phase, leading to a 3D porous network.195 

Degradation of multiple pharmaceutical and pesticides, both groups of compounds 

commonly labelled as micropollutants, using ZnO slurries has also been reported: 

Progesterone, ibuprofen and naproxen were degraded under UV irradiation using a 

loading of ZnO of 0.50 g L-1 leading to calculated rate constants of 65.0 X 10-3 min-1 ,  

39.1 X 10-3 min-1  and 110.0 X 10-3 min-1 respectively,196 and common pesticide 

pentachlorophenol was degraded under natural solar light over ZnO nanoparticles 

with a loading of 1.00 g L-1 with a rate constant of 52.0 X 10-3 min-1.197 Porous ZnO 

nanostructures led to 70 % degredation of the dye Methyl Orange in 60 minutes with 

a rate constant of 18.9 X 10-3 min-1 under UV irradiation in a slurry reactor with a 

catalyst loading of 1.25 g L-1.198  

Immobilised photocatalysis utilising ZnO, often as films, have also been reported. 

Thin films of plasma sputtered ZnO have been shown to lead to the degradation of 

2-chlorophenol with rate constant of 16.6 X 10-3 min-1.199 Films of ZnO nanoplates, 

electrodeposited onto indium tin oxide (ITO) glass slides have been applied for the 

degradation of methyl orange with 80% removal in 60 minutes and a rate constant 

of 24.4 X 10-3 min-1. When the morphology of this material is altered to include a 

hierarchical structure of nanowires on nanoplates, the removal within 60 minutes 

increases to >95% with an increased rate constant of 65.3 X 10-3 min-1,200 highlighting 

the impact morphology has on the photocatalytic ability of ZnO. Of note is the 

disparity between compounds used to assess the photocatalytic ability of materials. 

This, and the issues associated with it are addressed later in chapter 2. 

1.6. Bandgap Engineering of ZnO 

As discussed previously, ZnO is a wide band gap material that is hindered by 

photocorrosion, limiting its potential use in water treatment. While the latter alone 

can be abated through the use of operating reactors under oxygen rich 

environments,201 band gap engineering shows promise as a solution for both issues 
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simultaneously. Engineering the band gap and tuning the properties tends to be done 

via introduction of defects,202  coupling of co-catalysts or doping.  

Defect engineering involves the use of interstitial atoms and atomic vacancies and 

are responsible for the electrical conductivity intrinsic to oxide materials.203 Much 

like a dopant atom, these defects lead to the formation of energy bands between the 

valence and conduction bands as shown in Figure 1.17, reducing the energy required 

to promote electrons from the valence band to the conduction band. For example, it 

has been shown that in undoped ZnO films on a Si substrate the presence of anti-site 

oxygen atoms (oxygen substituting zinc in the crystal lattice) lead to green emission 

in the photoluminescence spectrum.204 

 

Figure 1.17: Energy levels of defects within ZnO. V denotes a vacancy while I denotes interstitial atoms. OZn 
shows the energy level of an antisite oxygen atom. Abstracted from ref 204. 

Coupled, or composite semiconductor systems use two semiconductor materials 

with different band gaps in a single photocatalytic system, typically one with a large 

band gap coupled to another with a smaller one with a higher energy conduction 

band.205 Thus, when the system is irradiated, electrons are transferred from the 

conduction band of the smaller band gap photocatalyst into that of the larger band 

gap catalyst, facilitating charge transfer separation. Alternatively, as shown in Figure 

1.18, if the irradiation is of sufficient energy to activate both photocatalysts, 

electrons from the conduction band of the larger band gap catalyst can transfer to 

the valence band of the smaller where they combine with the holes present there, 

while the electron and hole that remain on either catalyst are significantly separated, 

leading to longer charge species lifetimes.206 
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Figure 1.18: Schematic of band structure and charge separation of a ZnO/CdS coupled photocatalyst system. 
Adapted from ref 206 

Doping is another modification of photocatalysts that enhance the photocatalytic 

activity through the addition of a foreign element into the bulk crystal structure of a 

photocatalyst either partially or entirely replacing one of the elements in the original 

structure.  Both metals and non-metals can be doped into a semiconductor and each 

type will have a unique impact on the lattice structure of the photocatalyst.205  

Dopants increase the photocatalytic activity by reducing the band gap to allow for 

visible light utilisation as well as altering the band gap structure to reduce 

recombination of electron-hole pairs, thus increasing the lifetime of the charged 

species required for photocatalysis.207 Similar to structure defects, dopant atoms can 

occupy a number of sites within the lattice, such as interstitial atoms where the 

dopant occupies space within the crystal lattice, or substituted atoms, where the 

dopant replaces an atom within the structure, with cationic dopants such as Cu2+,208 

replacing metal atoms, and anionic dopants such as N3-,209 or S2-,210 replacing oxygen 

atoms within metal oxide structures as seen in Figure 1.19.    
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Figure 1.19: Depiction of S-doping of ZnO. A) shows oxygen substituted with sulphur while b) show interstitial 
sulphur and oxygen atoms. Abstracted from ref 210 

Use of metal substitutes of the same valency as the host metal leads to shrinkage of 

the band gap, due to a lowering of conduction band energy, while lower valency 

metals lead to an increase, however this has also been shown to lead to oxygen 

vacancies which lead to a smaller band gap.211 As shown in Figure 1.20 metal dopants 

lower the band gap through the formation of acceptor and donor levels between the 

conduction and valence bands, non-metal doping leads to hybridisation of the 

dopant orbitals with the 2pZn and 2pO orbitals leads to the formation of a new valence 

band, of higher energy, thus lowering the band gap.212 

 

Figure 1.20: Schematic representation of doped ZnO energy levels using metal and non-metal dopants. Adapted 
from ref 90 
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As an n-type semiconductor, ZnO shows great promise as a host for dopant atoms 

with a range of dopants reported in the literature, both metal and non-metal 

including N,213 C,214 and S,215 as well as Cu,216 Co,217 Fe,218 in addition to precious 

metals such as Ag.219  

As a non-metal dopant, nitrogen sees widespread use as a dopant in metal oxides 

due to the similarity between its atomic radii and that of oxygen and is able to form 

stable centres in the octahedral holes of the wurtzite lattice.220 The similar lattice size 

and valences also make 3d transition metals such as Mn, Fe, Co, Ni and Cu attractive 

dopants for ZnO.221  

The wide range of potential dopants for ZnO allows for an equally wide range of 

synthetic methods to produce doped ZnO. N-doped ZnO has been produced via 

solvothermal treatment of ZnO powders with HNO3 leading to a 10 fold increase in 

the degradation of Rhodamine 6G dye under visible light irradiation.222 Post-

synthesis N-doping of ZnO is also possible. Flowing nitrogen gas at high temperature 

over sol-gel synthesised ZnO was shown to allow for increased photocatalytic 

degradation of methylene blue dye under visible light compared to pristine ZnO.223     

Transition metal doping of ZnO is frequently achieved through solvothermal or sol 

gel methods. The former was used to produce ZnO doped with 3 mol% of either Mn, 

Fe, Co, Ni or Cu, all of which showed smaller band gap and superior degradation of 

methylene blue than undoped material.221 The latter has been used to produce ZnO 

nanoparticles doped with Mn or Co of dopant concentrations between 1-5% and 

reported Co replacing Zn atoms in the lattice with Mn decorating the surface of the 

lattice. Conversely, in both cases the degradation of rhodamine B was reduced when 

compared to undoped ZnO at all concentrations of dopant with the Mn leading to 

the lower reduction in activity.224  

This highlights the need for further study into the efficacy of transition metal doping 

of ZnO as it shows promise for improving the photocatalytic properties of the 

material, such that it may see wider application as a potential method for water 

treatment. 
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1.7. Summary of Literature and Thesis Aims.  
This chapter has introduced photocatalysis and the potential for its use in 

wastewater treatment. The first section discussed an overview of wastewater 

treatment and the inability of these processes to remove micropollutants, with 

advanced oxidation processes being discussed as a potential solution. The next 

section discussed photocatalysis, its fundamental principles as well as design of 

photocatalytic reactors, including the advantages and disadvantages of each type. 

ZnO, the photocatalyst studied within this thesis, was also discussed, as well as the 

synthetic methods used to produce it. Finally, band gap engineering of ZnO was 

discussed as a closing section, focusing on potential methods for overcoming the 

drawbacks of ZnO while highlighting disparity between the efficacy of doping ZnO 

nanoparticles.  

This chapter has highlighted some questions and areas of novel research which are 

addressed in this thesis: 

• The vast majority of photocatalytic degradations involve the use of either 

slurry systems or immobilised catalysts. Slurries require downstream 

removal while immobilised systems have lower surface areas. The use of a 

3D porous structure could be an effective alternative. The majority of 

publications on foam reactors utilise nanoparticles immobilised on a support 

material, thereby not addressing the possible loss of catalyst into the effluent 

stream and, if applied as a potential wastewater treatment method, 

requiring monitoring and downstream removal as for slurries. The design of 

a foam formed entirely of photocatalyst without the support material could 

potentially be beneficial as it could sidestep these issues. 

• ZnO doping has been previously discussed, but the literature has focused on 

films and nanoparticles, and also fails to reach a consensus on the suitability 

of transition metals as dopants. Further investigation into this, along with 

study of doped foam materials would provide greater understanding into this 

area. Furthermore, the doping of ZnO could potentially be utilised to improve 

the stability towards photocorrosion that has hindered the use of ZnO. While 

papers discuss the decrease in band gap and changes in catalytic activity, 
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they do not discuss the implications of increased photostability, as 

potentially an unreported benefit of doping.  

• Comparison between photocatalyst systems remains difficult, due to the 

range of parameters involved, all of which impact the efficiency and activity 

of the system. While comparisons can be drawn between systems utilising 

identical conditions such as target pollutant, the literature is far from 

homogenous in this respect, making comparison difficult. As such, many 

arguments are resolved using the kinetic constant of the system, although 

this is an imperfect solution. 

The aim of this thesis was to answer these questions and address gaps in the 

literature by providing a deeper understanding of porous photocatalytic 

materials, their applications in water treatment as well as seeking to provide a 

sound methodology for the normalisation of reported values in literature to 

allow for more accurate comparison between currently disparate systems.  
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Abstract  
Photocatalysis has proven to be highly effective for the removal of recalcitrant 

organic micropollutants at the lab scale. However, drawbacks such as the need for 

downstream removal of nanoparticle slurries and low surface areas of immobilised 

catalyst have, so far, hindered large-scale application. Photocatalytic foams have the 

potential to address these issues and advance the field towards large scale 

deployment. This review offers the first comprehensive overview of the state-of-the-

art in this growing research field while simultaneously addressing two key issues 

which are slowing down further progress: The lack of classification nomenclature for 

foams, particularly regarding pore size and production method, and the use of 

kinetics as the defining feature of a photocatalyst, when alternate figures of merit, 

such electrical and quantum efficiencies, may be more appropriate. These were 

particular evident from a semi-quantitative comparison of the literature reported 

here, which highlighted the need for standardisation of experimental methods within 

the field. Finally future perspectives and best practices are discussed and 

recommended.  
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Photocatalytic Foams For Water Treatment: A Systematic 

Review And Meta-Analysis 

2.1. General overview 

Photocatalysis has been extensively investigated for the degradation and 

mineralisation of organic micropollutants in water 1, 2. The effectiveness of 

photocatalysts results from a complex combination of materials properties, e.g. 

charge carrier separation and the formation of oxidative species 3, and process 

parameters, e.g. light irradiation and mass transfer resistances 4. Despite the 

promise, the industrial deployment of photocatalytic systems has been, so far, 

limited 5. Nanoparticle slurries, also known as first generation photocatalysts (Figure 

2.1), show great photocatalytic efficiency given the high surface area in direct contact 

with water and irradiation 6. However, evidence that nanoparticle release into water 

bodies increases the risk of exposure to humans, animals and plants 7, and that 

nanoparticles can leach from wastewater treatment plants 8, limits their use in wide 

spread treatment applications at larger scales due to requiring costly removal steps 

to prevent loss to the environment 9. Immobilised, or second-generation, catalysts 

were developed to address the removal problem, but suffer from low efficiency due 

their lower photocatalytic active surface area 10, 11. Macroporous materials, 

commonly referred as foams, have been developed as an attempt to address the 

limitations of the previous two generations of photocatalysts 5, 12.  

 

Figure 2.1: First, second and third generations of photocatalysts. 
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Photocatalytic foams offer great potential in terms of efficiency, activity and, 

crucially, in scalability. Materials with two distinct levels of porosity, macroporous 

and microporous, can efficiently convert irradiated light into oxidative species to 

promote the degradation of micropollutants with significant advantage over flat 

substrates given higher surface area. The porosity, pore size and shape will also 

impact the transport of molecules inside the foams as the hierarchical pore structure 

leads to a tortuous flow 13.  

 While these foams have been produced in a wide range of forms and shapes, 

using a range of diverse approaches, they are not without drawbacks, in some 

instances not providing meaningful advantages over slurries and immobilised 

photocatalyst. Although superior photocatalytic performance is reported for foams 

relative to the equivalent slurries 13, 14, including the removal of organic pollutants 

and mineralisation 15, 16, most reports refer to nanoparticles grafted onto commercial 

foams. Despite reports of good adherence and stability of the coatings, the potential 

leak of nanoparticles into the environment remains an issue, limiting their practical 

use. The use of foams has also generated novel fundamental questions, e.g. about 

the different relevance of total and illuminated (or active) surface areas in 

microporous objects as opposed to nanoparticle slurries, or the need to revisit IUPAC 

nomenclature for porosity to include large porous objects 17. 

Photocatalytic foams are a growing area of fundamental and applied research, and 

this review is the first to systematically analyse the field, not just discussing the state-

of-the-art, but also attempting to provide a novel classification based on key 

characteristics of their structure, how foams are synthesised and their photocatalytic 

application and providing recommendations on how to further advance this area of 

research. In this review, foams are divided into three main categories according to 

the synthesis approach used, as summarized schematically in Figure 2.2. Supported 

foams refer to nanoparticles, mostly TiO2, ZnO and CuO, immobilised onto a 3D 

macroporous structure. Substrate-removed foams refer to those where the foam is 

used as a sacrificial template to obtain carbon-based 3D structures. Substrate-free 

foams refer to those produced via direct foaming of particle suspensions with 

subsequent calcination or sintering. 
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Figure 2.2: Structure of photocatalytic foams for water/wastewater treatment. 

2.2. Methods to produce inorganic foams: general aspects 
The synthesis of a solid inorganic foam was first reported in 1965 18. Since then, 

macroporous inorganic foams of controlled porosity have been produced using a 

wide range of methods, such as replica, sacrificial template, or direct foaming with 

average pore sizes ranging from 1 to 1000 µm 19. The first report on the use of foams 

for photocatalytic applications dates to 2004 20. 

The replica technique is based on the impregnation of a suspension or precursor 

solution onto a cellular structure to produce a macroporous material presenting the 

same morphology as the original porous structure 19. In contrast to the replica 

technique, the sacrificial template method involves the preparation of a biphasic 

composite composed of a homogeneously dispersed sacrificial phase in a continuous 

phase of precursors or particles which forms a negative porous microstructure after 

template removal 21. The direct foaming technique is based on the incorporation of 

air into a suspension or liquid phase with subsequent set and drying to maintain the 

air bubbles within the structure. The material is usually sintered to improve strength 

of the final porous material 22. Porosity and pore size are determined by the template 

and sintering conditions in the replica and sacrificial template methods. The porous 

object is the negative replica of the original sacrificial template while the replica 

techniques produces a positive porous structure 19. The replica method and direct 

foaming either with surfactants or particles forms objects with higher average 

porosity (ranging from 40 to 95%), while the sacrificial template method results in 
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objects with a lower average porosity with reported porosities over a much wider 

range (2-90%) 19. The overall porosity is relative to the amount of gas incorporated 

into the suspension while the stability of the liquid template before setting 

determines the pore size 19. Other methods to fabricate inorganic foams such as 

liquid templating 23 24, 25, cast moulding and freeze drying 14, microfluidic 24 and 3D 

printing 26 were also reported either in combination or alone. With understanding 

and control of the synthesis of foams, particularly replica/template structure, volume 

and rate of gas incorporation and surfactant concentration 27, properties as porosity, 

pore size morphology and distribution can be fine-tuned 24, 25.  

 

Figure 2.3: Possible processing routes for macroporous foams (a) replica, (b) sacrificial template and (c) direct 
foaming (adapted from reference 19). 

Commercial foam supports can be divided into four main groups as metallic (such as 

Ni, Cu and stainless steel), metal oxide (such as Al2O3), semiconductor (such as SiC) 

28-32 and polymeric (such as polyurethane-PU) 33, 34. Metallic and polymeric foam 

supports were used as sacrificial templates to produce carbon-based foams mainly 

composed of graphene 35 and reduced graphene oxide. 36 A few reports include other 

supports such as glass 37 and porcelain clay foams 38. Immobilisation of nanoparticles 

onto foam supports has been the most common strategy to produce photocatalytic 

foams. Typical immobilisation techniques include dip coating 3, 39 and impregnation. 

40, 41  
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2.3. Key definitions 
As often happens in a rapidly developing field, the existing literature uses a very wide 

range of different, often contradicting, language to describe how foams have been 

produced, what a foam is and how they perform as photocatalyst. This hinders 

comparison of results and, ultimately, further progress in the area. This review 

provides the first attempt to provide a comprehensive framework to define, 

characterise and assess the performance of photocatalytic foams. 

2.3.1. Definition of foams and porosity 
Within the literature, a wide variety of material structures have been referred to as 

“foams”, from natural sponge-type structures to highly porous powder samples 42, 43. 

For this review, to discuss different types of foams and to systematise the available 

literature, a foam is defined as “a macroscopic object that is highly porous, with 

porosity in excess of 80%, and free standing”.  From this definition, the authors 

further suggest classifying foams into three distinct categories according to their 

macroscopic structure (Figure 2.4).  

(A) Foam substrates – systems where the porous structure is both extrinsic to the 

photocatalyst, and present in the system. These include reticulated foams of ceramic 

or metal materials, to which catalyst is added, leading to supported catalyst on the 

foam material. These systems benefit from the mechanical stability of the support 

material. However, a key drawback of these systems is the presence of adhered 

particulate at the support surface. The weak particle-support interaction may lead to 

catalyst leaching, impacting both the activity of the system and posing potential 

toxicological and environmental concerns due to catalyst loss, requiring downstream 

removal to prevent this.  

(B) Foams formed via substrate removal – Systems where the porous structure is 

extrinsic to the photocatalytic material, but the support providing the structure is not 

present in the system. These include photocatalyst foams formed via a templating 

methodology onto a polymer foam, which is then pyrolised to leave only a porous 

inorganic photocatalyst, or systems grown on a metallic foam which is then etched. 

These systems often make use of graphene, graphene oxide or reduced graphene 

oxide and benefit from the high electron mobility provided by these materials. 
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Similar to substrate-supported foam catalysts, the presence of particles at the foam 

surface gives rise to the potential for leaching.  

(C) Substrate-free foams – systems with intrinsic porosity to the photocatalyst, and 

no support is present at any point in the system. These include foams produced via 

liquid templating or sol gel reactions. A key benefit of these systems is the lack of 

particle-support interactions, lowering the risk of photocatalyst loss and the need for 

downstream removal to prevent this. The drawback of these systems is that, as the 

complete structure is made of the photocatalyst materials and therefore these foams 

may lack the relative mechanical stability that is present when using a substrate foam 

as a support for photocatalyst, specifically for the mechanical stability. Furthermore, 

particularly in the case of ZnO foams, these systems are vulnerable to photocorrosion 

and methods of mitigation need to be considered in the design of reactors 

incorporating these foams 44.  

 

 
Figure 2.4: Schematic representation of photocatalytic foams: (a) foams with substrates produced via catalyst 
immobilisation (b) foams formed via substrate removal and (c) substrate-free foams formed via direct foaming. 

2.3.2. Classification of pore size for foams – expanding upon IUPAC 
Historically, the classification of pore size and pore size distribution has followed 

definitions set out by IUPAC 17: Micropore – to describe a pore width below 2 nm, 

mesopore - to describe pore widths of between 2 and 50 nm, and macropore - to 

describe pores with a width greater than 50 nm.  
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However, this system is not without faults, especially when applied to materials at 

the macroscale, including ceramic foams. Firstly, the IUPAC classification is based on 

the process of physisorption, which is affected by a wide range of factors including: 

pore shape, properties of the adsorptive and interactions between the adsorbate – 

adsorbent 45. As a result, a distinction needs to be drawn between the porosity of the 

catalyst material and that of the substrate, particularly when applied to foams for 

photocatalysis. Both porosity of the catalyst and the substrate have different effects, 

and can impact catalytic activity differently, with the latter being of greater 

importance. Material pore size, frequently derived from Brunauer-Emmett-Teller 

(BET) theory, when applied to photocatalysts, has the greatest impact on the surface 

area of the material, with smaller pores in the material surface providing higher 

surface areas for, during BET, nitrogen to adsorb and during photocatalysis, reactions 

to occur at. It is well reported that, particularly for slurry and immobilised systems, 

these larger surface areas provide an increase in photocatalytic activity that 46, 47. 

Conversely, the porosity and pore size of the foam support impact the 

hydrodynamics of the eluent flow through the structure, including generating a 

pressure and inducing turbulence in the flow 48-50. Furthermore, the pore size has a 

range of impacts on the photocatalytic activity of the reactor system, with no 

consensus yet as to which provides the greatest benefit. Larger pore sizes offer less 

resistance to flow of solutions and potentially allow for greater light penetration 51-

53, while smaller pores provide higher surface areas for reactions to occur at, as well 

as reducing the diffusion times between surface and bulk pollutants leading to 

greater kinetics 54, 55.  

As such, it is proposed that this classification be expanded to include characterisation 

of the pore size of objects as well as the material’s properties to allow for discussions 

around optimal pore size of foams to occur with greater ease and frequency.  

Like the traditional IUPAC method, the authors propose a three-category system for 

the classification of foam pore size (Figure 2.5).  
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Figure 2.5: Proposed pore size characterisation scheme for foams and porous ceramics. Figure adapted from ref 
56. 

Foams with the average macropore size of less than 100 µm fall into the category of 

mini-porous foams, containing the smallest pore sizes but allowing for 

characterisation when these structures are expanded to macroscale objects. Most 

foams discussed in this review fall into the next category of midi-porous foams, foams 

with an average macropore size of between 100 µm and 1 mm. Finally, foams with 

pore sizes beyond 1 mm are categorised as maxi-porous structures.  

This expansion of the classification allows for greater clarity and scope of research in 

both porous materials and objects (Table 2.1). 

Table 2.1: Classification of foams according to the 3D macroscopic structure (foam pore size) and material 
microporosity (material pore size). 

IUPAC Classification (Material pore size) Expanded Classification (Foam pore size) 

Microporous (≤2 nm) Miniporous (≤100 µm) 

Mesoporous (2-50 nm) Midiporous (100 µm – 1 mm) 

Macroporous (≥50 nm) Maxiporous (≥1 mm) 
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Most of the literature on foams as photocatalysts reports either the porosity of the 

substrate material, here referred as the macroporous 3D structure, or the porosity 

of deposited photocatalytic nanoparticles, here referred as microporosity. As both 

levels of porosity are intrinsically correlated to the photocatalytic activity of the 

overall foam structure, reporting both levels allow for better understanding of 

properties and comparisons. Therefore, the authors propose reporting catalyst 

material properties, followed by support properties, for example mesoporous TiO2 

nanopowders supported on a midiporous SiC foam. 

2.3.3. Methodology  
To facilitate a systematic review, data was collected in the following way: Concurrent 

data searches were performed via  copus using search terms “foam AND water 

treatment AND photocataly-” and “reticulated AND water treatment AND 

photocataly-” to provide an initial pool of data. From this pool, entries which were 

duplicates, irrelevant, e.g. those using “foam” to describe a porous powder as 

discussed earlier, and showing no photocatalytic application or applied to gas phase 

photocatalysis, were removed. From this dataset, entries were assessed and those 

that did not report the EEO or quantum efficiency or the parameters required to 

calculate them were excluded. This process was reiterated quarterly over the course 

of 18 months to ensure the data was up to date. After this process, out of the 81 

initial entries, 32 publications were analysed with a total number of 43 data points, 

accounting for publications testing multiple pollutants.  

Given the wide range of data, spanning orders of magnitude, logarithmic scales were 

applied on all figures to allow visualisation of the complete dataset. To compare and 

assess performances of the catalytic systems, figures are separated into quartiles, to 

statistically relate the performance of a particular system, within the wider dataset.    

 

Owing to the complex nature of photocatalytic reactions, compounded by the variety 

of reactor set ups (e.g. batch, recirculating, continuous) and process parameters (e.g. 

light source, light intensity, reservoir volume, pollutant, concentration, etc.), 

adopting an integrated analytical framework is made difficult as each of these factors 

impacts the effectiveness and efficiency of the overall system.  
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Of particular difficulty is comparing systems using degradation kinetics alone, the 

most frequently used metric to assess the suitability of a photocatalyst. First, many 

researchers continue to use dyes for degradation studies, despite well-known 

limitations of this approach 57, and several key articles and editorials in the literature 

stating that  the degradation rate and kinetics of dyes systems are not truly indicative 

of the activity of photocatalysts 58. 

This issue becomes significant, as research moves towards using more suitable target 

pollutants, including probe or model compounds that are more resistant toward 

direct photolysis, with these systems showing slower kinetics due to the absence of 

secondary degradations 14. As such, a system assessed using a more photo-resistant 

pollutant, probe or model compound may exhibit much lower kinetics than if a dye 

was used, skewing the impact of research towards those that use dyes for the 

resulting higher kinetics, even though these may not be truly indicative of the actual 

performance of the system.  

An approximate comparative approach is used here, using the terminology defined 

in the IUPAC glossary 59, allowing for a rough comparison between different systems. 

For different compounds used across different studies, normalised kinetics kε, 

wherein the kinetic rate constant min-1 has been normalised by the molar absorption 

coefficient (MAC) of the compound, M-1 cm-1 were determined. This allowed 

accounting for the absorption and attenuation of light, thus enabling comparison 

between dyes, which have high MAC values, and other pollutants which have lower 

values.  

The authors recognise the limitations of this approach, but adopted it as the only way 

to provide a semi-quantitative comparison of the literature, with its wide range of 

pollutants, photocatalysts, reactor configuration, light sources, etc. It also further 

highlights the need for standardization in how experiments are conducted, and data 

reported, which is one of the key aims of this review. 
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2.3.4. Figures of merit in photocatalysis 
In terms of the energy efficiency of the system, this review makes use of the Electrical 

energy per order (EEO), defined as the kilowatt hours of electrical energy needed to 

decrease the concentration of pollutants by an order of magnitude (90%) in one cubic 

metre of solution 60, and assessed using the following equations for batch and flow 

systems, respectively:  

 

𝐸𝐸𝑂 =  
𝑃 ∗ 𝑡 ∗ 1000

(𝑉)(𝑙𝑜𝑔
𝐶0
𝐶𝑡
⁄ )

  

𝐸𝐸𝑂 =  
𝑃

(𝐹)(𝑙𝑜𝑔
𝐶0
𝐶𝑡
⁄ )

  

Equation42.1: Electrical energy per order of 1) batch and 2) flow reactors 

Where P is the total power output of the light source in kW, t is the irradiation time 

in hours, V is volume in L, F is flow rate in m3 hr-1 and C0 and Ct are initial and final 

concentrations, respectively.   

EEO allows for an analysis of the energy consumption of a reactor system, as well as 

allowing for assessment of scale up potential. 1/EEO is reported herein, for ease of 

understanding. The more energy efficient systems will thus have a higher 1/EEO value. 

The quantum efficiency allows for an assessment of the photon efficiency, assessing 

the number of pollutant molecules undergoing degradation relative to the number 

of photons reaching the catalyst surface 61. Based on the definitions contained in the 

IUPAC glossary, the following equations are proposed to calculate the quantum 

efficiency of photocatalytic foams:  

𝑘′ = (𝑘)(𝐶0)(𝑉𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑)  (𝑚𝑜𝑙 𝑠
−1)  

𝑁𝑃 = 
𝐼0𝜆∗𝑆∗𝑡

𝐸𝑃
 (−)  

𝑞𝑛,𝑝 = (
𝑁𝑃
𝑡
)
1

𝑁𝐴
 (𝑚𝑜𝑙 𝑠−1)  

𝑄𝐸 = 
𝑘′

𝑞𝑛,𝑝
 (−)  

Equation52.2: Quantum efficiency of photocatalysts 
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where, k’ is the rate of pollutant degradation (mol s-1), k is the kinetic constant (s-1), 

Co is the initial pollutant concentration (mol L-1), VIlluminated is the total volume of 

pollutant irradiated. 

The number of photons can be calculated using Equation 2.2, where 𝐼0𝜆is the incident 

irradiance of the light source (W m-2), 𝑆 is the surface of the sample onto which the 

light impinges (m2) and 𝑡 is the time under irradiation. 𝐸𝑝 = 
ℎ∗𝑐

𝜆
 (𝐽) is the photon 

energy at the wavelength emitted by the lamps, where h is Planck’s constant, c is the 

speed of light and λ is the wavelength of light (m) from the lamps. The photon flux is 

the numbers of photons during irradiation of a mol of photons, where 𝑁𝐴 is 

Avogadro’s number (equation 2.2). Finally, the quantum efficiency is calculated using 

equation 2.2. 

2.4. Photocatalytic activity for different foam structures  
The wide range of materials, supports, reactor design and testing conditions reported 

in the literature for photocatalytic foams makes a direct comparison between 

different results challenging. An extensive survey of the literature, reported in Tables 

S2.1-S2.3 in Appendix 1, is discussed below, and based on the kinetics of the system, 

the electrical energy per order and quantum efficiencies, broken down by type of 

foam and substrate material, highlighting the advantages and disadvantages of each 

system. Examples of each type of foam, along with synthetic methods, advantages, 

and disadvantages of each can be found in sections 2.4.2 – 2.4.4.  

2.4.1. Performance comparison 
Figure 2.6 shows a breakdown of the data compiled in this meta-analysis, highlighting the 

disparity between the kinetic constant of a photocatalytic system, and its suitability 

for large scale adoption, shown here by the inverse electrical energy per order (1/EEO) 

and quantum efficiency. With one exception 30, photocatalytic systems that show 

very high kinetics (above the 75th percentile), show neither 1/EEO nor quantum 

efficiency values above the 75th percentile. Even when considering data points above 

the 50th percentile, only a very small proportion of reported systems show equally 

high values of kε and either 1/EEO or quantum efficiency. 
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Figure 2.6: Plots of left) 1/EEO and right) Photocatalyst quantum efficiency, against normalised kinetics, kε, for 
foam based photocatalytic systems showing a breakdown by: (a,b type of foam and (c,d) photocatalyst material. 
Lines I, ii and iii represent the 25th, 50th and 75th percentile respectively. The legend in graphs a and c, also 
apply to graphs b and d, respectively. 

Due to the initial research in the field being based on substrate supported foams, it 

is unsurprising that most of the data reported is based on these foams, and as such, 

these reports show the widest ranges, with data points falling in all four quartiles for 

all parameters. While these supported foams show high kinetics, when evaluating for 

both 1/EEO and quantum efficiency, both parameters had ~50% of the data points 

falling below the 50th percentile. This means, while the 3D structure of foams has 

been shown to be beneficial for photocatalysis due to the higher surface areas and 

surface area to volume ratios, this is countered by the fact that the supports are inert, 

i.e. non-photocatalytic, thereby limiting the effective use of the incoming light from 

the irradiation source, resulting in lower quantum efficiencies 62.   

Figure 2.6 shows that the substrate-free foams have some of the highest values for 

kε, 1/EEO and quantum efficiency. These can be attributed to multiple factors: The 

substrate removed foams show very high porosities (>90%), and particularly open 
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porosity, resulting in high surface areas that can be reached by both pollutant and 

photons, providing area for degradation reactions to occur at. This allows for greater 

utilisation of light, increased electrical efficiency and thus better performance.  

 

Discussion on the impact of substrate removed foams is partially hindered by the low 

number of data points. Note, that the data available comes from systems involving 

reduced graphene oxide (rGO) within the foam. rGO is not inherently photocatalytic, 

but finds use within photocatalytic systems due to its excellent charge transfer 

properties resulting in longer electron/hole pair lifetimes 63, 64. This means that its 

inclusion likely leads to increased quantum efficiency of the system for a wide range 

of photocatalyst materials 65.  

 

The impact of photocatalyst material on figures of merit is of particular interest. 

Considering quantum efficiency of the photocatalytic systems, foams with highest 

quantum efficiency are those made of ZnO or Zn based photocatalysts, with one 

exception. Foams made of TiO2 show low quantum efficiency irrespective of foam 

type. This is because ZnO to absorbs over wider range of wavelengths compared to 

TiO2, allowing for greater utilisation of available photons 66. While the majority of 

publications assess TiO2 and ZnO foams, the use of more complex catalysts has been 

reported in a few cases, Including copper oxide-based catalysts, 32, 67 and bismuth 

tungstate, 68 or oxoiodide catalyst. 69 The latter two provide photocatalytic activity in 

the visible light spectrum and may be therefore useful in solar-driven photocatalytic 

systems.  

 

As one would expect, as more time is dedicated to research into the field, coupled 

with technological advances, the results published show an upward trajectory in 

terms of performance. This can be seen in Figure 2.7 a and b, where > 85% of the 

data points from papers published between 2009 and 2014 show kinetics below the 

50th percentile for kinetics, contrasted with 50 % from 2015-2019 and 33% from 

those published since 2020, respectively.   
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As shown in Figure 2.7 c and d, the research conducted between 2009 and 

2014 primarily used TiO2 supported on foam substrates, likely due to the widespread 

usage of TiO2 nanoparticles for slurry systems and the relative simplicity of 

production of ceramic and metallic foams 12, 70, 71, as discussed previously. After 2015, 

publications appear to split into distinct camps: those continuing to focus on 

supported TiO2 with reports of greater electrical efficiencies but with little change in 

quantum efficiency, along with higher kinetics. This suggests main improvements 

were made in reactor design and photocatalysts preparation, leading to faster 

degradation kinetics and associated shorter times to do so, thus reducing the 

electrical energy per order 15. The other camp is represented by publications focusing 

on Zn-based catalysts, containing ZnO and ZnFeS catalysts on substrates 41, 72. The 

first use of substrate-free foams as photocatalysts was reported in 2017 14. From 

here, moving into the 2020s, the field undergoes further expansion: More research 

Figure 2.7: Plots of a) 1/EEO and b) Photocatalyst quantum efficiency, against normalised kinetics, kε, for foam 
based photocatalytic systems showing a breakdown by year of publication. Lines I, ii and iii represent the 25th, 
50th and 75th percentile, respectively; c,d) Plots of c) annual and d) cumulative number of publications related to 
photocatalytic foams for water treatment broken down by type of foam used. 
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has been conducted into TiO2 supported foams, with reporting of higher kinetics, but 

with limited improvements to the electrical efficiency 38, 73, 74. Zn-based catalysts have 

also been used on substrate-removed foams, by removing the metal substrate while 

retaining the underlying porous structure 75. These foams show improvements in 

electrical efficiency and quantum efficiency, compared to the earlier supported Zn-

based catalysts. The higher efficiency can be attributed to improvements in reactor 

design, particularly regarding use of more energy efficient light sources. Substrate-

free ZnO foams show higher electrical efficiencies, quantum efficiency and kinetics, 

which can be attributed to improvements from TiO2 as discussed previously, 

development of reactors and the increased efficiencies that come with a foam that 

is entirely photocatalytic 55, 76. A graphical depiction of this development pathway is 

shown below in Figure 2.8. 

 

Figure 2.8: Flow chart showing the development of foam based photocatalysts over time. 

2.4.2. Substrate supported foams – effect of substrate materials. 
For use as porous supports for photocatalysts, materials fall into three major 

categories: Metallic foams, alumina-based foams, and silica / silicon carbide-based 

foams. TiO2 and ZnO are the most common materials grafted, coated, or deposited 

onto foams substrates. Other catalysts successfully coated onto foam substrates 

include multi-walled carbon nanotubes 75, BiOI 77, ZnFeS 41, as well as binary 68, 78, 79 

and ternary 32 photocatalysts. The methods for the deposition usually lead to good 

adhesion of the catalyst on the substrate, preserving the open porosity and, 

therefore, the high surface area of the foams. The main reported methods of 
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deposition include spray coating 13, dip coating 13, 28, 74, and growth during 

hydrothermal synthesis 32, 78, 80.  

Metallic foams see widespread use across multiple areas, from aerospace 

engineering to biomedicine applications 81, to electrochemistry 82 to catalysis 83. 

Metallic foams can be synthesised in a multitude of ways with techniques including 

casting within a resin mould, 84, use of a sacrificial template such as a polymer, 85 or 

use of a foaming agent 70 . 

In photocatalysis, the mechanical strength of metal foams represents their key 

benefit, allowing for applications in flow or recirculating systems 86. Their high surface 

area also provides for high catalyst loading 70. The conductive nature of metals has 

benefits when applied as supports for photocatalysts. Nickel foams have been shown 

to significantly increase the photocatalytic activity of supported catalyst 30. As strong 

electron acceptors, the metal foams facilitate greater charge pair separation, thus 

increasing the lifetime of charged species at the photocatalyst surface that degrade 

pollutant molecules 72. Research using Zn0.9Fe0.1S supported on Ni foam, showed a 6-

fold increase in degradation of the fluoroquinolone antibiotic norfloxacin, when 

compared with an equivalence of unsupported catalyst 72 shown below in Figure 2.9.  

 

Figure 2.9: SEM micrographs of a) unsupported Zn0.9Fe0.1S, b) Ni foam, c) Zn0.9Fe0.1S, supported on Ni foam. D) 
Removal rates of norfloxacin using Zn0.9Fe0.1S photocatalysts. Adapted from reference 72. 
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Similar findings were obtained using Fe-ZnS on Ni foams for the degradation of 

bisphenol A 41. The increase in activity is attributed to the 3D structure of the foam 

and the high surface area that it provides, while also acting as an electron sink, 

leading to increased charge pair lifetimes. In addition, the substrate may increase the 

stability of the supported catalyst by reducing water-surface interaction, with both 

Zn2+ and Fe2+ at half the concentration leaching into solution compared with the 

unsupported catalyst. This, coupled with charge separation of electrons away from 

the catalyst surface provides a promising approach for to mitigate photo-corrosion 

of certain photocatalysts especially Zn-based 87.  

Another beneficial effect of the use of metallic foams is the formation of interstitial 

oxide layers at the catalyst-substrate interface, arising as part of a heat treatment 

step. The metal oxide layer, particularly NiO from Ni foams, leads to the formation of 

a heterojunction at the surface, providing an additional route towards charge pair 

separation and enhanced photocatalytic activity 68, 88, 89. 

Porous ceramic materials exhibiting high porosities currently find use in a wide range 

of applications including architectural infrastructure and in the biomedical sector 90, 

with their widescale adoption due to multiple beneficial properties including: high 

surface areas and permeability as well as significant mechanical, thermal and 

chemical stability 91. These properties are also conducive to their use in 

photocatalytic flow reactors and in the decoration and coating of photocatalyst 

nanoparticles onto the support, as this frequently requires high temperature 

sintering to ensure adherence to the surface and formation of desired crystal phases 

of photocatalyst 92.  The synthesis of these supports generally follows a replica-type 

methodology, wherein a slurry of particles is soaked into an easily pyrolised template 

material, e.g. PU foams, and dried prior to heat treatment to remove the template 

and leave the sintered ceramic support behind 12, 52, 93.  

Alternatively, as a metal oxide, alumina aerogel foams have been produced via a sol-

gel reaction using gas evolution from the decomposition of the reactants to generate 

porosity 94-96 97. Interestingly, the surface structure of some alumina foams, 

particularly γ-Al2O3 and η-Al2O3, are themselves catalytic, due to the high proportion 

of oxygen rich groups and hydroxyl groups 98, 99. These regions provide active sites 
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for the deposition of photocatalysts, providing strong chemical bonds and adherence 

to the surface of the foam 100. With a band gap > 7 eV 101, 102, Al2O3 is an insulating 

material and as such, unlike other support materials such as Ni or SiC which benefit 

from high electron mobility or the formation of a p-n heterojunction, its use as a 

support cannot provide electronic effects to promote photocatalytic degradation. 

Instead, alumina supports provide high surface areas for anchoring of photocatalyst 

nanoparticles. This gives significant performance improvement over slurries, for 

which it is well reported that increasing the concentration of particles in solution 

leads to a decrease in photocatalytic activity due to higher turbidity of the solution, 

negatively impacting light penetration and subsequently activation of catalyst 

particles 6, 103, 104. For example, increasing titania nanoparticle slurry loading from 10 

% to 12 % saw a decrease in kinetic constant of ~ 48 %, whereas the same catalyst 

loading increase onto a reticulated Al2O3 led to a ~ 450 % increase in a pilot-scale 

photocatalytic oxidation reactor under UV irradiation for the degradation of tertiary 

amine (DBU) 13. Similarly, complete mineralisation of phenol was achieved using 

TiO2/Al2O3 foams with around 75% higher photocatalytic activity than the 

corresponding slurry dispersion 16. 

Β- ilicon carbide (β-SiC) foams are highly suited towards use as foams due to their 

ease of synthesis, from a range of precursors, e.g. via chemical vapour deposition 

method (CVD) using silicon chloride and methane 105, 106. Alternatively, open cell 

foams of self-bonded SiC materials have been synthesised through the replica 

method using a polyurethane (PU) foam as template, onto which a sol containing 

elemental silicon and carbon black particles were deposited, followed by high 

temperature reaction and pyrolysis of the support 71 as shown in Figure 2.10.  

 

 
Figure 2.10: SEM micrographs of a) SiC foam, b) Supported TiO2 on foam and c) removal rates of 4-ABS using 
supported TiO2 photocatalysts. Adapted from reference 107 
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The high thermal stability of SiC has proved beneficial for the synthesis of composite 

materials, e.g. TiO2/SiC where oxidation at high temperature has allowed tuning TiO2 

crystal structure, in particular the anatase/ rutile crystal ratio, with no change 

observed in the carbide support 71. Furthermore, this stability may allow for the 

regeneration of deactivated catalyst, through thermal or chemical treatment, 

without risks of compromising the support material 91. 

A particular advantage of SiC foams as supports for photocatalysis is a high density 

of superficial oxygenated groups, providing multiple sites for anchoring metal oxide 

photocatalysts to the foam 28, resulting in higher catalyst loadings than reported for 

other ceramic foams 13, 107, 108. A widely reported phenomena is the synergic effect 

between p-type β-SiC and n-type TiO2 due to β-silicon carbides’ semiconductor 

nature, thus allowing for coupling between the two materials to form a p-n 

heterojunction in the structure. 109  This results in greater charge separation, with the 

electrons promoted to the conduction band of the SiC moving across the 

heterojunction to the TiO2 conduction band and the holes in the TiO2 valence band 

moving to the valence band of the SiC 110. This separation of charges increases the 

lifetime of the charged species such that the charge species have a greater chance to 

be involved in reduction or oxidation reaction 111. This can clearly be seen in cases 

where a catalyst-free, reticulated SiC foam was shown to have low photocatalytic 

activity towards 4-ABS under UV irradiation with a removal of ~ 30% after 60 hours, 

compared with ~60% removal using TiO2 particles alone 107. After immobilising an 

equivalent mass of TiO2 catalyst onto the SiC foams, ~100% removal over the same 

time scale was achieved 107, 110. Additionally, the photocatalytic removal of the 

herbicide paraquat was performed using TiO2/SiC foams, with 90% TOC removal 

achieved in a flow reactor using UV irradiation 15. 

2.4.3. Substrate removed foams  
Foams in this group are generally obtained from coating, primarily with conductive 

carbon materials of a sacrificial substrate, which is subsequently removed. 

Commonly employed supports include metal-organic frameworks (MOFs), prepared 

as a template via calcination of solid architectures, obtaining clean and smooth 

skeleton foams, with a lightweight and interconnected highly porous structure 112. 
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These were subsequently coated with graphene oxide (GO) and porous ZnO 

nanocages, providing a superior photocatalytic activity. Similar foams were also 

synthesized via carbonization of starch and polyvinyl pyrrolidone (PVP).  The resulting 

foam produced a semi-graphitized structure with high porosity where, after addition 

of ZnO nanorods as photocatalyst and effectively decomposed more than 98% of 

rhodamine B under both visible and UV light 113.  

A further example is the use of nickel-based skeletons as foam templates to generate 

graphene 3D structures, providing an inert and resistant substrate as shown in Figure 

2.11. Using commercial nickel foams consisting of a surrounded uniform close-

packed macropores over the structure, a highly porous graphene foam was obtained 

with pores in the micrometre range and  a large specific surface area 36. 

 

Figure 2.11: SEM micrographs of a) ZnO/rGO foam (inset is the photograph of free-standing ZnO/rGO foam), b) 
ZnO nanorods on the ZnO/rGO foam scaffold and c) removal rates of RhB using ZnO/rGO foam. Adapted from 
reference  36. 

The removal of the Ni scaffold from the graphene foam structure played an 

important role on the photocatalytic processes, with 2.5 times higher photoactivity 

compared to the graphene foam still incorporating the nickel substrate. This 

enhanced performance was attributed to the higher electron mobility of graphene 

and its interaction with the catalyst (ZnO). The dissolution of Ni template also 

increased the illumination sites on the 3D sample, improving the overall 

photocatalytic efficiency 114. 

Furthermore, the combination of the 3D structures and the conductive properties of 

graphene foams can ameliorate photocatalytic processes: Reduced graphene oxide 

(rGO) foams grown on nickel templates showed a superior photocatalytic 

performance thank flat films, related to the higher surface of the structure with a 

more effective contact between the reaction solution and the active sites 79. The 3D 

structure of GO foams allowed more target molecules to be absorbed onto the 
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surface, reducing the light scatter by the internal pores 36. The thickness of graphene 

foams can also affect the photocatalytic activity, with thicker layers of graphene 

compromising the mobility and electron acceptability of the foam structure, 

negatively affecting the photocatalytic properties of the ZnO semiconductor used as 

a modifier 35. In the study, few-layers graphene was more appropriate in comparison 

to multi-layers, reaching a higher photocatalytic degradation of methylene blue 

solution under visible light illumination. 

2.4.4. Substrate-free photocatalytic foams 
A recent development in the field of photocatalytic foams is the formation of foam 

structures from the photocatalytic material itself, thus forming substrate-free foams. 

These substrate-free foams can be produced in multiple ways, including the 

formation of TiO2-SiO2 aerogels 115, hydrogel formation 116, freeze drying followed by 

template removal 14 as shown in Figure 2.12, liquid templating followed by sintering 

of metal oxide particles 76 and direct foaming of sol-gel syntheses 55. When compared 

with synthesis methods for other types of foams, which involve the use of high 

temperatures (e.g. for metallic foams, 70), or the use of highly caustic reagents (e.g. 

for the removal of Ni foams for substrate removal, 35, 79), these synthetic methods 

require milder conditions and reagents for foam production.  

 
Figure 2.12: a,b) SEM micrographs of TiO2 foam and c) removal rates of multiple target pollutants using TiO2 
photocatalysts. Adapted from reference 14. 

Furthermore, the very low densities and high porosities of these foams (> 90%) cause 

these foams to show buoyancy and as such are easy to replace and remove from 

reactors. The formation of low density, floating black-TiO2 foams, has been reported, 

with the freeze drying synthesis forming a structure of both open and closed pores, 

with the buoyancy attributed to the latter 14. While too many closed pores are less 

desirable due to the catalyst surface being inaccessible, the reported foams still 

showed excellent removal performance for the degradation of a range of organic 
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pollutants including hexadecane, phenol, atrazine, rhodamine B and thiobencarb. 

The foams demonstrated better removal performance for all substances than the 

P25 TiO2 powder reference [12]. Substrate-free ZnO foams synthesised by liquid 

templating and sol gel methods, applied for the photocatalytic degradation of 

carbamazepine show better quantum efficiency and energy efficiency than 

immobilised and slurry systems, further highlighting the benefits of the 3D foam 

structure 55, 76.  

2.5. Use of photocatalytic foams in reactors 
The design of photocatalytic foams is intrinsically linked to the configuration of the 

reactors they are used in, with different designs of the latter used to make full use of 

the former’s physical properties, particularly their 3D structure and high surface 

areas. Photocatalytic reactor design challenges include: (1) increasing mass transfer 

between the aqueous medium and the photocatalyst surface for greater kinetics; (2) 

maximising light efficiency and irradiation of the entire foam, due to the structural 

complexity of the foams, while maximising the illuminated (or active) surface area; 

(3) increasing long-term stability of the photocatalyst on the substrate/template 

foam for use at scale, avoiding leaching and, in view of potential use, with minimal 

downtime caused by replacement or repair 117, 118. 

There is a wide range of foams photoreactors designed for water treatment, their 

configuration comprising continuous, batch and semi-continuous systems. The vast 

majority consist of simple batch systems, with the foam located in a single tank 

reactor with the aqueous solution being continuously stirred. However, this 

configuration does not take advantage of the high porosity and interconnected 3D 

structure of foams, which are better suited for flow reactors, where the liquid phase 

can permeate through the pores into the internal structure of the foam 28. In this 

case, the flow can operate in a re-circulating or single pass mode with uniform mixing, 

with the contaminant in close contact with the foams’ surface. Moreover, the flow 

through the tortuous structure can generate turbulence improving mixing, thereby 

improving the mass transfer by decreasing the external diffusion layer 13. In a typical 

flow reactor, a glass tube (quartz or borosilicate) is filled with a photocatalytic foam 

and surrounded by UV/visible lamps, where the liquid can flow through the foams by 
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a circulation mode using an external pump. In terms of configuration, a recirculating 

flow reactor is considered a versatile system for evaluation of the photocatalyst, 

reactor geometry, irradiation source, and fluid residence time, which can provide a 

simpler solution than slurry reactors 118, 119. Furthermore, it allows for the catalyst to 

be applied under conditions like what would be used at scale, in this case single pass 

flow systems. Operating under recirculating conditions allows for evaluation of 

catalyst performance at varying flow rates and assessment of mechanical stability. 

Most of the foams applied in flow systems so far have been prepared using alumina 

or SiC 120, which have a miniporous reticulated structure, usually at the micrometre 

range, and are considerably more resistant than polymer or carbon foams. The latter 

show lower mechanical stability and are less suitable at present for use within a flow 

reactor. Alumina- and SiC-based foam can be adapted to different geometries to 

maximise flow rate without significant increases in pressure, which would negatively 

affect the energy efficiency of the reactors. Metallic foams also exhibit a highly 

resistant structure which make them suitable for use in flow reactor systems, but the 

cost to generate an open cell monolith is still considerably higher than for ceramic 

foams 121.  

The main challenge in the design of photoreactors remains light efficiency, 

specifically the difficulty of providing a uniform light distribution over the whole 3D 

structure of the foam with sufficient light penetration to its internal core 122, 123. 

To overcome this challenge, different configurations have been developed, including 

an annular reactor, wherein the irradiation source is internal and central to the foam, 

positioned between the light source and the internal wall of the reactor 13. These 

reactors ensure that the core of the foam is irradiated, as it is closest to the light 

source, but therefore, the exterior surfaces now require additional irradiation. A 

clever alternative has been to use a reflector, a screen made of highly reflective 

material such as aluminium, wrapped around the outer wall of the reactor 124, 

reflecting photons that passed through the foam back into the reactor and foam 

structure, increasing the quantum efficiency of the reactor. 
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An alternative strategy for the configuration of the reactor was to allocate the 

irradiation source through the foam, internal but not centrally. This allows for 

multiple irradiation sources to be included within the foam, enabling greater light 

coverage and higher illuminated surface areas, while providing for lamps of smaller 

diameters to be included, thus maximizing the illumination area and reducing the 

dimensions in a tubular configuration 125. The decentralization of irradiation means 

that, with design and simulation, an optimal number of irradiation sources can be 

applied throughout the foam structure to allow for high illuminated surface areas 126.   

A third strategy is to position the catalyst inside of a tubular quartz tube surrounded 

by the light source(s) placed externally. This methodology warrants the greatest 

control over irradiation, light intensity, and power usage of the reactor, through 

designing the reactor for light sources to be placed outside the tube at varied 

distance from the tube 108. However, as it the only design with an external irradiation 

source, the use of a reflector is more complex and less effective, reducing the 

efficiency of the irradiation. Examples of reactor designs can be seen in Figure 2.13. 

 

 
Figure 2.13: Single-pass reactor configurations for photocatalytic foams: (A) the irradiation source is allocated 
internally and centrally, surrounded by a photocatalytic foam 13; (B) designed foams allowing the presence of 
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multiple illuminating points internally to the structure 125; and (C) a foam centrally allocated with UV lamps 
externally surrounding it 108. 

The source of irradiation and how the catalyst is allocated are critical parameters that 

can impact the design and geometry of photocatalytic reactors for immobilized 

catalysts 119. In the case of photocatalytic foams, their complex, 3D shape must also 

be taken into consideration as it directly affects mass and radiation transfer 

limitations when considering scale-up.  

2.6. Future perspectives on development of photocatalytic foams 
As shown in Figure 2.7, the field of photocatalytic foams has been constantly 

developing, from supported TiO2 foams to the variety of foams discussed herein, and 

this is likely to continue. While development thus far has focused on new 

methodologies for foam production, or improving the activity of photocatalysis, 

future developments could be expanded to include technological advancements as 

well.  

2.6.1. Technological advances. 
Of particular interest is the application of UV-LED lamp technology that may provide 

significantly improved energy efficiency of photocatalysis, offer new reactor designs 

given the small size of LEDs compared to traditional mercury (Hg) lamps, and more 

sustainable lamp disposal as LEDs do not contain toxic materials as illumination 

source and lower energy consumption (potentially lower EEO).  127 128. While not the 

focus of this review, it is worth noting that these advances will bring these benefits 

all light driven advanced oxidation processes as well as water treatment.  

2.6.2. Novel foam materials 
Alongside the technological development, material developments will likely 

continue, expanding into two new fields, increasing the number of photocatalyst 

materials applied as foams and the use of doping materials: While most materials 

used currently are large band gap semiconductors, requiring UV irradiation, a 

common method for band gap engineering of nanoparticles is doping and has shown 

promise in allowing for visible light utilisation of ZnO and TiO2 129-131. Non-metal 

dopants such as nitrogen have been shown to allow for visible light (or solar) 

photocatalysis of both ZnO 132 and TiO2 133, 134, along with metal dopants such as 

copper 135, allowing for utilisation of photocatalysts under visible light. However, thus 
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far these developments have been limited to modification of nanoparticle or film 

based photocatalysts and not been applied to foam photocatalysts in any form.  

Graphitic carbon nitride (g-C3N4), has shown good visible light activity for degradation 

of pollutants 136, 137, and is therefore a possible candidate for photocatalysts used for 

water treatment. Photocatalytic systems that utilise g-C3N4 thus far use it in a slurry 

system. Immobilisation of g-C3N4 onto a foam or production of a foamed variant of 

g-C3N4 would prove to be a system of interest. Furthermore, the photocatalytic 

activity of g-C3N4 systems can be tuned via doping 138. 

 As previously discussed, the use of substrate-free foams shows great promise for 

practical application and the synthetic procedures to make these foams (e.g., sol-gel, 

direct foaming) have potential for incorporation of dopants into the foam structure, 

via control of the molar % of dopant in the foam formulation. 

2.6.3. Foam reactor development  
As discussed briefly previously, the application of foam based photocatalysts in 

reactors requires particular care be taken with the positioning of irradiation sources 

as well as accounting for the 3D structure of the foam, such as pore size and 

illuminated surface area. As the field develops and the use of these reactors become 

more widespread, it is likely that these parameters will be more easily controlled 

leading to increased performance of the reactor, in terms of photocatalytic activity, 

energy efficiency and quantum efficiency, due to maximised illuminated surface 

areas of photocatalyst.  

3D printing of photocatalytic foams 139, 140, coupled with computational modelling 

141,shows potential in this area, as design of the structures to be printed provides 

opportunity to increase the surface area which will be illuminated, allowing for 

bespoke foams to be printed to maximised the efficiency of the reactors. At present, 

while substrates can be printed with hierarchical foam structures 139, attempts to 

print substrate free foams are currently limited to simplistic structures. 142, 143 

2.7. Conclusions  
This review of the available literature shows the that photocatalytic foams have the 

potential to address the limitations of slurries and immobilized catalysts which have, 

so far, hindered more widespread industrial adoption of photocatalysis for the 
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degradation of organic pollutants in water. Furthermore, studies on their use in 

continuous flow reactors provide a clear path towards practical adoption. The high 

performance of foams can be attributed to the combination of favourable physical, 

e.g. high porosity and surface area, and structural parameters, e.g. mechanical 

resistance. However, some fundamental gaps still exist, particularly in relation to 

linking materials’ properties to foam performance in photocatalytic flow reactors. 

The authors encourage the community to focus on key challenges, including:  

- Shift the focus from the assessment of surface area, which is relevant for slurries, 

towards methods to reliably evaluate the active surface, i.e. open porosity which can 

be reached by the external light source. Characterisation methods like computed 

tomography (CT) and BET can support these efforts. 

- Develop methods to combine the design of the irradiation source and of the foam 

structure to maximize the active surface, including estimating how deep the 

irradiation source can penetrate. 

- Include assessments of catalyst reusability and long-term performance in scientific 

publications to facilitate scale-up considerations, including cost. 

Furthermore, the field suffers from a lack of common best practices and 

nomenclature, which makes it challenging comparing performance across different 

materials, geometries, and process conditions. To address this, the authors have 

suggested the adoption of: 

A clear and simple nomenclature to classify foams based on average pore size and 

manufacturing process. 

The routine use of key figures of merit, including photocatalyst quantum efficiency 

and electrical energy per order to compare the performance of different foams under 

different conditions, moving beyond the mere reporting of degradation rates. 

Finally, the authors would like to re-iterate the often-repeated advice that whenever 

practical or possible, researchers should move away from using dyes, and using HPLC 

rather than UV-Vis, to determine photocatalytic activity and degradation kinetics. 
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2.9. Appendix 
Table S2.1: Foams as substrate 

Material  Catalyst 
loading 

Degradation 
conditions  

[Pollutant]0 ε / M-1 
cm-1  

porosity  Pore 
size 
/µm 

k X 
10-3 

/min-

1 

1/Eeo QE k' (k/ε) X105 /M cm 
min-1 

Ref 

ZnO/Ni Foam  No 
details 
provided 
on foams 

Batch 
reactor 70 
mL volume  
Lamp Xe 300 
W 

Rhodamine 
B 
15 mg L-1 
30.0 µmol L-

1 

40300 
(524 
nm) 144 

 - 750 64.3 46.67 
X10-5 

 - 1.60 X10-1 80 

Zn0.9Fe0.1S/Ni-
foam 

11.7 g L-1 
foam  

Batch rector 
300 mL 
volume 
Lamp Xe 500 
W, 6.1 W 
cm-2  
Visible light  

Norflaxin 
 5.0 mg L-1 

15.0 µmol L-

1 

15400 
(254 
nm) 145 

97% 400 18.5 20.00 
X10-5 

3.49 
X 
10-3 

1.20 X10-1 72 

Bi2WO6-TiO2/Ni 
foam 

1.0 g L-1 
foam 

Batch 
reactor 100 
mL volume 
Solar 
irradiation 
used 2 hrs  

Rhodamine 
B 
5.0 mg L-1 

10.0 µmol L-

1 

40300 
(524 
nm) 144 

- -  12.1  -  - 3.00 X10-2 68 

ZnFeS/Ni-foam 11.7 g L-1 
foam  

Batch rector 
300 mL 
volume 
Lamp Xe 500 
W, 6.1 W 
cm-2  
Visible light  

Bisphenol A  
0.2 mg L-1 
1.0 mmol L-1 
 

750 
(254 
nm) 145 

97% 500 16.2 30.00 
X10-5 

1.37 
X 
10-1 

2.16 41 

TiO2-SiO2 / Al 
foam 

2.34 g L-1 
foam 

Recirculating 
batch 
reactor, 
reservoir V 1 
L, reactor 
volume 35 
mL. 
Reflector 
(solar 
compound 
parabolic 
collector) 
UV lamp, 
365 nm 35 
W cm-2 

Pyrimethanil  
10.0 mg L-1 

50.0 µmol L-

1 

13200 
(254 
nm) 146 

95%  - 9.9  - 6.72 
X 
10-6 

7.50 X10-2 124 

CuO-CuS-
ZnO/Cu foam 

No 
details 
provided 
on foams  

Batch 
reactor, 10 
mL volume  
Lamp – 300 
W Xe lamp 
420 nm cut 
off filter 

Rhodamine 
B 
5 mg L-1 

10.0 µmol L-

1 

40300 
(524 
nm) 144 

-  -  10.3 3.5915 
X10-5 

 

 - 2.56 X10-2 67 

TiO2 /Alumina 
foam 

12 % wt  
21.78 g L-
1 

Recirculating 
reactor 15 L 
volume,  
Irradiated 
volume 4 L  
1 KW lamp 
UVA 365 nm  

DBU  
100.0 mg L-1 

655.0 µmol 
L-1 

  1200 65.9 0.03  -  - 13 

TiO2/Alumina 
foam 

No 
details 
provided 
on foams  

Batch 
reactor 250 
mL volume  
Lamp 400W 
λ>300nm 

Phenol  
28.2 mg L-1 

300.0 µmol 
L-1 

750 
(254 
nm) 145 

 2000   -  -  - 52 

TiO2 /Alumina 
foam 

No 
details 
provided 
on foams  

Batch 
reactor 250 
mL volume  
Lamp 400W 
λmax = 
365nm 

Phenol  
47.0 mg L-1 

500.0 µmol 
L-1 

750 
(254 
nm) 145 

 500 11.5 40.66 
X10-5 

 - 1.53 12 

TiO2 /Alumina 
foam 

40 g L-1 Batch 
reactor, 500 
mL  
Lamps, 6 X 
8W lamps 
254 nm, 
3.54 mW 
cm-2. 

RO16 
20.0 mg L-1 

32.3 µmol L-

1 

- 92% 836 23.9 6.78 
X10-3 

8.94 
X 
10-1 

- 93 

TiO2 / β-SiC 9.5 g 
TiO2 on 
52 g 
foam  
9.5 g L-1  

Recirculating 
batch 
reactor, 1 L 
volume, 
flow rate 60 
– 1680 mL 
min-1  4 X 
8W UV-A 
lamp 
intensity 14 
W m-2 

Diuron  
10 mg L-1 

42.9 µmol L-

1 

16400 
(254 
nm) 145 

 91  - 4.7 4.46 
X10-3 

1.74 
X 
10-5 

2.87 X10-2 147 
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Material  Catalyst 
loading 

Degradation 
conditions  

[Pollutant] ε / M-1 
cm-1  

porosity  Pore 
size 
µm 

k X 
10-3 

1/Eeo QY k' (k/ε) X105 

M cm min-1 
Ref 

TiO2 / β -SiC No 
details 
provided 
on foams  

Batch 
reactor 
volume 50 
mL 
Lamp, 125 
W Hg lamp, 
365 nm, 130 
W m-2 

Diuron  
10 mg L-1 

42.9 µmol L-

1 

16400 
(254 
nm) 145 

91  - 9.9 0.20 
X10-3 

4.69 
X 
10-3 

6.04 X10-2 5 

P25 TiO2 / SiC 6 foams, 
35 mm 
diameter, 
5 cm L. 
16 wt% 
TiO2 

Recirculating 
batch 
reactor 1L, 
flow rate 30 
mL min-1  
Lamps, 6 X 
8W Hg 
bulbs, 254 
nm 

Paraquat  
20 mg L-1 

77.7 µmol L-

1 

20,600 
(265 
nm) 148 

 - 4000 22.3 13.89 
X10-3 

 - 1.08 X10-1 108 

TiO2 / β -SiC No 
details 
provided 
on foams  

Batch 
reactor 
volume 100 
mL  
Solar 
simulator 
1700 W, 
(300-
800nm),250 
W m-2 

Diuron  
10 mg L-1 

42.9 µmol L-

1 

16400 
(254 
nm) 145 

94 2400 2.9 2.42 
X10-5 

5.23 
X 
10-5 

1.77 X10-2 74 

ZnO/SiO2 
(foamed glass) 

Foams 
produced 
using 
ZnO 170 
mg L-1 

Batch 
reactor 
volume 200 
mL 
160 W Hg 
lamp, 380 
nm 

Rhodamine 
B 
50 mg L-1 

100.0 µmol 
L-1 

40300 
(524 
nm) 144 

 - 100 4.5 0.16 
X10-3 

 - 1.12 X10-2 37 

P90 TiO2 

/Alumina foam 
7.2 g L-1 Recirculating 

batch 
reactor, 1 L 
min-1. 
Reactor 
volume 690 
mL  
Lamps, 3 X 
4W Black 
light UV 
lamps 
4 mW cm-2 
intensity 
365 nm 
Reflector 
made of 
polished Al 
and 
wrapped 
around 
reactor 
3 hr 
experiments  

Reactive 
Blue 19 25.0 
mg L-1 

40.0 µmol L-

1 

5625 
(585 
nm) 149 

- - 25  - 9.67 
X 
10-5 

4.44 X10-2 125 

LAS 32.0 mg 
L-1 

180.0 µmol 
L-1 

 - 22.5  - 3.87 
X 
10-4 

 - 

PBIS 4.0  mg 
L-1 

15.0 µmol L-

1 

 - 30  - 4.24 
X 
10-5 

- 

TiO2 /α-SiC No 
details 
provided 
on foams  

Batch 
reactor, 
volume 750 
mL  
Lamps 8W, 
365 nm   

4-ABS  
20 mg L-1 
100 µmol L-1 

21000 
(217nm) 
150 

70 1300 
 

0.3 0.82 
X10-3 

 - 1.43 X10-3 151 

TiO2 /α-SiC-SiO2 1.2 0.31 
X10-3 

 - 5.71 X10-3 

TiO2 / β -SiC 0.1 0.35 
X10-3 

 - 4.76 X10-4 

TiO2 /α-SiC No 
details 
provided 
on foams  

Batch 
reactor, 
volume 750 
mL  
Lamps 8W, 
365 nm   

4-ABS  
20 mg L-1 
100 µmol L-1 

21000 
(217nm) 
150 

70 1000 0.4 0.98 
X10-3 

 - 2.38 X10-3 107 

TiO2 /β-SiC 1300 0.5 1.4 
X10-3 

 - 2.38 X10-3 

TiO2 / SiC 2500 0.5 1.21 
X10-3 

 - 2.38 X10-3 

TiO2/Porcelain 
clay  

14 pieces 
of TiO2-
coated 
alveolar 
clay 
foams 
(about 28 
mm in 
height 
and 22 
mm in 
diameter 
per 
piece) 

Recirculating 
batch 
reactor, 400 
mL volume, 
40 mL min-1 
12 X 18 W 
UV-A lamp 
tubes 
(Actinic BL 
TL-D, Philip). 

CHP 
2,000 mg L-
1 
13.1 mmol 
L-1 

  
 - 

 1260 11.5 0.60 
X10-3 

 -  - 38 

 2590  - -   -  - 
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Table S2.2: Foams formed via substrate removal 

Material  Catalyst 
loading 

Degrada
tion 
conditio
ns  

[Pollutant]

0 
ε / M-1 
cm-1  

po
ros
ity  

Pore 
size 
/µm 

k X 10-3 

/min-1 
1/Ee
o 

QE k‘ (k/ε) X105 /M cm min-

1 
Ref 

BiOI/GO 
foam 

3.3 g L-1 
foam  

Batch 
reactor, 
15 mL 
volume 
Lamp 60 
W LED 
lamp 
(>400 
nm) 

Phenol 100 
mg L-1 
1.0 mmol 
L-1 

750 (254 
nm) 145 

 -   4.7 0.30 
X10-3 

 - 6.27 X10-1 69 

Au/ZnO/r
GO foam 

No 
details 
provide
d on 
foams 

200-780 
nm 

Rhodamin
e B 

40300 
(524 nm) 
144 

 - 500 12.8  -  - 3.18 X10-2 79 

ZnO/rGO 0.2 g L-1 
foam 

Batch 
reactor, 
25 mL 
Lamp, 
solar 
simulat
or 100 
mW cm-
2  

Rhodamin
e B 5 mg L-
1 
10.0 µmol 
L-1 

40300 
(524 nm) 
144 

87 100 1.9  - 5.61 X 10-4 4.71 X10-3 36 

ZnO/grap
hene  

0.5*0.5
*0.5 
cm3 
sample 

Batch 
reactor, 
3.4 mL 
cuvette 
as 
reactor, 
85 mW 
LED 
lamp, 
365 nm, 
0.48 
mW cm-

2  

Rhodamin
e B 1 mg L-
1 
2.0 µmol L-

1 

40300 
(524 nm) 
144 

87   - 4.0 5.91 
X10-3 

9.90 X 10-3 9.93 X10-3 114 

ZnO/rGO 0.5 g L-1 
foam 

Batch 
reactor, 
100 mL  
Lamps, 
300 W 
Xe 
lamp, 
200 mW 
cm-2 

Rhodamin
e B 10 mg 
L-1 
20.0 µmol 
L-1 

40300 
(524 nm) 
144 

87 20 22.9 0.14 
X10-3 

 5.68 X10-2 112 
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Table S2.3: Substrate-free foams 

Material  Catalyst 
loading 

Degradation 
conditions  

[Pollutant]0 ε / M-

1 cm-1  
porosity  Pore 

size 
/µm 

k X 10-

3 /min-

1 

1/Eeo QE k' (k/ε) X105 
/M cm min-1 

Ref 

TiO2 – SiO2 Annular 
foams. 
H = 9 
cm, OD 
= 4.5 
cm, ID = 
3 cm 

Batch reactor, 
500 mL volume 
Lamp 16 W UV 
lamp (254 nm) 

Glyphosate  
20 mg L-1 

118.3 µmol L-1 

 -  - 15.00 3.3 3.14 
X10-3 

 - - 115 

TiO2 12.5 g L-

1 foam 
Batch reactor, 
40 mL volume 
300 W Xe 
lamp, 100 mW 
cm-2 1.5 AM 

Rhodamine B 1 
mg L-1 

2.0 µmol L-1 

40300 
(524 
nm) 
144 

 91 500 
 

11.6 4.01 
X10-5 

3.04 X 
10-4 

2.88 X10-2 14 

Thiobencarb 1 
mg L-1 

4.0 µmol L-1 

  91 6.3 2.33 
X10-5 

3.08 X 
10-4 

- 

Atrazine 1 mg 
L-1 

4.5 µmol L-1 

3400 
(254 
nm) 
145 

91 6.3 2.19 
X10-5 

3.68 X 
10-4 

1.85 X10-1 

Phenol 1 mg L-1 

10.0 µmol L-1 
750 
(254 
nm) 
145 

91 2.9 1.06 
X10-5 

3.87 X 
10-4 

3.87 X10-1 

ZnO 0.5 g L-1 

foam  
Batch reactor 
250 mL volume  
Lamp – UV 
lamp (5 W, 6.2 
mW cm-2 254 
nm) 

Carbamazepine 
2.4 mg L-1 

10.0 µmol L-1 

6070 
(254 
nm) 
145 

900 °C= 
94-95% 
1000 
°C= 91-
93% 

300 2.4 0.65 
X10-3 

3.56 
3.08 X 
10-2 

3.95 X10-2 76 

ZnO/Carbon 
foam 

Nanorod 
loaded 
foam  
1 g L-1 
foam 

Batch reactor, 
100 mL volume 
Visible light – 
300 W Xe lamp 
420 nm cut off.  

Rhodamine B 
10 mg L-1 
20.0 µmol L-1 

40300 
(524 
nm) 
144 

88% at 
600 °C 

35.00 
 

26.1 0.33 
X10-3 

 - 6.48 X10-2 113 

Batch reactor, 
100 mL volume 
UV lamp – 500 
W 365 nm 

92% at 
1000 °C 

32.7 0.20 
X10-3 

 - 8.11 X10-2 

ZnO  1.5 g L-1 
foam  

Recirculating 
reactor, flow 
rate 250 mL 
min-1, 500 mL 
volume  
Lamps (3 X 5 
W, 10.3 mW 
cm-2, 254 nm) 

Carbamazepine 
2.4 mg L-1 

10.0 µmol L-1 

6070 
(254 
nm) 
145 

94-96% 690 9.1 46.86 
X10-3 

2.63 X 
10-3 

1.50 X10-1 55 

ZnO 10  g L-1 
foams 

Batch reactor, 
500 mL  
Lamps, 6 X 8W 
lamps 254 nm, 
3.54 mW cm-2. 

Rhodamine B 
50 mg L-1 
100.0 µmol L-1 

40300 
(524 
nm) 
144 

91.5% ± 
0.02 36 
ppi 

903 9.8 2.86 
X10-3 

 2.43 X10-2 33, 

34 

TiO2/graphene  3 g L-1 
foam 

100 mL batch 
reactor  
250 W Hg lamp 

Methyl Orange  
20 mg L-1 

61.1 µmol L-1 

25100 
(466.5 
nm) 
152 

- - 85 1.00 
X10-3 

- 3.39 X10-1 153 

Phenol 
10.0 mg L-1 
100.0 µmol L-1 

750 
(254 
nm) 
145 

26 0.38 
X10-3 

- 3.47 
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Methodology and Materials 

3.1. Context 

This chapter provides a detailed overview of the methods used to synthesize novel 

photocatalysts and characterise their properties and performance, including 

information in excess of that provided in the submitted manuscripts. This chapter is 

broken down into sections as follows: the development of the synthetic method for 

production of photocatalytic foams (Section 3.2); the theoretical background to the 

characterisation methods (Section 2.3.); and the design of the recirculating reactor 

for the use of foams as photocatalysts.   

Once synthesised, the foams were characterised using a wide range of analytical 

methods to elucidate key chemical and physical parameters including crystal 

structure, morphology and surface chemistry, along with photocatalytic testing to 

study the activity for the degradation of organic micropollutants. Figure 3.1 shows 

the steps involved in the synthesis, characterisation and testing of the photocatalyst 

foams presented here. This involves the preparation of the reagent solutions, with or 

without dopants, the simultaneous gelation and aeration to form the highly porous 

intermediate oxalate foams, drying and sintering to form the metal oxide foams 

before finally testing the foams within a recirculating photoreactor. The non-

essential steps in the process, such as doping and characterisation are shown 

perpendicular to the process in the diagram.   

 

Figure 3.1: Schematic diagram of the process of synthesising, characterising and testing the photocatalytic 

foams.  
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3.2. Experimental Procedure 

3.2.1. Reagents  

Zinc acetylacetonate (Zn (AcAc)2; ≥95.0 %, 25% Zn) and  thanol (Absolute, 99.8%) 

were purchased from Fischer Scientific and used as provided. Cobalt (II) 

acetylacetonate (≥99.0%), Copper(II) acetylacetonate ≥99.9% trace metals basis, 

Nickel(II) acetylacetonate (for synthesis) Oxalic acid anhydrous (≥99.9 %), 

Hexadecyltrimethylammonium bromide (CTAB; ≥99.9 %), Polyethylene glycol (P  ; 

10,000), Carbamazepine and Methylene Blue were all purchased from Sigma Aldrich 

and used as provided. Jacketed, fritted funnels were purchased from Chemglass 

Lifesciences and fitted with PTFE sheets (Zwanzer). Desiccant from a Drierite™ gas-

drying unit (Sigma Aldrich) was used as provided by the manufacturer but transferred 

to a smaller tube. 

3.2.2. Foam synthesis 

Synthesis of FOAMM 

Synthetic method – ZnO Foams 

To a 25 mL Pyrex beaker was added, 15.0 mmol (3.9541 g) Zn(AcAc)2 (≥95.0 %). CTAB 

was dissolved in 15 mL ethanol and added to the beaker such that the final 

concentration in the reaction mixture was 5, 10, 15 or 20 mM. To a separate beaker 

was added 15.0 mmol (1.3500 g) Oxalic acid ( ≥99.9 %) and 40 µmol (0.4000 g) 

PEG10,000. Both solutions were set to stir vigorously at 60 °C for 1 hour to ensure 

homogenous solutions.  

After stirring, the solutions were sequentially added to the Teflon lined jacketed 

fritted filter funnel set at 60 °C through the use of a recirculating bath and aerated 

with compressed air with an upward flow rate of 0.1 sL min-1. An image and 

schematic diagram of this can be seen in Figure 3.2. 
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Figure 3.2: Left) Front view of the final set up used in the synthesis of the foams. Right) Schematic diagram of set 

up used. a) drying column; b) rotameter; c) ethanol bubbler; d)  fritted jacketed funnel. Black arrows indicate air 

flow whilst blue arrows indicate water flow. 

Finally, the ZnO foam was sintered using a furnace (Carbolite) heated to 1,000 °C with 

a ramp rate of 5 °C min-1, then held at temperature for 0.5 hours before cooling to 

900 °C and holding for an additional 20 hours, leading to sintering of the crystallites 

and an increase in the physical stability of the samples as well as leading to the 

formation of faceted crystallites needed for photocatalysis. This is shown below in 

Figure 3.3. 

 

Figure 3.3: Reaction mechanism for the synthesis of ZnO MolFoams.  

Synthetic method – Doped ZnO Foams 

Transition metal doped foams were produced in the same manner as described 

earlier, with the difference between the syntheses being the presence of dopant 

metal salt present in the solutions. Table 3.1 shows the mass used of each dopant 

metal salt and Zn(AcAc)2 used in each solution, to ensure that a total of 15.0 mmol of 

metal acetylacetonate was used. 
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Table 3.1: Mass of dopant salts used to produce doped ZnO MolFoams.  

 
Metal salt Co(AcAc)2 Ni(AcAc)2 Cu(AcAc)2 Zn(AcAc)2 

Dopant % 
 

Dopant Mass /g Mass /g 

0.5 0.0193 0.0193 0.0196 3.9344 

1 0.0386 0.0385 0.0393 3.9147 

2 0.0771 0.0771 0.0785 3.8751 

 

The mixture of solutions was aerated for 3 hours leading to the formation of a gel, 

white for undoped foams, and pink, green or blue for those doped with Co, Ni or Cu, 

respectively. The gel was then transferred to a pre-weighed ceramic crucible and 

placed in a preheated oven and dried at 80 °C for 12 hours resulting in a zinc oxalate 

foam which was stored under ambient conditions.  

3.3. Material Characterisation 

This section includes and explanation and description of the methodology used to 

characterise the photocatalysts described in this thesis and the fundamental 

principles behind them. The techniques employed include structural analysis, 

microscopy and analysis of the photocatalytic activity of the ZnO photocatalysts.   

3.3.1. Structural Analysis 

2.3.1.1. Powder X-ray Diffraction (PXRD) 

X-ray diffraction allows for the identification of crystal phases within a sample of 

crystallites. When the sample is irradiated with x-rays, the interatomic distances 

between the atoms are small enough to cause the incoming x-rays to diffract and 

become scattered. The scattered x-rays can then interfere with each other either 

constructively or destructively as predicted by Bragg’s Law:1  

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 

Equation63.1: Bragg’s Law 

where n is the order of reflection (and usually taken to equal 1), λ is the wavelength 

of the incident x-rays, taken to be 1.54 Å using x-rays generated from the Cu kα1 

transition, d is the interatomic spacing and θ is the incident angle of the x-ray beam.  
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Figure 3.4: Schematic diagram of x-ray diffraction and the relationship to Bragg’s Law. Modified from Ref. 2 

A smaller interatomic distance or larger wavelength of light leads to a larger 

diffraction angle. A typical diffraction pattern plots the intensity of the scattered x-

rays against the diffraction angle, 2θ, to allow for material characterisation based on 

peak height (or intensity) and peak position.  

Additionally the x-ray diffraction pattern allows for the average crystallite size to be 

calculated using the Scherer equation:3  

𝜏 =  
𝐾𝜆

𝛽 𝑐𝑜𝑠𝜃
  

Equation73.2: Scherer Equation. 

Where τ is the average crystallite size, K is the  cherer shape factor, λ is the 

wavelength of the incident x-rays, β is the peak broadening factor, the full width at 

half maximum of the peak (FWHM), and θ is the incident angle of the beam.  

XRD was used in this thesis to characterise the ZnO photocatalysts and the effect of 

changes to sintering conditions, CTAB concentrations and doping. It was used to 

show crystallinity of the samples as well was calculate the crystallite size. The XRD 

data used to produce the spectra used in this thesis were collected by Dr Gabriele 

Kociok-Köhn (Department of Chemistry, University of Bath) using a STOE STADI P dual 
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powder transmission x-ray diffractometer using a scanning range of 2θ = 20 – 90 and 

a scan time of 20 minutes.   

3.3.1.2. X-ray Microtomography  

X-ray microtomography (Micro CT) imaging works using the same principles as CT 

(Computed Tomography) scanning, using x-ray imaging to image cross sections of a 

sample. The sample is mounted onto a turntable that can be rotated as well as shifted 

vertically by motors allowing for scanning at multiple points through the sample. An 

x-ray source is mono-chromated and projected through the sample, with the beam 

passing through, with the beam interacting with solid material and the pores within 

to different extents with the solid material leading to greater absorbance and 

attenuation of the beam than the voids. The beam then interacts with a fluorescent 

scintillator plate that emits visible light, converting the x-rays into visible light, 

towards a lens and detector. This data is a single slice of the material and through 

repeated measurement of the sample at various height and angular increments, 

followed by  the use of computational reconstruction a three-dimensional image of 

the original sample can be produced.4  

 

Figure 3.5: Schematic of an x-ray microtomography device.5 

The images were collected by Mrs Clare Ball (Department of Mechanical Engineering, 

University of Bath) using a Nikon XT H 225 ST using a 178 kV x-ray source and 0.708 

second exposure time, 3141 projections and 4 frames per projection with a 

resolution of 25 µm and analysed using Thermo Scientific Avizo Software 9 3D data 

visualisation software. 
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3.3.1.3. Gravimetric porosity measurement 

Owing to the different types of porosity: closed-, open-, through- pores, it was 

essential to qualitatively assess the nature of the pores within the photocatalyst, as 

closed pores would be ineffective and unsuited to use within a recirculating reactor. 

To this end, a bespoke dyeing apparatus was developed. A schematic of this can be 

found below. Briefly, a solution of Methylene Blue (MB) was flowed through a tube 

(ID = 22 mm, OD = 25 mm) containing a MolFoam on a plastic support platform using 

a peristaltic pump (Masterflex L/S, pump head model 77200-62) operating at a flow 

rate of 50 mL min-1 for 120 minutes. After drying, the MolFoam was cut open showing 

sections dyed blue, indicative of open porosity, whereas sections left undyed would-

be indicative of closed pores.     

 

Figure 3.6: schematic diagram of bespoke dyeing rig to test dye uptake into MolFoam pores. B) photograph of 
dyeing rig in operation. C, d) A dyed MolFoam before and after being cut open. 

In order to measure the open porosity of the foams, a gravimetric analysis method 

was conducted. Using a modified literature method,6  a known mass of ZnO foam was 

submerged in ultra-pure deionised water. After 4 hours the sample was removed, 
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and the wet mass of the foam was recorded and the porosity calculated using the 

following equation:  

𝜀 =  

𝜔1−𝜔2

𝐷𝑢
𝜔1−𝜔2

𝐷𝑢
+
𝜔2

𝐷𝑓

⁄    

Equation83.3:Gravimetric porosity. 

Where ε is the porosity of the foam, ω1 is the mass of the wet foam, ω2 is the mass 

of the dry foam, Du is the density of the ultrapure water and Df is the density of ZnO. 

The change in mass was attributed to the open pores of the material holding water 

and from this, using the density of water, the volume of water in the material (ω1 – 

ω2 / Du) which is equivalent to the volume of the pores could be calculated.  

From this, the porosity was calculated using the volume of the pores divided by the 

total volume of the material and expressed as a percentage.  

Gravimetric porosity measurements were used in this thesis in place of porosity 

calculated via MicroCT due to the resolution of the latter allowing for reconstruction 

and analysis of micropore structure only, rather than the complete hierarchical 

structure of the photocatalysts, leading to porosities significantly lower than were 

present. As higher resolution scans, or NanoCT were not available, gravimetric 

porosity from the Archimedes principal was reported as the open porosity of the 

foams had been qualitatively shown via the dye uptake into the pore in a flow system.  

3.3.1.4. Photoelectron Spectroscopy (XPS) and (UPS) 

X-ray photoelectron spectroscopy is a surface sensitive spectroscopic technique 

allowing for characterisation of the chemical composition of a materials surface 

through measurement of the characteristic binding energies of the elements. 

Analysis is conducted under vacuum conditions, wherein x-ray photons are used to 

induce emission of electrons from the surface, described as the photoelectric effect. 

The kinetic energy of the emitted electrons is measured and allows for calculation of 

the binding energy of the emitted electron. As the binding energy is unique, it allows 

for identification of the element, as well as the bonding environment it originated 

from as shown below:7    
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𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑋𝑟 − (𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 +𝛷)  

Equation93.4: Binding energy of a photon. 

Where EXr
 is the energy of the x-ray photons, Ekinetic is the measured kinetic energy of 

the -emitted electron and Φ is the spectrometer work function.  EBindng is the binding 

energy of the electron, which is specific to the elements and the bonding present in 

the sample. 

Ultraviolet photoelectron spectroscopy is a variation on XPS analysis, designed to 

provide information on the band structure of a sample allowing for elucidation of the 

band gap and band edge positions of a material, key parameters when discussing a 

photocatalyst. Whereas XPS uses a high energy x-ray photon to induce a 

photoelectric effect, UPS uses much lower energy photons, emitted from a He gas 

source. With these lower energy photons, the photoelectric effect producing an 

emitted electron is limited to the outermost electron shells, the valence band 

electrons compared to core level emissions analysed in XPS. By probing the valence 

band, the band edge can be elucidated.8  

XPS was used in this thesis to identify the elemental make-up of the photocatalyst 

and to determine the extent of transition metal doping within the foams, while UPS 

was used to measure the band edge positions which, when coupled with 

measurement of the band gap using UV-Vis allowed for understanding of the band 

structure of the photocatalysts. Both XPS and UPS were acquired by Dr Mark Isaacs 

at HarwellXPS using a Kratos Axis  UPRA using monochromated Al kα (1486.69 e ) 

X-rays at 15 mA emission and 12 kV HT (180W) and a spot size/analysis area of 700 x 

300 µm and a He(I) UV lamp running at 20 mA emission. The instrument was 

calibrated to gold metal Au 4f (83.95 eV) and dispersion adjusted give a BE of 932.6 

eV for the Cu 2p3/2 line of metallic copper. Ag 3d5/2 line FWHM at 10 eV pass energy 

was 0.544 e .  ource resolution for monochromatic Al Kα X-rays is ~0.3 eV.  The 

instrumental resolution was determined to be 0.29 eV at 10 eV pass energy using the 

Fermi edge of the valence band for metallic silver. Resolution with charge 

compensation system on <1.33 eV FWHM on PTFE. High resolution spectra were 

obtained using a pass energy of 20 eV, step size of 0.1 eV and sweep time of 60s, 
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resulting in a line width of 0.696 eV for Au 4f7/2. Survey spectra were obtained using 

a pass energy of 160 eV. Charge neutralisation was achieved using an electron flood 

gun with filament current = 0.4 A, charge balance = 2  , filament bias = 4.2  . 

Successful neutralisation was adjudged by analysing the C 1s region wherein a sharp 

peak with no lower BE structure was obtained. Spectra have been charge corrected 

to the main line of the carbon 1s spectrum (adventitious carbon) set to 284.8 eV. All 

data was recorded at a base pressure of below 9 x 10-9 Torr and a room temperature 

of 294 K. Data was analysed using CasaXPS v2.3.19PR1.0. Peaks were fit with a Shirley 

background prior to component analysis.  

3.3.1.5. XANES X-ray Absorption Spectroscopy  

X-ray Absorption Near Edge Structure (XANES) is a spectroscopic technique used to 

examine the oxidation state of elements (often metals) within a sample. This is done 

by exposing sample to monochromatic x-rays and scanned over a range of energies 

above and below the absorption edge of the target element.9 This process uses the 

absorption within the target element of an x-ray photon with specific energy 

corresponding to the ionisation energy of a core electron. At this energy, the 

absorption spectra shows a significant rise in absorption coefficient which is termed 

the “absorption edge” which corresponds to a specific type of core electrons, i.e. 1s 

electrons of Zn.10 These absorption edges are names according to the principle 

quantum number of the excited electron: K edge for n = 1, L for n = 2, M for n = 3 and 

N for n =4.  

XANES is particularly useful as it can be used to elucidate oxidation state of the target 

element. This is because, as the oxidation state of the absorption site increases, 

energy of the absorption edge increases as well, due to the higher oxidation state of 

the element requiring more energy to excite the electron due to it being less shielded 

from the nucleus and having a higher effective charge.11 

XANES was used in this thesis in conjunction with XPS to analyse the make up of the 

photocatalyst, in particular to assess the oxidation state of zinc and the dopant 

metals within the photocatalyst. 
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XANES analysis was performed on an easyXAFS 300+ spectrometer, with Ag or Mo X-

rays operating at 40 mA and 15 kV emission and silicon spherical bent crystal 

analysers. 

3.3.1.6. RAMAN 

Raman spectroscopy is a spectroscopic technique used to determine the vibrational 

mode of molecules derived from inelastic scattering of photons. During RAMAN 

spectroscopy, the sample is irradiated with a laser, with energy in the UV-Vis region, 

with light scattered perpendicular to the beam and consisting of two types of 

photons: Rayleigh and Raman scattered photons.12 Rayleigh photons account for the 

majority of the scattered light and are elastically scattered, that is to say, undergo no 

change in energy or frequency. Of more interest are the Raman scattered photons 

which are of a frequency equal to that of the incident beam, plus-minus the 

vibrational frequency of the molecule or chemical group present. As this scattering 

occurs inelastically, the photons are deemed as “ tokes shifted” if they have lower 

energy than the initial photon, or “Antistokes shifted” if they have higher energy. It 

is possible to attribute the energy ranges in which RAMAN scattering occurs to 

frequencies characteristic to chemical groups, thus allowing for identification of 

particular groups present within a sample.13 

RAMAN spectroscopy was used in this thesis to characterise the surface chemistry of 

the photocatalysts as well as identify any changes in surface structure induced 

through doping with transition metals. RAMAN spectra used in this thesis were 

collected using a Renishaw InVia Confocal Raman microscope, Excitation laser 

wavelength 532nm, 100% laser power at 74 mW on the sample with 2.6 s exposure 

times, a diffraction grating of size 1,800 I/mm with slit opening of 65 µm. Detector 

used was a 1040 x 256 pixel CCD camera. 

3.3.1.7. Nitrogen Adsorption and Brunauer – Emmett – Teller Theory  

Nitrogen adsorption is a methodology routinely employed in the evaluation of the 

surface area of powders and porous materials. Through measurement of gas 

adsorption (usually N2) against relative pressure of the system, an isotherm can be 
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produced. This is achieved through the condensation of a known volume of the 

adsorpant gas onto the surface of a known mass of adsorbate while measuring the 

change in pressure, relative to the initial pressure.  Examples of these isotherms are 

shown below in Figure 3.7.14  

These isotherms take into account the total volume of gas adsorbed as a multilayer 

(gas molecules stacking on gas molecules rather than adsorbate surface) which 

makes calculation of surface area difficult. To address this,  the Brunauer – Emmett 

– Teller (BET) theory is applied to the isotherm.  This theory expands the Langmuir 

theory of monolayer adsorption of gas to account for multilayer adsorption 

processes. In BET plots, as seen in Figure 3.6, plotting relative pressure (P/P0) as ϕ 

against 1/νads  (ϕ [1- ϕ ]-1) allows for the calculation of the volume of a monolayer of 

gas and then the surface area required for the volume to adsorb onto, providing a 

measurement of surface area of the sample.15 

 

Figure 3.7: Adsorption isotherm of: I. a microporous material, II. a microporous material. III. an example of a BET 

plot derived from an isotherm. The gradient, m, and intercept, I, allow for the calculation of the monolayer 

volume. Adapted from ref 14  

N2 adsorption and BET were used in this thesis to calculate the surface area of the 

photocatalysts and to allow for description of the type of porosity of the samples. 

Isotherms were collected via N2 adsorption using a Autosorb- iQ-C by Quantachrome 

Anton Paar at 77 K, after degassing under vacuum at 130 ⁰C for 120 minutes. BET 

plots and surface area analysis conducted using a multi-step BET method on AsiQwin 

by Quantachrome. 
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3.3.2. Microscopy 

3.3.2.1. Field Emission Scanning Electron Microscopy   

While a traditional microscope uses photons of visible light to generate an image, 

scanning electron microscopy uses a beam of electrons, defined in terms of the 

technique as primary electrons.16 These are used to penetrate the surface of the 

sample to a depth of a few micrometers, with the depth dependant on the 

acceleration voltage of the microscope and the material density. The resulting 

secondary electrons, electrons generated due to ionisation of the sample resulting in 

electron energies specific to a particular element, are scattered and collected by a 

charged detector. SEM and FESEM use the same principles as a traditional light based 

microscope, with the difference being in the wavelengths of electrons being smaller 

than those of the photons of light, allowing for an image of the surface of the sample 

to be collected that is much higher in resolution than would be possible with a light 

microscope.17   

 

Figure 3.8: Schematic diagram of field emission scanning electron microscope (FE-SEM). Adapted from ref 18 

FESEM micrographs were used in this thesis to conduct qualitative and quantitative 

analysis of the ZnO morphology and structure, as well as the effect of photocatalysis 

upon the photocatalyst. The samples synthesised in this work were analysed using a 
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Jeol JSM-7900F FESEM with Oxford Instruments 100mm² Ultim Extreme EDX 

attachment. Prior to imaging, samples were coated with 20 nm Cr.  

3.3.2.2. Energy Dispersive X-ray spectroscopy (EDX) 

Conducted alongside electron microscopy, EDX provides information regarding the 

chemical composition of a sample. As it is bombarded with high energy x-rays, 

electrons within the core, often the 1s (or K) shell are excited to the extent where 

they have the energy to be removed from the atomic structure, leaving behind a high 

energy hole. 16 Outer shell electrons then drop down into the vacancy, leading to the 

release of energy as an x-ray photon. Owing to the quantisation of electron energy 

levels, the photon energy is characteristic to the unique energy difference in the 

electron shells allowing for identification of the element from which it was emitted.17 

The samples synthesised in this work were analysed using a Jeol JSM-7900F FESEM 

with Oxford Instruments 100mm² Ultim Extreme EDX attachment. 

3.3.3. Photocatalysis analysis  

3.3.3.1. High Performance Liquid Chromatography (HPLC) 

HPLC is a form of liquid chromatography, where the separation of compounds in a 

mixture occurs between the mobile phase, in this case a solvent, and a stationary 

phase, the packing column. The analyte sample is injected into the mobile phase and 

transported through the column where the individual solute components of the 

sample will separate out into individual peaks or bands, dependant on their chemical 

composition and its interaction with the stationary phase. This is controlled by 

solvophobic and silanophilic interactions between the solute and the mobile and 

stationary phases respectively. These interactions affect the time for the solute to 

pass through the system, referred to as “retention time” and is a measure of time 

spent within the column, with compounds that are more strongly attracted to the 

stationary phase having higher retention times than those that are less strongly 

attracted.19 After the column, the solutes are detected by UV absorbance which 

provides the solute with a quantifiable peak with the absorbance being proportional 

to the concentration of the sample, as per the Beer – Lambert Law:20 
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𝐴 = log (
𝐼0

𝐼
) =  𝜀𝑏𝑐  

Equation 3.5: Beer-Lambert Law. 

where A is the absorbance of the sample, I0 is the incident light intensity, I is the 

transmitted light intensity, Ɛ is the molar absorptivity (or molar extinction) 

coefficient, b is the cell path length and c is sample concentration. 

 

Figure 3.9. Schematic of HPLC. Modified from reference 21 

The absorption peak and the retention time of the solute allows for characterisation 

of the compounds from the column. 

In this thesis, HPLC was used to monitor the degradation of the micropollutant 

carbamazepine, to examine and assess the photocatalytic activity of the 

photocatalysts produced. Degradation of micropollutant was calculated using the 

equation below:  

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % =  
𝐶𝑡
𝐶0
 𝑋 100 

Equation 3.6: Micropollutant degradation. 

where Ct  is the peak area from the chromatogram of carbamazepine (CBZ), from the 

sample taken at time t, and C0 is the peak area of the initial concentration of 

carbamazepine before the reaction (time = 0 minutes). 

For all photocatalysis experiments, CBZ removal was monitored from 1 mL aliquots 

collected during sampling every 15 minutes for the first hour and every 30 minutes 

thereafter, such that the total volume removed was less than 10% of the starting 

reservoir volume, using high performance liquid chromatography (HPLC).  
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All experiments were repeated in triplicate. HPLC analysis of CBZ was performed on 

a Thermo Scientific Ultimate 3000 liquid chromatograph with a UV detector. CBZ 

analysis used a Thermo Scientific Acclaim 120 C18 column (3.0 X 75.0 mm, particle 

size 3.0 µm) and a Thermo Scientific Acclaim 120 C18 guard column I 120 C18 (3.0 X 

10.0 mm, particle size 5.0 µm) The mobile phase was made up using 5.0 mM 

phosphoric acid and acetonitrile 70:30 (v:v) with a flow rate of 0.8 mL min-1, injection 

volume of 20 µL and detection wavelength of 285 nm. Degradation of carbamazepine 

was measured via plotting (Ct/C0) Vs time where C0 is the initial concentration of CBZ 

and Ct is the concentration of CBZ at a given time. The pseudo first order degradation 

kinetics (k) was calculated via linear regression of a plot of Ln(Ct/C0) Vs time. 

3.3.3.2. UV-Vis Reflectance Spectroscopy 

Ultraviolet – visible spectroscopy is often used to quantitatively measure the optical 

properties of both materials and solutions. A sample is irradiated with light of 

wavelengths between 200 and 900 nm and the intensity of the light reaching the 

detector is measured.   

 

Figure 3.10: Schematic diagram of UV-Vis spectrometer. Adapted from ref 22 
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An analysis of the UV-Vis reflectance data using the Kubelka – Munk method allows 

for a calculation of the band gap of the semiconductor material in a graphical method 

similar to that conducted for a Tauc plot using the following equations:23 

𝐹(𝑅) =  
(1 − 𝑅)2

2𝑅
)  

(𝐹(𝑅). (ℎ𝜐))2 = 𝐴(ℎ𝜐 − 𝐸𝑔)  

Equation 3.7: Kubelka-Munk method for Tauc plots. 

where FI is the Kubelka – Munk function, R is the reflectance, E is the energy of the 

incoming photon, A is a proportionality constant, h is Planck’s constant, ν is the 

frequency of the photons and Eg is the band gap energy of the material.  

Plotting (FI.(hν))2 vs hν, the band gap (Eg) can be extracted via extrapolation of the 

linear region of the plot. 

Ultraviolet – Visible (Uv-Vis) spectroscopy was used in this thesis to characterise the 

band gap of the photocatalytic materials. UV-Vis spectroscopy was conducted using 

a PerkinElmer LAMBDA 650s series spectrometer. The reflectance of the doped and 

undoped ZnO produced in this work and the data gathered to conduct the band gap 

analysis was collected using a UV/Vis/NIR spectrometer with an integrating sphere. 

3.3.3.3. Inductively coupled plasma mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical technique 

used to measure trace metals in samples with very high sensitivity, up to parts per 

billion (ppb) scale. Solution based samples are vaporised and injected into a high 

temperature plasma, usually argon, which atomises and ionises the sample, allowing 

for detection by mass spectrometry. The mass spectrometer separates the ions 

according to the mass/charge ratio and the beam of ions then passes through an 

electron multiplier before reaching a detector which records the charge or current of 

an ion passing, which is proportional to the concentration of that quantified ion. 

Concentration of the sample can then be elucidated using calibration curve or known 

reference material for comparison.24 
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In this thesis, ICP-MS was used to measure the chemical stability of the ZnO foams in 

water under UV and to assess the extent of photocorrosion that occurred during the 

photocatalytic degradation experiments, to assess their suitability for use, 

considering limitations placed on Zn2+ ion levels by The World Health Organisation.25 

The ICP-MS data presented in this thesis was recorded by Dr J. A. Milton at the 

National Oceanography Centre, Southampton using a Thermo Fisher Scientific X-

Series II instrument. All samples, standards and blanks, were spiked with internal 

standard elements Be, In, and Re. The Zn concentration was calibrated using six 

synthetic standards prepared from a 1000 ppm Inorganic Ventures (VA, USA) 

standard. The associated error was typically lower than 1.0%.  

3.4. Reactor  

The photocatalytic reactor used in this work is a recirculating batch reactor with a 

tubular design, which allows for greater UV irradiation of the photocatalyst and mass 

transfer of organic micropollutant from the reaction solution to the catalyst surface, 

as well as making best use of the hierarchical porosity of the foam structures by 

flowing the solution through the catalyst compared with batch reactor systems.26 

This system allows for photocatalytic foams to be placed within a quartz tube, 

surrounded by three equidistant UV-C lamps and the pollutant solution to be 

repeatedly flowed through the catalyst and back into the reservoir.  
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Figure 3.11: Schematic diagram for recirculating photocatalytic reactors. Labelled are I) quartz tube containing 

foam surrounded by UV lamps, II) gear pump Ismatec, MCP-Z with a pump head Model GBS.P23.JVS.A-B1, III) 

reservoir 500 mL) 

The reactor was developed based on a previous reactor designed by Taylor et al.27 

The length of the quartz tube was 25 cm, with a length of lamp of 8 cm and a distance 

between the lamp and the quartz tube of 3 cm. Inner diameter of the quartz tube 

was 2.2 cm and outer diameter was 2.5 cm.  

Conditions were kept constant, for all photocatalytic experiments, unless stated 

otherwise elsewhere: Reservoir temperature maintained at 10 °C, flow rate of 250 

mL min-1, 500 mL of 10 µM carbamazepine solution used, oxygen saturation time 40 

minutes, irradiation time 120 minutes. After each experiment, the reactor was 

washed through with 500 mL of ultrapure water at a flow rate of 500 mL min-1. The 

degradation of carbamazepine was monitored using HPLC (Section 2.3.3.1.). 

Carbamazepine was selected as a model micropollutant for photocatalytic activity 

(PCA) studies, due to its high UV stability,28 and known degradation pathways, 29 as 

well as it’s prevalence as a pharmaceutical pollutant in waterways. 30 Furthermore, it 
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has been shown that the photodegradation pathway of carbamazepine is 

photocatalysis, rather than photosensitisation,31, 32 the latter of which does not 

require band gap activation of the photocatalyst.31  
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Graphical Abstract  

 

Abstract 

The safe and efficient removal of organic micropollutants, such as pharmaceuticals, 

pesticides or caffeine from wastewater remains a major technological and 

environmental challenge. Here, the synthesis of self-supporting ZnO foam monoliths 

by direct incorporation of air into the forming gel is presented for the first time. These 

foams, labelled as MolFoams, showed a highly porous and interconnected structure, 

allowing for high solution flow rates and fast degradation kinetics of carbamazepine, 

a widely used pharmaceutical compound, used here as a model micropollutant. 

Altering the concentration of CTAB used in the formulation of the gels allowed 

controlling the size of the macropores of the MolFoam in the of 0.69 – 0.84 mm 

range. Smaller macropores within the MolFoam structure were highly beneficial for 

the degradation of carbamazepine with pseudo first-order degradation kinetics of 

5.43 x10-3 min-1 for the MolFoams with the smallest macropore size. The best foams 

were tested in a recirculating reactor, with an optimal flow rate of 250 mL min-1, 
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resulting in a quantum efficiency of 2.63 X 10-3 and an electrical energy per order of 

21.34 KWh m-3 order-1, in addition to high mechanical and chemical stability. These 

results surpass the performance of photocatalytic slurries and immobilised systems, 

showing that self-supporting, photocatalytic foams can be an effective solution for 

the removal of organic micropollutants in wastewater. 
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Synthesis of Photocatalytic Pore Size-Tuned ZnO Molecular 

Foams 

4.1. Published Manuscript 

Introduction  

The presence of organic micropollutants at ng L-1 to μg L-1 concentrations in water 

bodies poses an emerging threat to public health and aquatic ecosystems.1,2 Organic 

micropollutants comprise a wide range of compounds including pesticides, 

pharmaceutical, personal care products, drugs and hormones.3 Many organic 

micropollutants cannot be efficiently removed with the physical, chemical and 

biological methods applied in conventional wastewater treatment plants.4 Through 

wastewater effluent, organic micropollutants are discharged into the aquatic 

environment, where they exert ecotoxicological effects on aquatic organisms, 

bioaccumulate and eventually may reach water supplies or enter the human food 

chain.5 New technology is required to effectively remove organic micropollutants 

during wastewater treatment. Advanced oxidation processes (AOPs) are among the 

most promising approaches for the removal of organic micropollutants in 

wastewater. AOPs encompass a wide range of different methods that utilize hydroxyl 

radicals as the main oxidizing species targeting organic micropollutants. 6 Ozone-

based AOPs are widely used due to their low cost,7  but can cause the formation of 

bromate compounds in water supplies with high concentrations of bromides, posing 

a risk to human health.8 UV/H2O2 systems are also employed,9 however the use of 

peroxide is limited by its low molar absorption coefficient, thereby requiring high 

concentrations to generate sufficient hydroxyl radicals. 10 Fenton related processes 

are less common, due to a low efficiency of the iron complexes when operated at the 

typical pH of wastewater.6 The photocatalytic degradation of organic micropollutants 

has the potential to address some of the limitation of other AOPs,11 but also faces 

some key challenges which have, so far, limited its large-scale adoption. Currently, 

photocatalysts are used as slurries or supported catalyst. 12 In slurries, suspensions 

of photocatalytic nanoparticles are mixed with the pollutant stream ensuring a high 
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surface area contact between pollutant molecules and photocatalyst,13 as well as a 

higher active surface area that can be irradiated. 14 A key drawback of photocatalytic 

slurries is the requirement for costly downstream separation of the slurry prior to 

release into waterways. 15 While the benefits of using nanoparticle slurries are 

significant, considerations need to be paid to the impacts of their release to the 

environment, with established evidence of bioaccumulation within fish, plants and 

mammals. 16 Furthermore, it has been shown that there is the potential for synergic 

interactions between catalyst nanoparticles and pollutants present in the 

environment, resulting in enhanced toxicity. 16  With supported catalysts 

downstream removal is not required as for slurries. However, supported catalysis 

have a lower surface area of catalyst in contact with the pollutant stream resulting in 

lower treatment efficiencies, 17 18 as well as issues of “shadowing”, where the 

structure of the support and morphology of the catalyst can lead to areas where light 

cannot reach the surface, resulting in a reduced reactor efficiency. 18 Reticulated 

foam materials as supports for photocatalysts can integrate the advantages of 

supported immobilised catalysts with the higher surface areas of photocatalytic 

slurries. Synthesis of these generally involve decoration or coating a porous material, 

often Al2O3, 19 Ni 20 or SiC,21 with photocatalytic nanoparticles, typically TiO2 19, 22 or 

ZnO.20 While these decorated foams have shown faster degradation kinetics than an 

equivalent unsupported catalyst, 19 they do not solve the issues associated with the 

potential leaching of nanoparticles in the treated wastewater. 23   

A further advancement in the use of foams has been to obtain a photocatalytically 

active porous monolithic structure, obtained from the sintering of ZnO microparticles 

around an organic template.24 This approach removes the potential issue of weak 

adherence of particles to a support observed in decorated foams. However, zero 

leaching of particles cannot still be guaranteed during continued use. It is therefore 

advantageous to move away from the use of particles of any size in the synthesis, 

instead using a solution-based synthesis for the formation of monolithic 

photocatalysts.  
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Zinc oxide was selected as the starting metal oxide for this work, as its use as a 

photocatalyst in water treatment research is well established, 25   due to its UV active 

band gap of 3.2 eV, high electron mobility and low cost and toxicity. 26 Furthermore 

it absorbs over a wider range of wavelengths of light compared to TiO2 allowing for 

greater utilisation of a light source and more efficient degradation of pollutants,27 

while additionally TiO2 suffers from high rates of electron hole recombination which 

limits its effectiveness as a photocatalyst. 28  However ZnO is not without its 

drawbacks, including photo-corrosion under UV irradiation, 29 leading to the 

dissolution and formation of Zn2+ ions in solution, limiting its use for water treatment. 

The World Health Organisation limits the maximum concentration of Zn2+ in water to 

3.0 ppm. 30 The impact of this photo-corrosion can be reduced at high dissolved  

oxygen concentration that stabilises ZnO. 31 

This work reports the use of a solution-based synthesis of zinc salt and a 

dicarboxylate linker in a sol-gel synthesis with controlled incorporation of air to form 

a porous zinc oxalate precursor foam, which is then sintered to form robust metal 

oxide foam. Synthesis in this manner has many advantages: Firstly, the foams are 

produced avoiding the use of volatile foaming agents while still retaining the high 

porosity that that would be expected from their synthetic use. 32, 33 Furthermore, the 

sintering and conversion of oxalate to oxide results in a porous structure without the 

presence of discrete particles. Rather, a singular interconnected structure made of 

metal oxide is formed, thus removing the need for a porous support structure and 

discrete particles within the structure. As the formation of the porous monolith 

occurs via a bottom-up approach, using the reaction at a molecular basis, the foams 

synthesised in this way as called “Molecular Foams” or MolFoams. 

Experimental  

Materials  

Zinc acetylacetonate (Zn (AcAc)2; ≥95.0 %), Oxalic acid anhydrous (≥99.9 %), 

Hexadecyltrimethylammonium bromide (CTAB; ≥99.9 %), Polyethylene glycol (P  ; 

10,000), Ethanol (Absolute) and Methylene Blue were all purchased from Sigma 

Aldrich and used as provided. Jacketed, fritted funnels were purchased from 
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Chemglass Lifesciences and fitted with PTFE sheets (Zwanzer). Desiccant from a 

Drierite™ gas-drying unit (Sigma Aldrich) was used as provided by the manufacturer 

but transferred to a smaller tube. 

Synthesis of ZnO MolFoams  

Zinc oxide foams were synthesised by substantially altering a method originally used 

to make nanoparticles,34, 35 to form a solid foam monolith. First, Zn (AcAc)2 (15.0 

mmol) was added to a 25 mL Pyrex beaker. Subsequently, CTAB was dissolved in 15 

mL ethanol and added to the beaker such that the final concentration in the reaction 

mixture was 5, 10, 15 or 20 mM respectively. Oxalic acid (15.0 mmol) and 40 µmol 

PEG10000 with 10 mL EtOH mixed in a separate beaker. Both solutions were stirred 

at 60 °C for 60 minutes in an oil bath until homogenous solutions were obtained. The 

solutions were sequentially added to a PTFE-lined, temperature controlled jacketed 

filter funnel at 60 °C. The reaction mixture was aerated with compressed air with an 

upward flow rate of 0.1 Standard Litres per Minute (sL min-1 ) using a rotameter. 

The reaction mixture of the Zn and acid solutions was aerated for 3 hours leading to 

the formation of a white gel. The gel was then transferred to a pre-weighed ceramic 

crucible and placed in a preheated muffle furnace (Carbolite CWF 1100) at 80 °C and 

dried for 12 hours to remove any remaining ethanol resulting in a dry zinc oxalate 

foam which was stored under ambient conditions.    

Conversion of zinc oxalate foam into zinc oxide was achieved using a two-step 

thermal sintering process: The zinc oxalate foam was sintered using a furnace, heated 

to 1,000 °C with a ramp rate of 5 °C min-1 and held at temperature for 0.5 hours, and 

then 900 °C with a ramp rate of 5 °C min-1 and held at temperature for 20 hours. This 

resulted in the formation of a mechanically stable ZnO foam. The high temperature 

sintering was also used to remove any remaining organic components. After 

sintering, the foams were cylindrical in shape, with an average diameter of 20 ± 1 

mm and height of 19 ± 1 mm. Multiple parameters were studied, including sintering 

times and temperatures, aeration method, flow rate of air and composition of 

reactant solutions, for the formulation of the foams. (Table S4.1).  
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Characterisation of ZnO MolFoams  

The surface morphology of the zinc oxide foams was studied using a JEOL 6301F 

FESEM and JEOL JSM-7900F FESEM. Prior to imaging, samples were coated with 20 

nm Cr. The crystal structure of the foams was investigated using a STOE STADI P dual 

powder transmission x-ray diffractometer using a scanning range of 2θ = 20 – 90 

degrees and a scan time of 20 minutes.  

The chemical stability of the MolFoams was analysed using inductively coupled 

plasma mass spectrometry (ICP-MS) in a Thermo Fisher Scientific X-Series II 

instrument. All samples, standards and blanks, were spiked with internal standard 

elements Be, In, and Re. The Zn concentration was calibrated using six synthetic 

standards prepared from a 1000 ppm Inorganic Ventures (VA, USA) standard. The 

associated error was typically lower than 1.0%. 

The porosity and internal structure of the MolFoam were determined using a 

combination of different characterisation methods. First,  gravimetric porosity 

measurements were conducted using the Archimedes principle: 36  

𝜺 =

𝝎𝟏− 𝝎𝟐

𝑫𝒖
𝝎𝟏− 𝝎𝟐

𝑫𝒖
+  

𝝎𝟐

𝑫𝒇

⁄                              

Equation 4.1 Gravimetric Porosity  

where ε is the porosity of the foam, ω1 is the mass of the wet foam, ω2 is the mass of 

the dry foam, Du is the density of water (deionised, ultrapure) and Df is the density of 

ZnO. The porosity and internal structure of the foams were further analysed using 

microcomputer tomography. The slices were collected using a Nikon XT H 225 ST 

using a 178 kV x-ray source and 0.708 s exposure time, 4 frames per projection and 

3141 projections and analysed using Thermo Scientific AvizoSoftware 9 3D data 

visualisation software. This data was used to calculate the Surface Area: Volume 

ratio, avs: 37  

𝒂𝒗𝒔 = 
𝟖.𝟎𝟎𝟐 (𝟏−𝟎.𝟖𝟑𝟑√𝟏−𝛆

𝒅𝒑√𝟏−𝛆
                                  

Equation 4.2 Surface Area: Volume ratio  
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where dp is the pore diameter and Ɛ is the porosity of the foam. 

To probe the microporosity, the MolFoams were broken in smaller pieces and 

analysed via BET N2 adsorption using a Autosorb- iQ-C by Quantachrome 

Anton Paar at 77 K, after degassing under vacuum at 130 ⁰C for 120 minutes, 

obtaining the specific surface area, SABET. Samples were loaded carefully 

avoiding the formation of powders, to avoid characterisation of the porosity of 

a powdered MolFoam. 

Finally, a bespoke dyeing apparatus was developed to qualitatively assess the 

nature of the pores (open or closed porosity) within the MolFoam. A schematic 

of this can be found in Figure S4.3. Briefly, a solution of Methylene Blue (MB) 

was flowed through a tube (ID = 22 mm, OD = 25 mm) containing a MolFoam 

on a plastic support platform using a peristaltic pump (Masterflex L/S, pump 

head model 77200-62) operating at a flow rate of 50 mL min-1 for 120 minutes. 

After drying, the MolFoam was cut open showing sections dyed blue, indicative 

of open porosity, whereas sections left undyed would-be indicative of closed 

pores.     

Photocatalytic reactor setup  

For the reciculating photocatalytic experiments, reactor cartridges were made up of 

a quartz tube (h = 250 mm ,OD = 25 mm , ID = 22 mm) with a 3D printed plastic buffer 

designed to hold the foams in place and prevent loss of the foam into the tubing and 

pump, positioned to avoid interference with the light source. A 3D model and a 

diagram of the reactor can be found in Figures S4.1 and S4.2. 

ZnO MolFoams of known mass (0.7 g) were placed inside the cartridge and secured 

using subaseal fittings, connected to a gear pump (Ismatec, MCP-Z with a pump head 

Model GBS.P23.JVS.A-B1, Cole Parmer) connected to a jacketed beaker of 500 mL 

(acting as the reservoir) with a magnetic stirrer, where the temperature was 

maintained using a water-cooled bath (RC-10 Digital Chiller, VWR) with three UV 

lamps (Aquatix pond U  lamp, λ = 254 nm, 5W) positioned equidistant around the 

quartz tube reactor containing the ZnO MolFoam at a distance of 3 cm served as the 

light source.  
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Photocatalytic activity (PCA) experiments 

PCA experiments were conducted using 10 μM solutions of carbamazepine (CBZ) in 

500 mL unbuffered ultrapure water at 10 ± 1 °C. CBZ was selected as a model 

micropollutant for photocatalytic activity (PCA) studies, due to its high UV stability,38 

and known degradation pathways, 39 allowing for comparison with both slurries and 

immobilised catalysts.40, 41 To minimize photocorrosion of ZnO, 31 CBZ solutions were 

saturated with O2 for 40 minutes prior to experiments. The recirculating reactors 

were operated at flow rates between 100 mL min-1 and 500 mL min-1. Control 

experiments were conducted in the absence of MolFoams in the reactor. Adsorption 

and removal of CBZ under dark conditions were found to be negligible as shown in 

Figure S4.8.  

For all photocatalysis experiments, CBZ removal was monitored from 1 mL aliquots 

collected during sampling every 15 minutes for the first hour and every 30 minutes 

thereafter, such that the total volume removed was less than 10% of the starting 

reservoir volume, using high performance liquid chromatography (HPLC).  

All experiments were repeated in triplicate. HPLC analysis of CBZ was performed on 

a Thermo Scientific Ultimate 3000 liquid chromatograph with a UV detector. CBZ 

analysis used a Thermo Scientific Acclaim 120 C18 column (3.0 X 75.0 mm, particle 

size 3.0 µm) and a Thermo Scientific Acclaim 120 C18 guard column (R) 120 C18 (3.0 X 

10.0 mm, particle size 5.0 µm) The mobile phase was made up using 5.0 mM 

phosphoric acid and acetonitrile 70:30 (v:v) with a flow rate of 0.8 mL min-1, injection 

volume of 20 µL and detection wavelength of 285 nm. Degradation of carbamazepine 

was measured via plotting (Ct/C0) Vs time where C0 is the initial concentration of CBZ 

and Ct is the concentration of CBZ at a given time. The pseudo first order degradation 

kinetics (k) was calculated via linear regression of a plot of Ln(Ct/C0) Vs time.  
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Photocatalyst quantum efficiency 

The quantum efficiency (QE) of a photocatalytic system is defined as the number of 

molecules of pollutant (carbamazepine) undergoing degradation relative to the 

number of photons reaching the catalyst surface. 42 The photon flux (Eqf) arriving at 

the surface of the photocatalyst along with the kinetic constant (k’) allows calculating 

the quantum efficiency (QE). Details of the calculations are provided in the SI. 

Figure 4.21: Graphical overview of synthetic method of MolFoam production 

Electrical Energy Per Order (EEO) 

To assess the scale up potential of the system, the energy consumption of the reactor 

was estimated via the electrical energy per order (EEO), defined as the kilowatt hours 

of electrical energy needed to decrease the concentration of a pollutant by an order 

of magnitude (90%) in one cubic metre of solution: 43 

𝐸𝐸𝑂 = 
𝑃 ∗ 𝑡 ∗ 1000

(𝑉)(𝑙𝑜𝑔
𝐶0
𝐶𝑡
⁄ )

 

Equation 4.3 EEO   
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Where: P is the total power output of the 3 lamps onto the 12 cm long quartz tube, t 

is time in hours and V is the volume of the reservoir. As the foam occupied only a 

fraction of the quartz tube, the total power of the lamps was multiplied by the 

volumetric fraction occupied by the foam, to provide the effective power used for 

photocatalysis, considering that the contribution of photolysis is negligible. Details of 

the calculations are provided in the SI. 

Results and discussion  

ZnO MolFoams characterisation 

Upon removal from the funnel, the wet gel monoliths were white in colour, free-

standing and plastic via gentle pressure. After drying, the samples became brittle 

upon application of pressure. The dried monoliths were 28 mm in diameter and 30 

mm in height on average. This decreased to 20 ± 1 mm diameter and 19 ± 1 mm 

height post sintering and could be handled and subjected to flow experiments.  

The XRD pattern of the foams (Figure S4.4) shows the formation of hexagonal 

wurtzite ZnO with lattice parameters of a = b =3.25 Å and c =5.21 Å, sharp peaks 

indicating the sample is highly crystalline in nature and strongest intensity in the 

peaks associated with the (100), (002) and (101) crystal phases. All peaks are in 

agreement with those reported from JCPDS No. 36-1451. 44 The gravimetric porosity 

of these MolFoams, as measured using the Archimedes principle, 36 was found in all 

cases to be 95 ± 1 %. This high porosity is required for solution flow through the foams 

in a flow reactor system. Furthermore, this high porosity is comparable with those 

reported in the literature for metal oxide aerogels, 45, 46 with the key distinction that 

this porosity is achieved without the use of volatile foaming agents such as propylene 

oxide, nor the use of supercritical CO2 (sCO2). The FESEM micrographs show the 

presence of interconnected pores with faceted wall structures within the foam 

(Figure 4.2). The MicroCT slices and 3D reconstructions (Figure S4.5) show the 

internal structure of the MolFoams to be comprised of irregularly shaped pores and 

channels, connecting throughout the MolFoam. The irregularity of the pores can be 

ascribed to multiple factors: The use of EtOH as a solvent resulted in CTAB 

concentration well below the critical micelle concentration (CMC) of the CTAB/EtOH 
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system of 0.24 M,47 hindering formation of regular micelles compared to an 

equivalent system using an aqueous solvent;  and the densification due to sintering, 

compounded by the release of CO2 from the zinc structures during the conversion of 

the oxalate into the oxide. 34 

 

Figure 4.22 FE-SEM micrographs showing the interconnected structure of the MolFoams (a) and the irregular 
microporous channel structure (b). (c) 3D reconstruction from MicroCT showing the irregular pore and channel 
structures within the MolFoams. The dashed circles and lines highlight examples of pores and channels, 
respectively.  

Effect of flow rate on photocatalytic activity of MolFoams synthesised using 5 mM 

CTAB solution.  

The photocatalytic activity of the MolFoam was investigated in a recirculating 

flow reactor. Initially operated at 100 mL min-1 in  

the absence of a MolFoam, the carbamazepine underwent minimal 

degradation (9%) within 2 hours due to photolysis alone. When the ZnO 

MolFoam photocatalyst was added, the degradation increased to 36% after 2 
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hours (Figure 4.3). Further increases of the flow rate from 100 to 400 mL min-

1, led to an increase in the total degradation of CBZ to 57% (Figure 4.3). This 

increase in CBZ removal, along with a corresponding increase in kinetics 

reveals that the process is in the mass transfer limited regime, a well reported 

effect wherein the diffusion of pollutant through the boundary layer at the 

catalyst/pollutant interface limits the rate of degradation. 48 As the flow rate is 

increased, this leads to the formation of a thinner boundary layer at the 

catalyst surface between it and the bulk of solution, reducing the time required 

for the carbamazepine molecules to diffuse to the surface of the foams.12 The 

effect of this can be seen clearly within Figure 4.3, where, as the flow rate is 

increased, both the degradation of carbamazepine and the kinetics increase, 

with a significant change in the kinetics between 200 and 300 mL min-1. The 

change becomes less pronounced as the flow rate is further increased and 

begins to decrease at flow rates of 500 mL min-1. Comparable phenomena has 

been observed for the photocatalytic degradation of phenol using ZnO wire.31 

However whether this is indicative that the system is no longer in the mass 

transfer-limited regime and the adsorption of carbamazepine onto the ZnO is 

the rate limiting factor is unclear, as it was at this high flow rate that the foams 

underwent significant mechanical degradation and, hence, were deemed 

unsuitable for use at these higher flowrates. As such the MolFoams were 

modified to improve their mechanical stability at higher flow rates. 

Furthermore, the quantum efficiencies of these MolFoams ranged from 1.21 X 

10-3 to 1.79 X 10-3 at flow rates of 100 and 400 mL min-1, respectively. While 

these initial values are higher than for those reported for supported TiO2,49, 50 

and comparable with ZnO nanoparticle slurries, 41, 51  they are lower than those 

for other ZnO foams.24 Further comparisons with quantum efficiencies reported 

in the literature can be found in Table S4.8.   
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Figure 4.23:Photocatalytic degradation of CBZ using ZnO MolFoams at varying flow rates  photolysis, ◼ 100 mL 

min-1 ,● 200 m L min-1 ,  300 mL min-1 , 400 mL min-1 ,◆500 mL min-1. Inset shows first order reaction kinetic 

as a function of flow rate (Reynolds number). 

[CTAB] 

/mM 

C120/C0  k (x10-3) 

/min-1 

ε /% Macropore 

Diameter /mm 

𝑎𝑣𝑠 / 

cm-1 

SABET 

/m2g-1 

QE EEO 

 /KWh m-3 

order-1 

5 0.56 ± 

0.03 

 4.44 ± 

0.32 

96 0.81 ± 0.02 16.50 34.50 1.30 X 

10-3 

39.71 ± 

3.93 

10 0.48 ± 

0.02 

 5.43 ± 

0.37 

96 0.69 ± 0.01 19.37 35.68 1.56 X 

10-3 

31.37 ± 

1.85 

15 0.53 ± 

0.03 

 5.29 ± 

0.17 

96 0.76 ± 0.01 17.58 28.18 1.53 X 

10-3 

36.27 ± 

3.44 

20 0.58 ± 

0.02 

 4.71 ± 

0.18 

94 0.84 ± 0.02 15.91 39.05 1.36 X 

10-3 

42.27 ± 

2.81 

Correlation  0.33  0.18 -0.78 0.32 -0.30 0.17 

 Correlation – Kinetics  0.37 -0.85 0.85 -0.41 

 Correlation - Degradation -0.65 0.99 -0.99 0.29 

Table 4.1: Correlation between [CTAB], CBZ removal for foams prepared at different CTAB conditions (120 min 
irradiation time, flow rate 200 mL min-1) and pseudo first order degradation kinetics (k) with the porosity 
calculated by Archimedes’ method (e), macropore diameter and pore Surface Area: Volume ratio (𝑎𝑣𝑠 ) and BET 
Surface (SABET). Also tabulated are overall quantum efficiency (QE) and EEO at corresponding CTAB 
concentrations. 
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CTAB-modified MolFoams 

The concentration of CTAB in the formulation was modified to increase the 

mechanical stability of the MolFoams at higher flowrates. Initially, CTAB was 

used as a surfactant solely to stabilise the air bubbles within the gel and 

increase the porosity of the foams.52, 53 It was then theorised that by increasing 

the concentration of the surfactant, the foams would be able to incorporate 

more air and show both greater porosity and larger pore sizes, as greater 

stabilisation of the air/EtOH interface occurs. Small increases to the CTAB 

concentration were made, to achieve final concentrations of CTAB in the foams 

of either 5, 10, 15 or 20 mM, still well below the CMC. Foams synthesised with 

the increased CTAB concentrations up to 15 mM showed no change in 

macroscopic dimensions, while the foams synthesised using 20 mM CTAB were 

slightly squatter than previous foams.  At the microstructural level, on the 

other hand, there were significant changes: The increased presence of the 

CTAB led to the formation of more rod-like microstructures within the foam 

structure (Figure 4.4, S4.6) with a higher proportion of the crystals showing 

well-defined facets.  

This combination has been shown to result in higher  photocatalytic activity,54 

due to these facets showing greater potential for adsorption of pollutants to 

the surface, as well as showing greater trapping of photoexcited electrons and  

holes at the surface. 55 ZnO nanorods are well reported to have increased 

charge separation and trapping properties, associated with the higher aspect 

ratio of the crystals compared with other morphologies as this leads to greater 

delocalisation of electrons. 56 Furthermore the [002] crystal plane and 

associated (0001) facet have been shown to be promote adsorption of oxygen 

species, allowing for the formation of reactive hydroxyl radicals to promoted 

degradation of pollutant species. 57 The formation of the rod-like structures is 

attributed to the preferential adsorption of ionic surfactants on the [100] 

crystal plane or (1010) crystal facet, which, in turn, has an inhibitory effect on 

the crystal growth in this direction.58, 59 This then promotes growth of the 

crystal along the [101] crystal plane of the (1011) facet,58 and the [002] plane 



 

 Chapter 4: Synthesis of Photocatalytic Pore Size-Tuned ZnO Molecular Foams 

 

139 

of the (0001) facet,60 resulting in the formation of the longer rod-like structures 

observed here and in the literature. 61 

It is widely reported that particle shape has a significant impact on the 

photocatalytic activity of ZnO, along with the effect the shape has on the 

relative intensity of the main ZnO peaks within the XRD,44 in particular, 

regarding ZnO nanorods as  

Increasing the CTAB concentration from 5 to 10 mM lead to an increase in the 

relative intensity of the (100), (002) and (101) peaks, suggesting a degree of 

crystallite anisotropy, 59 while a decrease in relative intensity of the (100)/(101) 

ratio from 0.70 to 0.65 and (002)/(101) ratio from 0.50 to 0.44 is indicative of 

an increased presence of 1011 facets typical of those found on ZnO rod-like 

structures. 54 Further increases in the CTAB concentration did not lead to any 

further changes in the relative intensities or ratio of the peak intensities, 

indicating no further changes to the shape of the crystallites, with similar 

findings reported in the literature. 60 

The degradation of CBZ and the degradation kinetics follow a nonlinear 

relationship, with the Pearson’s r value for the correlations between CTAB 

concentration and degradation or 

kinetics being only 0.33 and 0.18, respectively (Table 4.1). Figure 4.5a shows 

that the highest kinetics and greatest CBZ removal occurring in MolFoams 

synthesised using 10 mM CTAB solutions, increasing from 5 mM and then 

decreasing as the concentration increases further.  

This suggests that, while 10 mM is the optimum CTAB concentration, the 

greater concentration of CTAB is not directly responsible for this increase, nor 

is it the increased presence of the rod-like crystals that are observed at higher 

concentrations. It is likely that this increased activity is due to the effect that 

the CTAB has on the structural properties of the MolFoams. As the CTAB 

concentration increases, the average diameter of the pores shows a minimum 

macropore size for 10 mM CTAB, then increasing as the concentration increases, 

while at minimum pore diameter, the degradation and reaction kinetics are highest 

(Figure 4.5 b-d). This is further reinforced by the Pearson’s r value for the 
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correlations for macropore size and the related SA/V ratio of the pores with 

very strong correlation to the degradation of carbamazepine (r = 0.99 and -

0.99, respectively) and strong correlation with the pseudo first order kinetics 

(r = -0.85 and 0.85, respectively) as shown in Table 4.1. The decrease in pore size 

can be qualitatively  

 

Figure 4.24: FE-SEM micrograph of ZnO MolFoams synthesised using 10 mM CTAB solutions. Encircled regions 
show highly faceted rod-like structures. 

observed in Figures 4.6c and 4.6d, where the 3D reconstruction of the MolFoams 

shows the formation of smaller pores in the foams synthesised with higher CTAB 

concentrations. This is of particular interest as opinion within the literature is divided 

on the impact of pore size on the degradation activities of supported catalysts. One 

argument is that the smaller the pore size, the higher the surface areas within,62 

resulting in larger reactive catalyst area. This, along  

with thinner coatings of catalyst allows for greater light utilisation.37 A contrasting 

argument is that the larger the pore size, the greater the light penetration into the 

foam and thus greater activation of photocatalyst. 63 However, this argument is 

frequently made of foams of photocatalytically inactive materials such as alumina 

with thick struts surrounding the pores. 64, 65 Larger pores also offer less resistance to 
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the flow of the solution through the foam structure.64 Figure 4.5 shows a clear 

relationship between CTAB concentration and the pore size of the foams as well as 

the degradation of CBZ and reaction kinetics, with the smaller pore sizes leading to 

greater degradations and higher kinetic constants. The improved activity from 

smaller pores can be explained by the hierarchical pore structure of the foams. The 

channels within the foam favour fluid flow through the porous material, while the 

smaller macropores, as observed in the 10 mM CTAB samples, provide greater 

degradations and higher kinetics, due to pollutant molecules having shorter diffusion 

times within smaller pores.48 Reducing the macropore size increases the rate of 

diffusion, resulting in faster kinetics and higher degradation of CBZ. Smaller pores 

also provide higher surface areas for the degradation reaction to occur. Furthermore, 

the reduction of pore size without changes in overall porosity suggests the presence 

of a greater number of pores within the foam structure with each individual pore 

having a higher surface area: volume ratio and acting as a site for the adsorption and 

degradation of pollutant molecules from the eluent stream. 

 

Figure 4.5. a) Photocatalytic degradation of CBZ using ZnO MolFoams synthesised using various CTAB 

concentrations:  photolysis, ◼ 5 mM, ● 10 mM,  15 mM,  20 mM. Relationship between [CTAB] and b) CBZ 
degradation and the associated pseudo first order kinetics; c) CBZ degradation and the pore diameter of the 
MolFoams; and d) pseudo first order kinetics and the pore diameter of the MolFoams. 
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Figure 4.6 a) Photocatalytic degradation of CBZ using MolFoams synthesised using 10 mM CTAB within a 
recirculating reactor operated at various flow rates [X photolysis  ◼ 200 mL min-1 , ● 250 mL min-1 ,  300 mL 
min-1 ,  400 mL min-1] b) First order kinetic constant for MolFoams synthesised using ◼ 5 mM , ● 10 mM CTAB 
as a function of flow rate (Reynolds Number) c,d) MicroCT 3D reconstructions of MolFoams synthesised using 5 
or 10 mM CTAB solutions, respectively. Circled areas highlight the decrease in pore size as CTAB concentration 
increases. 

Effect of flow rate on photocatalytic activity of 10 mM CTAB MolFoams.  

As shown in Table S4.4, increasing the flow rate of the reactor leads to an increase in 

the quantum efficiency of the system. As such, the photocatalytic activity of the 10 

mM CTAB synthesised MolFoams was evaluated within the recirculating reactor at 

flow rates between 200- and 400-mL min-1 (Figure 4.6a). The degradation increases 

as the flow rate is increased, with the highest removal of CBZ occurring at 250 mL 

min-1. The 10 mM CTAB synthesised foams show faster kinetics than the 5 mM 

MolFoams operated at the same flow rate (Figure 4.6b). This is attributed to the 

improvements in activity promoted by the reduction in pore size and larger surface 

area-to-volume ratio within the pores that occurs with the use of higher CTAB 

concentrations.  Of particular interest is the variation in the profiles in Figure 4.6b, 
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with the 10 mM CTAB MolFoams showing an optimum flow rate of 250 mL min-1 

compared to 400 mL min-1 for the 5 mM MolFoams. The corresponding kinetics at 

the optimal flow rate of the 10 mM system are around 150% that of the 5 mM 

system. Furthermore, changes in the flow rate for the 10 mM MolFoams have a 

greater effect on the kinetics with the profile showing a much sharper peak for the 

10 mM system, compared with the gradual increase and decrease of the kinetics seen 

in the 5 mM. This suggests that the increase in the flow rate within the 10 mM system 

and the reduction of the boundary layer thickness has a more pronounced impact on 

the kinetics. This behaviour can be effectively explained by the presence of more 

smaller pores, 62  as discussed earlier. 

This analysis is further confirmed by hydrodynamic calculations for the reactor 

system, showing a Peclet number (ratio of convective to diffusional mass transfer) 

significantly greater than 1, and a more than doubling of the Sherwood number (ratio 

of convective mass transfer rate to the rate of diffusive mass transfer) from 4 to 9 as 

the flow rate of the system increases. Both confirm that the higher flow rates used 

lead to higher rates of convective mass transfer within the reactor,31 overcoming 

mass transfer resistances (Table S4.5). The EEO of the foam reactor system is reduced 

in all cases, when compared to equivalent flow rates using 5 mM CTAB foams (Table 

S4.4). As can be seen in Figure 4.7, operating the reactor using a 10 mM CTAB foam 

with the flow rate of 250 mL min-1 provides the best overall performance within the 

range studied in terms of kinetics, zinc concentration and EEO. Furthermore, as 

tabulated in Table S4.5, the optimisation of both the MolFoams, through control of 

macropore size via CTAB concentration, and the reactor, through control of the flow 

rate, leads to an increase of the quantum efficiency from an initial value of 1.56 X 10-

3 up to a maximum of 2.63 X 10-3, showing a significant increase in photocatalytic 

efficiency. This, coupled with the electrical energy per order (EEO) of the reactors 

decreasing by over 50 %, means the optimised foam/reactor system requires less 

than half the electrical energy relative to those initially tested, showing promise for 

scale up. Additionally, all zinc concentrations after photocatalytic degradations show 

levels in the ppb range, significantly lower than the WHO limits of 3.0 ppm. 30 The FE-

SEM micrographs in Figure S4.7 show no appreciable change in the morphology at a 
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range of magnifications of the MolFoams after photocatalytic degradation 

corroborates this and further reinforces the chemical stability of the MolFoam 

structure.  A comparison with other photocatalytic systems for the degradation of 

CBZ shows that the MolFoam outperform reported literature in terms of energy 

requirements, i.e. low EEO, and photocatalytic efficiency, i.e. high quantum efficiency 

(Figure 4.8 and Table S4.8). This included TiO2 and ZnO photocatalysts, batch 

nanoparticle slurries systems,66,67, 68 and supported catalysts in recirculating or flow 

systems.40,50, 67 In some instances, the catalysts showed higher kinetics but lower 

overall quantum efficiencies and higher electrical energy per order values, 

highlighting the advantages of the highly porous and interconnected structure of the 

MolFoams. 

 

Figure 4.7: Comparison between ● zinc concentration post photocatalytic CBZ degredation after 120 mins, pseudo 

first order reaction kinetics (bar) and  EEO of MolFoam reactors operating at various flow rates. 

It is noted here that while there is a vast literature on the photocatalytic degradation 

of CBZ, direct comparisons are challenging due to lack of essential details on the 

quantum efficiency, e.g. light intensity,69 or energy requirements, despite these 

being considered best practise for the field.70 This is often due to a focus on kinetics, 

which favour nanoparticle slurries,41, 67 whereas quantum efficiency and energy 
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requirements are more useful when considering the potential practical use of 

photocatalysts. In this context, a treatment system that makes use of a MolFoam will 

be able to provide comparable or better photocatalytic activity and removal of 

pollutants, with greater photocatalytic efficiency and lower energy requirements, 

while removing the need for the downstream removal required for slurries.  

 

Figure 4.8: Plot mapping quantum efficiency and log of 1/EEO of photocatalytic systems for the 
degradation of CBZ. 

Conclusions  

Porous ZnO monoliths, defined here as MolFoams, were synthesised through a novel 

process which results in a continuously interconnected structure with no discrete 

nano- or micro-particles, a major advancement compared to other foams used for 

photocatalysis. MolFoams were synthesised using a range of concentrations of CTAB 

leading to changes in the morphology and pore structure of the foams. While initial 

MolFoams using 5 mM CTAB lost integrity at the higher flow rates needed to 

overcome mass transfer resistance, those prepared using 10 mM CTAB showed the 

greatest degradation of carbamazepine at all flow rates. Changes in the morphology 

induced by the higher CTAB concentration, with a smaller average macropore size, 
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Higher Photocataly c   ciency 
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resulted in the highest degradation kinetics of 0.009 min-1 occurring at a lower flow 

rate of 250 mL min-1, with high mechanical and chemical stability. Furthermore, when 

considering the energy requirements and the photocatalytic efficiency, via the 

electrical energy per order and quantum efficiency, respectively, the MolFoams 

outperformed both immobilised and slurry systems, in batch and in flow for a variety 

of photocatalysts. This can be attributed to the highly porous and interconnected 

structure of the MolFoams which enables high light penetration with short diffusion 

paths for the pollutant to reach the catalyst surface. All these characteristics show 

that the MolFoams have the potential to overcome the limits of current 

photocatalytic systems which have so far limited their practical use, providing a safe 

and viable method for the removal of organic micropollutants from wastewater. 
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4.2. Supplementary Information 

Table S4.1: Table of conditions investigated in research for MolFoam production 

Parameter  Initial condition Preliminary findings  Final condition  

Zinc source.  Zn(Ac)2 used as 
Zn salt.  

Issues of solubility and 
basicity lead to 
structurally weak 
foams.   

Zn (AcAc)2 selected as 
alternative Zn salt. 

Use of surfactant  No surfactant 
used.  

Foams shorter than 
reported here, very 
little porosity seen in 
MicroCT. 

CTAB 5mM added to 
solution.  

Flow rate of air  0.5 sL min-1 Higher flow rates of air 
(0.5-, 0.25- sL min-1) 
lead to faster 
evaporation of EtOH 
causing poor gelling 
and fragile foams. 

0.1 sL min-1 

Calcination step  Foams calcined at 
500 ⁰C for 3 
hours prior to 
sintering. 

Calcining to remove 
organics unnecessary 
due to sintering and 
additional 
heating/cooling cycle 
leads to weaker foams    

Calcination step 
removed, 12 hours 
sintering step only.  

Sintering time  12, 15, 18, 20 
hours sintering  

Batch degradation 
experiments showed 20 
hours sintering at 900 
⁰C lead to greatest 
photocatalytic activity 

900 ⁰C ,20-hour 
sintering step 

Sintering profile  Single step 
sintering process  

Foams unsuitable for 
use within recirculating 
reactor. 

Two step sintering 
condition adopted 
1,000 ⁰C ,0.5-hour + 
900 ⁰C ,20-hour 

Sintering 
parameters 

Two step 
sintering 
condition 1,000 
⁰C ,0.5-hour + 
900 ⁰C ,20-hour 

Multiple conditions 
(1,000 ⁰C ,1 -hour + 900 
⁰C ,20-hour / 950 ⁰C 
,0.5 - hour + 900 ⁰C ,20-
hour/ 950 ⁰C ,1.0 - hour 
+ 900 ⁰C ,20-hour) 
analysed using 
degredation 
experiments,  
No significant change in 
degradation results, 
but original sintering 
conditions resulted in 
larger, more 
mechanically stable 
foams. 

Two step sintering 
condition adopted 
1,000 ⁰C ,0.5-hour + 
900 ⁰C ,20-hour 

 



 Chapter 4: Synthesis of Photocatalytic Pore Size-Tuned ZnO Molecular Foams 

 154 

 

 

Figure S4.1: 3D model of printed buffer included inside reactor cartridges. 

 

 

Figure S4.2: Schematic diagrams for recirculating photocatalytic reactors. Labelled 

are I) quartz tube containing foam surrounded by UV lamps, II) gear pump Ismatec, 

MCP-Z with a pump head Model GBS.P23.JVS.A-B1 and III) reservoir 500 mL) 
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Figure S4.3: a) schematic diagram of bespoke dyeing rig to test dye uptake into 

MolFoam pores. b) photograph of dyeing rig in operation. c, d) A dyed MolFoam 

before and after being cut open. 
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Figure S4.4: XRD pattern of ZnO MolFoams synthesised using different CTAB 

concentrations. Tick marks correspond to peaks reported from JCPDS No. 36-1451 1   
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Figure S4.5 Various characterisations of ZnO MolFoams synthesised using 5 mM CTAB 

solutions a,b) FESEM  c-e) MicroCT slices and f-g) 3D reconstructions based on 

MicroCT. 
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Figure S4.6: FE-SEM micrographs of ZnO MolFoams synthesised using a) 5mM, b) 10 

mM, c) 15 mM and d) 20 mM CTAB solutions.  
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Figure S4.7: FE-SEM micrographs of ZnO MolFoams(a, c,e) before and (b,d,f) after 

application within reactor for photocatalytic CBZ degradation 
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Figure S4.8: Removal of CBZ using MolFoams synthesised using 10 mM CTAB within 

a recirculating reactor operated at flow rate of 250 mL min-1 [◼ Photocatalysis , ● 

Photolysis , 
 Adsorption. 

 

 

Figure S4.9: Photocatalytic degradation of CBZ using MolFoams synthesised using 

10 mM CTAB within a recirculating reactor operated at various flow rates [◼ 200 mL 

min-1 , ● 250 mL min-1 , 
 300 mL min-1 ,  400 mL min-1] 
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Figure S4.10: Comparison between n photocatalytic CBZ degredation after 120 mins, 
pseudo first order reaction kinetics (bar) and  zinc concentration post PCA of 
MolFoam reactors operating at various flow rates. 

Text S1. UV dose and quantum efficiency calculations  

Within a recirculating reactor, the entire solution volume is not irradiated at any 

one time as with a batch reactor. The UV dose was calculated in equation 1 and the 

light attenuation calculated as shown in equation S4.1.2 

𝑈𝑉 𝐷𝑜𝑠𝑒 [ 𝑚𝐽 𝑐𝑚−2] =  𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 [𝑠] ∗ 𝐼0𝜆 ∗ (𝜏 ∗
𝑉𝑟

𝑉0
) [𝑚𝑊 𝑐𝑚−2]      

𝐼𝛼𝜆 = 𝐼0𝜆(1 − 10
((𝜖𝐻2𝑂∗[𝐻2𝑂]+𝜖𝐶𝐵𝑍∗[𝐶𝐵𝑍])𝐿)       

Equation S4.1: UV dose calculations 

Where I0λ is the incident light emitted by the UV lamps (mW cm-2), τ is total 

residence time within the foam (s), Vr is the volume receiving UV dose within the 

foam per second (mL s-1) and V0 is the total volume of the reservoir (mL).  

The measured light intensity was 10.4 mW cm-2, τ was 4.5 seconds,  r was 

dependent of flow rate and tabulated below, and V0 was 500 mL. These conditions 

are exclusive to wavelengths of 254 nm only.  
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Table S4.2: Tabulation of Vr for corresponding flow rates.  

 
Flowrate  

(mL min-1) 

Volume of liquid exposed to UV 

within the foam per second (mL s-1) 

100 1.67 

200 3.33 

300 5.00 

400 6.67 

500 8.33 

 

Table S4.3: Tabulation of UV dose for recirculating reactors at various flow rates.  

Time (s) UV Dose 

(100 mL min-

1) (mJ cm-2) 
 

UV Dose 

(200 mL min-1) 

(mJ cm-2) 
 

UV Dose 

(250 mL min-1) 

(mJ cm-2) 

 

UV Dose 

(300 mL min-1) 

(mJ cm-2) 
 

UV Dose 

(400 mL min-1) 

(mJ cm-2) 
 

UV Dose 

(500 mL min-1) 

(mJ cm-2) 
 

0 0 0 0 0 0 0 

900 139 278 348 417 556 695 

1800 278 556 695 834 1112 1391 

2700 417 834 1043 1251 1669 2086 

3600 556 1112 1391 1669 2225 2781 

5400 834 1669 2086 2503 3337 4172 

7200 1112 2225 2781 3337 4450 5562 

 

The quantum efficiency allows for an assessment of the photon efficiency, assessing 

the number of pollutant molecules undergoing degradation relative to the number 

of photons reaching the catalyst surface. Based on the definitions contained in the 

IUPAC glossary, the following equations are proposed to calculate the quantum 

efficiency of photocatalytic foams:  
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𝑘′ = (𝑘)(𝐶0)(𝑉𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑)  (𝑚𝑜𝑙 𝑠
−1)  

𝑁𝑃 = 
𝐼0𝜆∗𝑆∗𝑡

𝐸𝑃
 (−)  

𝑞𝑛,𝑝 = (
𝑁𝑃
𝑡
)
1

𝑁𝐴
 (𝑚𝑜𝑙 𝑠−1)  

𝑄𝐸 =  
𝑘′

𝑞𝑛,𝑝
 (−)  

Equation S4.2: Quantum efficiency calculations 

where, k’ is the rate of pollutant degradation (mol s-1), k is the kinetic constant (s-1), 

Co is the initial pollutant concentration (mol L-1), VIlluminated is the total volume of 

pollutant irradiated. 

The number of photons can be calculated using Equation 4.2, where 𝐼0𝜆is the 

incident irradiance of the light source (W m-2), 𝑆 is the surface of the sample onto 

which the light impinges (m2) and 𝑡 is the time under irradiation. 

 𝐸𝑝 = 
ℎ∗𝑐

𝜆
 (𝐽) is the photon energy at the wavelength emitted by the lamps, where 

h is Planck’s constant, c is the speed of light and λ is the wavelength of light (m) 

from the lamps. The photon flux is the numbers of photons during irradiation of a 

mol of photons, where 𝑁𝐴 is Avogadro’s number (equation 4.2) . Finally, the 

quantum efficiency (QE) is calculated using equation 4.2. 

 

Text S2. Photocatalytic reactor energy consumption calculations.  

To assess the viability of scaling up of the system, the energy consumption of 

the reactor was accounted for by using the electrical energy per order (EEO), 

defined as the kilowatt hours of electrical energy needed to decrease the 

concentration of a pollutant by an order of magnitude (90%) in one cubic metre 

of solution. 4 

𝐸𝐸𝑂 = 
𝑃∗𝑡∗𝐼∗1,000

𝑉(𝑙𝑜𝑔
𝐶0
𝐶𝑡
⁄ )

     

Equation S4.3 EEO  
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Where: P is the power used to operate the lamps (kW), t is the irradiation time (hrs) 

, I is the irradiation factor (Length of catalyst irradiated/Length of tube irradiated) in 

cm cm-1 ,V is the volume of reservoir (L) and C0 and Ct are the initial and final 

concentrations of pollutants respectively. 

For the recirculating MolFoam reactors, three 5 W lamps were used, giving a P 

value of 15 X 10-3 kW, irradiation time was 120 minutes, volume of solution was 0.5 

L, I is the irradiation factor, the ratio between the lengths of catalyst and the tube 

that are exposed to UV irradiation to better represent the recirculating nature of 

the reactor when compared to a batch reactor, wherein the entire reservoir would 

be irradiated.  

Table S4.4: Degradation, pseudo-first order kinetics, quantum efficiency and EEO 

data for MolFoams synthesised using 5 mM CTAB  

Flow Rate (mL min-1) C120/C0 k (X10-3) (min-1) QE 
EEO  

 (KWh m-3) 

100 0.64 4.18 1.21 X 10-3 49.84 

200 0.54 4.45 1.30 X 10-3 39.71 

300 0.54 5.77 1.67 X 10-3 37.37 

400 0.43 6.24 1.79 X 10-3 27.28 

Table S4.5: Degradation, pseudo-first order kinetics, quantum efficiency, zinc 

concentration and EEO data for MolFoams synthesised using 10 mM CTAB  

Flow Rate /mL min-1 C120/C0 k (x10-3) /min-1 QE 
[Zn] 

[ppb] 

EEO 

 /KWh m-3 

order-1 

200 0.48 ± 0.02 5.43 ± 0.36 1.56 X 10-3 569 31.37 ± 1.85 

250 0.34 ± 0.01 9.08 ± 0.44 2.63 X 10-3 471 21.34 ± 0.59 

300 0.42 ± 0.06 8.01 ± 0.41 2.31 X 10-3 757 26.54 ± 4.83 

400 0.44 ± 0.03 6.74 ± 0.12 1.93 X 10-3 631 28.05 ± 2.45 
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Text S3. Hydrodynamics calculations.  

Table S4.6: Hydrodynamic data and calculations for 5 mM CTAB foams 

flow rate  
flow 

rate  

flow 

velocity  
ReDh Pe Sc Sh 

(mL min-

1) 
(m3 s-1) (m s-1)  

100 
1.67×10-

6 
4.39×10-3 3 4913 

 

5 

200 
3.33×10-

6 
8.77×10-3 5 9826 7 

250 
4.17×10-

6 
1.10×10-2 7 12283 1.75×103 8 

300 
5.00×10-

6 
1.32×10-2 8 14739  9 

400 
6.67×10-

6 
1.75×10-2 11 19652 

 

11 

500 
8.33×10-

6 
2.19×10-2 15 24565 12 

Table S4.7: Hydrodynamic data and calculations for 10 mM CTAB foams 

flow rate  
flow 

rate  

flow 

velocity  
ReDh Pe Sc Sh 

(mL min-

1) 
(m3 s-1) (m s-1)  

100 
1.67×10-

6 
4.39×10-3 2 4036 

1.75×103 

4 

200 
3.33×10-

6 
8.77×10-3 4 8071 6 

250 
4.17×10-

6 
1.10×10-2 5 10089 7 

300 
5.00×10-

6 
1.32×10-2 7 12107 7 

400 
6.67×10-

6 
1.75×10-2 9 16143 9 

500 
8.33×10-

6 
2.19×10-2 12 20179 10 
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𝑅𝑒𝐷 =
𝜌𝑄𝐷𝑝

𝜇𝐴𝜀
   

𝑃𝑒 =
𝑢𝐷𝑝

𝐷
   

𝑆𝑐 =
𝜇

𝜌𝐷
   

𝑆ℎ = 1.029 ∗ 𝑆𝑐0.33 ∗ 𝑅𝑒𝐷ℎ
0.55 ∗ (

𝐿

𝐷𝑝
)
−0.472

   

Equation S4.4 Hydrodynamic Calculations  

Where Q is the volumetric flow rate of the fluid, Dp is the macropore size of the 

foams, µ is the dynamic viscosity of the fluid, A is the cross-sectional area of the 

foam, ε is the porosity of the foam, u is the mean velocity of the fluid, D is the 

diffusion coefficient of Carbamazepine, 5, 6 ρ is the density of the fluid and L is the 

length of the foam. Re, Pe, Sc and Sh are the dimensionless numbers, Reynolds, 

Peclet, Schmidt and Sherwood. 

Reynolds number for the foam system (Eq 8) was calculated as reported by Mohsen 

Karimian et al. 7 
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Text S4. Comparison with literature.  

Table S4.8: CBZ photocatalytic degradation kinetics for slurries and immobilised 

systems reported from literature.  

Material  Photocatalyst Degradation conditions  [CBZ]0 Kinetics  Eeo QE Ref 

ZnO 0.1 g L-1 

NP suspension 

Batch reactor  

100 mL volume  

Temperature: 25 ⁰C 

Xenon Lamp,  

(5 KW, 5.5 W cm-2, 6000 K, 483 nm) 

50 mg L-1  3.7 X 10-3 46.48 3.55 X 10-4 8 

ZnFe2O4 36.7 X 10-3 4.69 3.52 X 10-3 

TiO2 1.0 g L-1 

NP suspension  

Batch reactor  

60 mL volume  

L D lamp (λmax 417 nm, 450 W cm-2) 

0.75 mg L-1 4.7 X 10-3   9 

g-C3N4 566.8 X 10-3   

g-C3N4/TiO2 

composites 

1.0 g L-1 

NP suspension 

Batch reactor 

100 mL volume 

LED lamp (50 W, 475 nm) 

10.0 mg L-1 5.5 X 10-3 187.09  10 

N-doped TiO2-

SiO2-Fe3O4 

1.0 g L-1 

NP suspension 

Batch reactor 

250 mL reactor  

Compact fluorescent lamp (9 W, 320 

µW cm-2, 365 nm) 

2.0 mg L-1 2.2 X 10-3 188.24  11 

TiO2 57 mg L-1 

NP supported on 

PVDF dual layer 

hollow 

fibre membrane 

Recirculating reactor, flow rate 100 

mL min-1, 500 mL volume 

Hg lamp (40 W, 45.0 W cm-2, 254 nm) 

0.4 mg L-1 22.1 X 10-3 153.00 

 

 12 

TiO2 P25 commercial NPs 

dispersed in MeOH 

before electrospray 

onto steel mesh (2.5- 

X 5.0 cm) 

Batch reactor  

50 mL volume 

Six 4-W blacklight 

blue lamps (4 W, Sankyo Denki F10T8, 

Japan) 365 nm 

2.4 mg L-1 32.2 X 10-3 395.48  13 

TiO2 TiO2 films obtained 

through plasma 

electrolytic oxidation 

of Ti meshes 

(geometric area 327.5 

cm2) 

Batch reactor  

1,000 mL volume 

Lamp (30 W low-pressure Hg vapor 

UV-C, 254 nm.) 

0.1 mg L-1 17.9 X 10-3 37.01  14 

TiO2 0.5 g L-1 

NP suspension (P25) 

Recirculating reactor, flow rate 83.3 

mL min-1, 1,000 mL volume 

A blacklight-blue lamp (HQPower 

Lamp15TBL, 

nominal power 15 W, 365 nm) 

5.0 mg L-1 23.4 X 10-3 4.05  15 

TiO2 TiO2 drop coated onto 

α-Al2O3 

microfiltration 

membranes 

Flow photocatalytic membrane 

reactor  

Volume 200 mL  

Xenon lamp(300 W,  76.7 mW cm-2) 

1.0 mg L-1 4.0 X 10-3 2994.01 3.32 X 10-5 16 

N-TiO2 8.5 X 10-3 1000.00 7.06 X 10-5 

TiO2 1.0 g L-1 

NP suspension 

Batch reactor  

50 mL volume 

Hg Lamps (6 X 8 W, 1.6mW cm-2, 365 

nm) 

12.0 mg L-1 15.4 X 10-3 191.01 4.66 X 10-5 17 

ZnO 30.1 X 10-3 624.49 9.98 X 10-5 

C- TiO2 0.1 g L-1 

NP suspension 

Batch reactor  

400 mL volume 

Tungsten lamp (150 W, 6.3mW cm-2, 

400 nm) 

0.05 mg L-1 2.3 X 10-3 166.39 4.64 X 10-8 18 

TiO2 12.5 g L-1 

NP supported on sand  

Batch reactor  

500 mL volume 

Xe high intensity lamp (55 W, 1.26 

mW cm-2, 475 nm)  

5 mg L-1 0.5 X 10-3 12902.72 3.84 X 10-7 19 

ZnO  1.5 g L-1 foam  Recirculating reactor, flow rate 250 

mL min-1, 500 mL volume  

Lamps (3 X 5 W, 10.3 mW cm-2, 254 

nm) 

2.4 mg L-1 9.1 X 10-3 21.34 

2.63 X 10-3 

This 

work 
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Graphical Abstract  

 

Abstract 

ZnO is a widely studied photocatalyst, but practical use is hindered by its low 

resistance to photocorrosion in water, which leads to metal leaching and loss of 

performance over time. In this work, highly porous and mechanically stable ZnO 

foams, called MolFoams, were doped by adding 1% or 2% Co, Ni or Cu salts to the 

starting Zn salt, followed air insufflation during a sol-gel rection and sintering. The 

resulting doped foams showed a major increase in stability, with a 60-85% reduction 

in Zn2+ leaching after irradiation, albeit with a reduction in photocatalytic activity. A 

systematic analysis using XRD, Raman, XPS and XANES allowed for the identification 

of dopant species in the foams revealing the presence of Co3O4 , NiO and Cu2O within 

the ZnO lattice with doping leading to a reduced band gap and significant increases 

in the resistance to photocorrosion of ZnO while identifying the cause of the 

reduction in photocatalytic activity to be shifting of the band edge positions.  
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These results provide a pathway to significantly reducing the photocorrosion of ZnO 

in water, with further work required to maintain the photocatalytic activity of 

undoped ZnO. 
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Increased Photocorrosion Resistance of ZnO foams Through 

Transition Metal Doping.   

5.1. Published Manuscript 

Introduction 

ZnO is well reported for its use as a photocatalytic material in water treatment. 1 Its 

beneficial properties include high electron mobility and low toxicity, while also 

absorbing over a wider range of wavelengths of light than widely used TiO2, allowing 

for greater utilisation of light. 2 

However a significant drawback of ZnO is its susceptibility to photocorrosion under 

UV irradiation in an aquatic environment, 3 leading to the dissolution and formation 

of Zn2+ ions in solution as shown in Eq 5.1. 4  

𝑍𝑛𝑂 + ℎ𝜈
𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑖𝑠
⇒            𝑍𝑛𝑂 + 𝑒− + ℎ+  

𝑍𝑛𝑂 + ℎ+
𝑃ℎ𝑜𝑡𝑜𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛
⇒            𝑍𝑛(𝑎𝑞)

2+ +
1

2
𝑂2 

 

Equation105.1: Photocorrosion of ZnO 

Given the UV-induced production of photogenerated holes, higher intensities of 

incident light impinging on the photocatalyst lead to increased photocorrosion of 

ZnO. 3 Dissolved oxygen content also plays a role in the photocorrosion of ZnO, as in 

oxygen deficient conditions, the progress of photocorrosion leads to the generation 

of oxygen from the ZnO structure. 5 While it has been shown that operation under 

oxygen saturated conditions can reduce the impact of photocorrosion, 4 

considerations still need to be made regarding its use in water treatment as the 

World Health Organisation limits the maximum concentration of Zn2+ in water to 3.0 

ppm. 6  

Additionally, ZnO is a wide band gap semiconductor, with a band gap of 3.2 eV, 

meaning that only short wavelength, ultra-violet irradiation can be utilised for the 

degradation of organic pollutants. Furthermore ZnO suffers from a relatively high 

surface recombination of charge carriers (e-/h+) further reducing its photocatalytic 

activity.7  
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Doping of semiconductors is a long-established method for adapting and improving 

photocatalyst materials. Doping with both metals and nonmetals leads to red-shifted 

band gaps and visible light active photocatalysts.8 Metal doping introduces shallow 

or deep level states, above the valence band or below the conduction band, allowing 

for the absorption of longer wavelengths of light, or the formation of heterojunctions 

due to the coupling of semiconductors with different bandgaps, leading to greater 

charge separation and e-/h+ lifetimes due to a reduction in recombination rates.9 

However, it has been reported that the presence of the mid-gap level states show 

the potential to act as recombination centres, particularly when care is not taken to 

avoid the formation of metal clusters.10 

ZnO is a promising candidate for doping to further improve the photocatalytic activity 

under visible light irradiation. As an intrinsic n-type semiconductor, the presence of 

p-type dopants, often transition metals, leads to the formation of an acceptor level 

below the original conduction band of ZnO, narrowing the band gap. 10 Furthermore, 

through selective use of transition metals that form oxides with a valence band 

higher in energy than ZnO, e-/h+ charge pair separation can be achieved, with the 

holes moving to the valence band of the dopant metal from the ZnO. 11 This leads to 

a twofold benefit, increased charge separation, which is key to improving efficiency 

of photocatalytic systems, 12 and the removal of h+  from the ZnO surface, which 

reduces the photocorrosion and dissolution of Zn2+ into solution. 3 

The state of the art for ZnO doping shows a wide range of potential dopants, from 

non-metals such as C, N, or S, 13-15 to a wide range of metals including, transition 

metals, 16 and rare earth metals. 17 However these procedures have only been 

applied to films or particles of ZnO and as such are still hindered by the low surface 

areas and the need for downstream removal when applied in water treatment. 18, 19  

MolFoams, or Molecular Foams, is the term used to describe foams produced using 

the synthetic method herein and developed previously. 20 Through the use of a sol-

gel synthesis with controlled incorporation of air to produce a porous structure which 

is then sintered to produce a singular interconnected foam structure made of metal 

oxide without the presence of discrete particles.   
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In this work doping of ZnO foams was achieved via addition of dopant metal salts to 

an aerated sol-gel solution. The photocorrosion resistance was based on dissolved Zn 

content in solution after photocatalysis and assessed using ICP-MS while 

photocatalytic activity measured through analysis of the degradation of 

carbamazepine, an anticonvulsant and target micropollutant. 21  

This work was conducted to apply the improvements in photocatalytic activity and 

stability seen only in doped ZnO films and particles to foams, to be used in a system 

that shows promise for wide-scale adoption due to overcoming the limitations of 

slurry and immobilised catalysts.  

Experimental  

Materials 

Zinc acetylacetonate (Zn(AcAc)2; ≥95.0 %), Cobalt acetylacetonate (Co(AcAc)2; ≥99.0 

%), Nickel acetylacetonate (Ni(AcAc)2; ≥99.0 %), Copper acetylacetonate (Cu(AcAc)2; 

≥99.0 %), Oxalic acid anhydrous (≥99.9 %), Hexadecyltrimethylammonium bromide 

(CTAB; ≥99.9 %), Polyethylene glycol (P  ; 10,000), Carbamazepine and  thanol 

(Absolute) were all purchased from Sigma Aldrich and used as provided. Jacketed, 

fritted funnels were purchased from Chemglass Lifesciences and fitted with PTFE 

sheets (Zwanzer). Desiccant from a Drierite™ gas-drying unit (Sigma Aldrich) was 

used as provided by the manufacturer but transferred to a smaller tube. 

Synthesis of doped foams Zn1-xMxO 

Doped ZnO foams were synthesised using a modified method from previous work. 20 

Briefly, M2+(AcAc)2 (15.0 mmol) was added to a 25 mL Pyrex beaker with M2+(AcAc)2 

being a combination of Zn(AcAc)2 and the acetylacetonate salt of the dopant metal 

(Co, Ni, Cu), such that the total molarity of metal salt in the reaction solution was 

kept constant at 15 mmol. Exact masses and molar quantities are shown in Table 5.. 

Subsequently, 15 mL of a 10 mM CTAB solution was made up in ethanol and added 

to the beaker. Oxalic acid (15.0 mmol) and 40 µmol PEG10000 with 10 mL EtOH were 

mixed in a separate beaker. Both solutions were stirred at 60 °C for 60 minutes in an 

oil bath until homogenous solutions were obtained. The metal acetylacetonate 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 177 

solution was added to a PTFE-lined, temperature controlled jacketed filter funnel at 

60 °C, followed immediately by the oxalic acid solution. The reaction mixture was 

aerated with compressed air with an upward flow rate of 0.1 Standard Litres per 

Minute (sL min-1) using a rotameter. 

Table 5.1: Molarities and masses of metal salts used in synthesis of doped ZnO MolFoams. 

Dopant Metal Salt 

Dopant % 

(x) 

mmol 

Dopant 

Co(AcAc)2 Ni(AcAc)2 Cu(AcAc)2 Zn(AcAc)2 

Dopant Mass /g mmol Mass /g 
 

0.5 0.075 0.0193 0.0193 0.0196 14.925 3.9344 

1 0.150 0.0386 0.0385 0.0393 14.850 3.9147 

2 0.300 0.0771 0.0771 0.0785 14.700 3.8751 

 

The reaction mixture of the zinc/dopant and acid solutions was aerated for 3 hours 

leading to the formation of a coloured gel, red/pink for cobalt-doped, light green for 

nickel-doped and blue for copper-doped samples. The gel was then transferred to a 

pre-weighed ceramic crucible and placed in a preheated muffle furnace (Carbolite 

CWF 1100) at 80 °C and dried for 12 hours to remove any remaining ethanol, resulting 

in a dry doped zinc oxalate foam which was stored under ambient conditions.    

Conversion of doped zinc oxalate foams into doped zinc oxide foams and removal of 

remaining organic components was achieved using a two-step thermal sintering 

process: The zinc oxalate foam was sintered using a furnace, heated to 1,000 °C with 

a ramp rate of 5 °C min-1 and held at temperature for 0.5 hours, and then 900 °C with 

a ramp rate of 5 °C min-1 and held at temperature for 20 hours. This resulted in the 

formation of a mechanically stable doped ZnO foam. The high temperature sintering 

was also used to remove any remaining organic components. After sintering, the 

foams were cylindrical in shape, with an average diameter of 20 ± 1 mm and height 

of 19 ± 1 mm.  

 

 

Characterisation of doped foams Zn1-xMxO 
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The surface morphology of the doped foams was studied using a JEOL JSM-7900F 

FESEM. Prior to imaging, samples were coated with 20 nm Cr. The crystal structure 

of the foams was investigated using a STOE STADI P dual powder transmission x-ray 

diffractometer using a scanning range of 2θ = 20 – 90 degrees and a scan time of 20 

minutes. The chemical stability of the MolFoams was analysed using inductively 

coupled plasma mass spectrometry (ICP-MS) in a Thermo Fisher Scientific X-Series II 

instrument. All samples, standards, and blanks were spiked with internal standard 

elements Be, In, and Re. The Zn, Co, Ni and Cu concentrations were calibrated using 

six synthetic standards prepared from a 1000 ppm Inorganic Ventures (VA, USA) 

standard. The associated error was typically lower than 1.0%. 

The porosity and internal structure of the MolFoam were determined using a 

combination of different characterisation methods. First, gravimetric porosity 

measurements were conducted using the Archimedes principle: 22  

𝜺 =

𝝎𝟏− 𝝎𝟐

𝑫𝒖
𝝎𝟏− 𝝎𝟐

𝑫𝒖
+  

𝝎𝟐

𝑫𝒇

⁄                                                 

Equation115.2: Gravimetric Porosity calculation 

where ε is the porosity of the foam, ω1 is the mass of the wet foam, ω2 is the mass of 

the dry foam, Du is the density of water (deionised, ultrapure) and Df is the density of 

ZnO.  

UV-Vis spectroscopy for surface characterisation was conducted using a PerkinElmer 

LAMBDA 650s series spectrometer. The reflectance of the doped and undoped ZnO 

produced in this work and the data gathered to conduct the band gap analysis was 

collected using a UV/Vis/NIR spectrometer with an integrating sphere. 

Raman spectra used in this work were collected using a Renishaw InVia Confocal 

Raman microscope, excitation laser wavelength 532nm, 100% laser power at 74 mW 

on the sample with 2.6 s exposure time, and a diffraction grating of size 1,800 I/mm 

with slit opening of 65 µm. Detector used was a 1040 x 256 pixel CCD camera. 

XPS and UPS data was acquired using a Kratos Axis SUPRA using monochromated Al 

kα (1486.69 e ) X-rays at 15 mA emission and 12 kV HT (180W) and a spot 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 179 

size/analysis area of 700 x 300 µm and a He(I) UV lamp running at 20 mA emission. 

The instrument was calibrated to gold metal Au 4f (83.95 eV) and dispersion adjusted 

give a BE of 932.6 eV for the Cu 2p3/2 line of metallic copper. Ag 3d5/2 line FWHM 

at 10 e  pass energy was 0.544 e .  ource resolution for monochromatic Al Kα X-

rays is ~0.3 eV.  The instrumental resolution was determined to be 0.29 eV at 10 eV 

pass energy using the Fermi edge of the valence band for metallic silver. 

XANES analysis was performed on an easyXAFS 300+ spectrometer, with Ag or Mo X-

rays operating at 40 mA and 15 kV emission and silicon spherical bent crystal 

analysers. 

Photocatalytic reactor setup  

The photocatalytic activity of the doped MolFoams was analysed using a bespoke 

recirculating reactor, reported previously.20 Reactor cartridges were made up of a 

quartz tube (h = 250 mm, OD = 25 mm , ID = 22 mm) with a 3D printed plastic buffer 

designed to hold the foams in place and prevent loss of the foam into the tubing and 

pump, positioned to avoid interference with the light source.  

MolFoams of known mass (0.7 g) were placed inside the cartridge and secured using 

subaseal fittings, connected to a gear pump (Ismatec, MCP-Z with a pump head 

Model GBS.P23.JVS.A-B1, Cole Parmer) and to a jacketed beaker of 500 mL (acting as 

the reservoir) with a magnetic stirrer, where the temperature was maintained using 

a water-cooled bath (RC-10 Digital Chiller, VWR). Three UV lamps (Aquatix pond UV 

lamp, λ = 254 nm, 5W), positioned equidistant around the quartz tube reactor at a 

distance of 3 cm, served as the light source.  

Photocatalytic activity (PCA) experiments 

PCA experiments were conducted using 10 μM solutions of carbamazepine (CBZ) in 

500 mL unbuffered ultrapure water at 10 ± 1 °C. CBZ was selected as a model organic 

micropollutant for photocatalytic activity (PCA) studies, due to its high UV stability, 

23 known degradation pathways 24 as well as allowing for comparison with prior work 

conducted on MolFoams. 20 To minimize photocorrosion of ZnO, 4 CBZ solutions were 

saturated with O2 for 40 minutes prior to experiments. The recirculating reactors 
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were operated at flow rate of 250 mL min-1. Control experiments were conducted in 

the absence of MolFoams in the reactor both under irradiation and in the dark.  

For all photocatalysis experiments, CBZ removal was monitored from 1 mL aliquots 

collected during sampling every 15 minutes for the first hour and every 30 minutes 

thereafter, such that the total volume removed was less than 10% of the starting 

reservoir volume, using high performance liquid chromatography (HPLC).  

HPLC analysis of CBZ was performed on a Thermo Scientific Ultimate 3000 liquid 

chromatograph with a UV detector. CBZ analysis used a Thermo Scientific Acclaim 

120 C18 column (3.0 X 75.0 mm, particle size 3.0 µm) and a Thermo Scientific Acclaim 

120 C18 guard column (R) 120 C18 (3.0 X 10.0 mm, particle size 5.0 µm) The mobile 

phase was 5.0 mM phosphoric acid and acetonitrile 70:30 (v:v) with a flow rate of 0.8 

mL min-1, injection volume of 20 µL and detection wavelength of 285 nm. 

Degradation of carbamazepine was measured via plotting (Ct/C0) Vs time where C0 is 

the initial concentration of CBZ and Ct is the concentration of CBZ at a given time. The 

pseudo first order degradation kinetics (k) was calculated via linear regression of a 

plot of Ln(Ct/C0) Vs time. 

Photocatalyst quantum efficiencies 

The quantum efficiency (QE) of a photocatalytic system is defined as the number of 

molecules of pollutant (carbamazepine) undergoing degradation relative to the 

number of photons reaching the catalyst surface. 25 The photon flux (Eqf) arriving at 

the surface of the photocatalyst along with the kinetic constant (k) allows calculating 

the quantum efficiency, assuming negligible photon loss due to scattering and all 

photons are absorbed by the photocatalyst. Details of the calculations are provided 

in the SI. 

Electrical Energy Per Order (EEO) 

To assess the scale-up potential of the system, the energy consumption of the reactor 

was estimated via the electrical energy per order (EEO), defined as the kilowatt hours 

of electrical energy needed to decrease the concentration of a pollutant by an order 

of magnitude (90%) in one cubic metre of solution: 26 
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𝐸𝐸𝑂 =  
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(𝐹)(𝑙𝑜𝑔
𝐶0
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⁄ )

 

Equation 5.2 Electrical Energy Per Order 

where: P is the power output of the lamps and F is the volumetric flow rate of 

solution. Details of the calculations are provided in the SI. 

Results and discussion  

 Characterisation of doped MolFoams  

Once removed from the funnel, the doped zinc oxalate monoliths were free standing 

and plastic under gentle compression and coloured according to the dopant metal: 

cobalt-doped foams were red/pink, nickel-doped foams were light green, and 

copper-doped foams were blue. The dried monoliths were 28 mm in diameter and 

30 mm in height on average. This decreased to 20 ± 1 mm diameter and 19 ± 1 mm 

height post sintering and the foams were robust enough to be handled and subjected 

to flow experiments. Furthermore, in all cases a colour change occurred during the 

sintering of the doped foams, with the cobalt-doped turning to a deep green, the 

nickel-doped foams becoming yellow, and the copper doped turning grey, indicating 

the formation of the respective metal oxides, 27-29 as seen in Figure 5.1. The 

gravimetric porosity of the foams was calculated using the Archimedes principle 22 

and found to be 95 ± 2%, comparable with aero- or xero-gels without the need for 

supercritical solvent extraction nor volatile foaming agents. 30, 31 
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Figure 5.1: a,b,c,d) images of dried Zn1-xMxO foams were M is Zn, Co, Ni or Cu, respectively; e,f,g,h) images of 

sintered Zn1-xMxO foams were M is Zn, Co, Ni or Cu, respectively. Scale bar is 1 cm in all images. 

The photocatalytic activity of the MolFoams was investigated by analysing the 

degradation of carbamazepine in a recirculating flow reactor operated at a previously 

optimized flowrate of 250 mL min-1. 20 In the absence of irradiation, removal of 

carbamazepine via adsorption was found to be negligible. When the reactors were 

operated without MolFoam, the degradation due to photolysis was found to be 

minimal (9%) after 2 hours of irradiation. Undoped ZnO MolFoams provided strong 

photocatalytic activity and increased the degradation of carbamazepine to 66%  

(Figure 5.2). The incorporation of dopant into the ZnO structure led to significant 

decreases in photocatalytic activity with foams doped with 2% Ni showing the lowest 

decline, at 25% removal of carbamazepine over the same irradiation time. Comparing 

dopant metals at 1% concentration shows there is no significant difference in 

photocatalytic activity when using different metal dopants, while when doping 

increases to 2%, the Ni doped foams show greater photocatalytic activity than those 

doped with Co or Cu, but still significantly lower than the pure ZnO foams.  Figure 

S5.1 provides an alternative data presentation arranged by dopant metal. Co-doped 

foams showed reduced activity at higher dopant %, Ni-doped foams showed an 

increase in activity with dopant concentration, while Cu-doped foams showed no 

significant difference in activity. This is in contrast to reported findings for doped ZnO 

slurries in the literature, which in the case of Co, Ni and Cu, show increasing the 
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dopant concentration leads to an increase in photocatalytic activity, up to around 5% 

at which point activity plateaus or decreases. 32-34 

 

Figure 5.2: Photocatalytic degradation of CBZ using ZnO doped with  a) 1% and b) 2% of various transition metals: 

 photolysis, ● undoped ,  Co ,◆ Ni,  Cu. Numerical values provided in Table 5.2. 

As expected by the reduced photocatalytic activity, the doped foams had 

significantly lower quantum efficiency and higher electrical energy per order (EEO) 

values, both indicating the foams were less efficient in terms of electrical energy 

and photon usage, as shown in Table 5.2.  

However, doping foams with different metals led to 60-85% less photocorrosion of 

ZnO compared to the undoped samples, as indicated by the lower Zn2+ 

concentrations measured in solution after irradiation experiments (Table 5.2), far in 

excess of reported findings on coupled photocatalyst films.35 One potential 

explanation for this reduction in photocorrosion, and why it decreases at increased 

dopant concentration irrespective of dopant, is that the presence of the dopant 

metals leads to changes in the crystal structure of ZnO, leading to decreases in the 

surface energy. This, in turn, would reduce the possibility of hole attack, resulting in 

less photocorrosion of ZnO.36 An alternative mechanism for the reduction in 

photocorrosion is charge separation of holes onto dopant atoms, thus reducing the 

attack of ZnO by holes, with higher dopant concentrations leading to a greater 

number of dopant atoms to allow for the greater charge separation.37  Additionally, 

the ICP-MS analysis of the solution post-photocatalysis, for the specific metal used 

(i.e. for the [Co] for the Co doped foams) can be seen in Table 5.2. In all cases the 
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concentration of metals were significantly lower than the WHO limits for drinking 

water. 6  

Table 5.2 CBZ removal for pure and doped ZnO MolFoams, pseudo first order degradation kinetics (k) and Zn 
concentration post photocatalytic degradation. Also tabulated are quantum efficiency (QE) and EEO for each 
condition. 

Sample C120/C0 k (x10-3) 
/min-1 

[Zn2+] 

/ppb 

[Co] 

/ppb 

[Ni] 

/ppb 

[Cu] 

/ppb 

EEO  /KWh m-3  QE Ref 

ZnO 0.34 ± 0.01 9.08 ± 0.44 482 / / / 21 2.63 X10-3 20 

1 % Co 0.80 ± 0.03 1.70 ± 0.12 193 13 / / 105 4.91 X10-4  
 
 

This 
Work 

 

2 % Co 0.85 ± 0.01 1.30 ± 0.05 99 16 / / 145 3.75 X10-4 

1 % Ni 0.79 ± 0.04 2.02 ± 0.11 112 / 8 / 100 5.77 X10-4 

2 % Ni 0.75 ± 0.01 2.04 ± 0.11 80 / 5 / 82 5.77 X10-4 

1 % Cu 0.85 ± 0.01 1.36 ± 0.04 102 / / 2 145 4.04 X10-4 

2 % Cu 0.85 ± 0.02 1.27 ± 0.05 71 / / 2 145 3.46 X10-5 

 

The XRD patterns (Figure S5.2) in all cases showed the formation of hexagonal 

wurtzite ZnO with lattice parameters of a = b = 3.25 Å and c = 5.21 Å, with the 

strongest intensity for the peaks associated with the (100), (002) and (101) crystal 

phases, and with sharp peaks indicative of a highly crystalline structure. All peaks are 

in agreement with those reported from JCPDS no. 36-1451, 38 as well as previously 

reported work on MolFoams. For all dopants and different dopant concentrations, 

these peaks showed slight broadening with an average increase in full width at height 

maximum (FWHM) of 5%, indicating a decrease in crystallinity of the samples. In all 

cases, XRD analysis showed single phase hexagonal wurtzite structure, indicative of  

doping through the crystal lattice. 39 Furthermore, the absence of crystal phases of 

Co, Ni or Cu, nor mixed metal oxides, should be noted, indicating that no dopant 

metal or metal oxide clusters were observed in the samples. The three most intense 

peaks of the XRD pattern show peak shifting towards higher angles for both Ni and 

Cu doping, while only the (101) peak shows higher angle shifting with Co doping, 

indicating a reduction in the unit cell. This is consistent with the fact that the atomic 

radii of the dopant metals are all smaller than that of Zn2+.40 However, due to the low 

dopant concentrations and small peak shift, doping had no impact on the lattice 

parameters of the crystal.  In the case of all dopants, the intensity of the (100), (002), 

and (101) peaks decreased as did the relative intensities of the (100)/(101) and 

(002)/(101) ratios with average reductions of 0.02 and 0.03 respectively. This is 
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indicative of the increased presence of (1011) facets in the crystal lattice which have 

shown to be highly reactive and beneficial for photocatalysis. 41 The decrease in 

crystallinity caused by doping of metal ions into the lattice, as observed by the 

broadening of the peaks, has been shown to lead to a decrease in the surface energy 

of the ZnO lattice. 42 This decrease in surface energy has a stabilising effect on the 

ZnO, and reduces the susceptibility to attack from holes, thus leading to the observed 

increase in resistance to photocorrosion.   

The FE-SEM micrographs show the presence of irregular pores surrounded by an 

interconnected network of crystallites, along with morphological features unique to 

each dopant: Undoped ZnO shows the presence of faceted rod-like crystals, reported 

previously for MolFoams synthesised using 10 mM CTAB solutions. MolFoams doped 

with Co show larger, jagged crystals with clear facets along their length, while foams 

doped with Ni form faceted spheroidal crystals, and Cu doping forms smooth 

spheroidal crystals (Figure 5.3).   

It is well-known that highly faceted crystal structures tend to be more 

photocatalytically active. 20 As such, the smooth crystals obtained with copper doping 

(Figure 5.3d) could explain the lower photocatalytic activity of these samples. 

However, the reduction in activity is too high to be attributed solely to the crystal 

morphology, 43 and, in any case, this does not apply to Ni- and Co-doped foams due 

to the presence of faceted crystals seen in Figure 5.3 b and c. It is of note, the 

presence of faceted crystals in the doped samples is significantly reduced compared 

with the pure ZnO. While the XRD reports a slight decrease in the (100)/(101) and 

(002)/(101) ratios due to the presence of (1011) facets, the FESEM micrographs show 

the morphology to be smoother in all cases, particularly the Cu doped samples. This 

is of import, as the photocatalytically active facets also possess high surface energies, 

allowing for photocorrosion to occur as holes react at the surface. 44 The reduction 

in the number of these faceted crystals leads to lower surface energies and as such, 

increased resistance to photocorrosion.  

Additionally, elemental mapping confirmed uniform dispersion of dopant metal 

throughout the structure of the crystal lattice as shown in Figure S5.3.  
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Figure 5.3 FE-SEM micrographs of a) pure ZnO and ZnO doped with b) Co, c) Ni and d) Cu at two different 
magnifications. 

Raman scattering spectra were collected on both pure and doped ZnO samples to 

study the crystal lattice, particularly looking for phases of dopant metal oxide, 

present in potentially too low concentrations to be detected by XRD. Figure 5.4 

shows the Raman spectra from pure and doped ZnO samples collected with green 

excitation wavelength (532 nm). In all cases, the predominant peak corresponds to 

the non-polar optical phonon mode of ZnO, the high frequency E2 mode, associated 

with the vibrations pf oxygen atoms within the ZnO lattice. 45 The spectra of the pure 

ZnO also shows the A1 and E1 Raman peaks at shifts of 379.6 and 583.9 cm-1 

respectively. Peaks marked with an asterisk (*) are due to multi-phonon features 

present in the spectra and are caused by interaction between the E2
low peak, that can 

be detected at wavenumbers > 100 cm-1, and the E2
high peak at 432.5 cm-1. Upon 

doping the ZnO, noticeable changes can be seen in the spectra. Firstly, downshifts 

occur for the E2
high and E1 peaks, which are attributed to increasing bond lengths 

between the zinc (or dopant) atom and oxygen atom in the lattice structure. 46 

Secondly, broadening of these peaks for all metal dopants, associated with surface 

disorder caused by incorporation of dopants into the lattice structure.39  As discussed 

earlier, this surface disorder and the reduced crystallinity lead to a reduction in 

photocorrosion. 

The broad peak present around 550  cm-1 in the Co and Ni doped samples is 

attributed to peak overlap between the weak ZnO peak, as seen in the pure sample, 

and a peak associated with either Co3O4, 47 or NiO 48. CoO reports Raman peaks at 

around 675 and 455 cm-1,with the former being absent from the spectra, meanwhile 
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Co3O4 exhibits Raman peaks in around 482, 519, 621 and 690 cm-1 with the peak at 

519 cm-1 being clearly prominent in the spectra and increasing in intensity as doping 

concentration increases (Figure S5.4), while the peak at 482 cm-1 overlaps with the 

ZnO E2
high peak at 432.5 cm-1 leading to the peak broadening. The peak at 620 cm-1 

can be seen in the doped samples and is absent from the pure, while the dopant 

concentration is too low to observe the peak at 690 cm-1. This suggests that the cobalt 

present in the doped foams is in the form of Co3O4 rather than CoO.  

CuO exhibits an intense peak around 600 cm-1, which is absent from the spectra 

collected from the Cu doped foams. These samples instead exhibit a weak peak 

around 525 cm-1 which is used to characterise Cu2O rather than CuO,49 suggesting 

that the Cu within the doped foams is Cu(I) rather than the desired Cu(II). The 

presence of Cu(I) only within the foams is also shown and corroborated by the XPS 

analysis, (Figure 5.6) and XANES analysis (Figure S5.6). 

These effects are relative to the dopant concentration, with the higher dopant 

concentrations leading to greater peak shifting and broadening as well as the peaks 

associated with Co3O4 and NiO becoming more intense (Figure S5.4). 

 

 

Figure 5.4: Raman spectra of pure and doped ZnO molfoams.  * correspond to multi-phonon features 
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UV-Vis spectroscopy was used to evaluate the impact of doping transition metals on 

the optical properties of ZnO. Figure 5.5 shows that pure ZnO exhibits strong 

absorption at 380 nm, corresponding to a band gap of 3.2 eV, further shown in the 

Tauc plots. For all dopant metals and concentrations, this absorption edge is red-

shifted, corresponding to enhanced visible light response and a narrowing of the 

band gap. This is due to the formation of dopant levels in the band structure of ZnO, 

acting as acceptor levels below the conduction band, thus requiring lower energy 

photons to promote electrons from the valence band. 10 Furthermore, all doped 

samples show greater absorbance across in the range of 400 – 800 nm compared to 

the pure samples, with cobalt and nickel doped samples exhibiting an increase in 

absorbance between 550 and 700 nm and the nickel exhibiting a broad absorption 

centred around 500 nm. These absorbances of specific wavelengths are responsible 

for the colour of the samples. By absorbing strongly in the region of ~700 nm, 

associated with red light, the cobalt samples appear the complimentary colour of 

green. The same is true of the nickel doped samples, the absorption around ~500 nm 

corresponds to violet light and as such the samples appear the complimentary yellow 

colour. The copper doped samples show no strong absorbance at a specific 

wavelength, instead absorbing over the entire visible range, leading to the grey 

colouration. These changes were clearly observable by eye, as all the doped samples 

were of darker colour than the white of the pure ZnO (Figure 5.1). 
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Figure 5.5 a,b) UV-Vis transmittance spectra of pure and doped ZnO MolFoams. C,d) show corresponding Tauc 
plots.  

 

The chemical states of compounds of the MolFoams were identified using the binding 

energies of the XPS spectra. The XPS provides further evidence for the incorporation 

of dopant into the ZnO lattice. Figure 5.6 shows the XPS spectra of b) Zn 2p, c) O 1s 

and d), e) and f) show the 2p spectra of Co, Ni, and Cu, respectively. In the Zn spectra, 

the two intense peaks at 1021.0 and 1043.9 eV are in agreement with the binding 

energies of Zn 2p3/2 and Zn 2p1/2 as well as the peak splitting of 23.1 eV confirming 

the Zn was present as Zn2+. 50 This is further corroborated by the modified auger 

parameter (the sum of the kinetic energy of Zn auger peak and the binding energy of 

the Zn 2p3/2 peak) value of ~2010 eV confirming the presence of ZnO rather than Zn 

metal.  

The oxygen 1s peak was fitted by three components centred at 529.8, 531.0 and 

532.0 eV. The low energy peak corresponds to O2- ions in the wurtzite structure of 

ZnO, surrounded by Zn atoms with a full complement of nearest neighbour O2- ions, 

such that the oxygen is in a fully oxidised stoichiometric environment. 51 The highest 
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energy peak is attributed to loosely bound oxygen species, often physisorbed water, 

at the surface of the sample. 39 The medium binding energy component is attributed 

to O2- in oxygen deficient regions of the ZnO lattice and is associated with oxygen 

vacancies within the crystal structure. 52 

In the Co-doped foams, despite the low doping concentrations, the two peaks 

corresponding to the Co 2p3/2 and Co 2p1/2 peaks at 779.9- and 795.6 eV respectively, 

in agreement with values reported elsewhere. 53, 54 Additionally the peaks show a 

spin-orbital splitting of 15.7 eV indicative of Co2+ and providing confirmation that no 

Co metal clusters are present in the samples as in this case the difference in peaks 

would be 15.0 eV. 39  

Furthermore, the region around the Co 2p3/2 peak shows a number of small peaks 

within the range of 779.9- to 785.5 eV including a broad peak centred around 780 

eV. These peaks are attributed to Co3O4 which reports a number of peaks in this 

range, in particular peaks at 779.9- and 781.2 eV. 55 Given the low concentration of 

dopant leading to low resolution, it is not possible to resolve these as separate peaks, 

and as such the spectra shows a single broad peak. This spectrum shows that while 

the dopant cobalt is only present within the lattice, with the absence of metal clusters 

at the surface, the cobalt exists in a mixed oxidation state as Co3O4 which is in 

agreement with the Raman (Figure 5.4) and XANES (Figure S5.6).  

Analysis of the Ni 2p XPS spectra main peak, associated with the 2p3/2 peak shows a 

doublet structure with peak splitting of ~ 5 eV, likely caused by a metallic Ni 3d 

interaction with ligand oxygen 2p level in the valence band. 56 Additionally, the 

position of the 2p3/2 peak and the 2p1/2 peak at 854.5- and 872.2 eV, respectively, are 

in good agreement with literature values reported for NiO. 57 

The XPS analysis of the Cu-doped foams clearly shows the presence of only Cu(I) 

species within the lattice, given the absence of satellite peaks in the Cu 2p spectra 

which would indicate the presence of Cu(II). 50 The presence of Cu(I) over Cu(0) is 

corroborated by the modified auger value as well as the shoulder region of the  2p3/2 

peak, as Cu metal exhibits a sharp 2p3/2 peak while a shoulder region is reported in 
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Cu(I), caused by trace amounts of Cu(II) formed through self-oxidation. 58 The 

presence of Cu (I) is further corroborated by the Raman spectroscopy.  

These results are further corroborated by the XANES spectra (Figure S5.6) which 

confirm the presence of Co3O4, 59 NiO, 60 and Cu2O 61 with the insets of Figure S5.6 a 

and c showing the distinctive pre-edge features indicative of Co3O4, and Cu2O 

respectively. 

These results further show that the substitution of cobalt, nickel and copper into the 

ZnO lattice can be achieved via simple modification of the previously reported 

MolFoam synthesis, leading to the formation of Co3O4, NiO and Cu2O respectively. 

Co3O4 has a visible light active band gap of 2.6 eV and has been shown to form a 

heterojunction with ZnO,62 and along with NiO, 63 have been used as a photocatalyst, 

co-catalyst and a p type dopant and, as such, the presence of Co2+ and Ni2+ in the XPS 

spectra is desirable as these will lead to an increased charge separation of the holes, 

thus removing them from the ZnO surface, limiting the photocorrosion of ZnO. On 

the other hand, the presence of metal clusters could act as recombination centres, 

leading to a reduction in charge species lifetime and a subsequent reduction in 

photocatalytic activity. 64   

In the case of Cu doping, the presence of the Cu(I) rather than leading to increased 

charge separation, thus preventing photocorrosion of the ZnO, the Cu (I) acts as a 

species to be preferentially oxidised, as Cu (I) is highly susceptible to photocorrosion 

and oxidation to Cu(II).58 The intent of the dopant was to reduce the photocorrosion 

of ZnO, without itself undergoing photocorrosion as overtime this will lead to the 

need to replace the photocatalyst, along with additional production of the foams. 

This is before consideration is placed on any potential reduction in activity caused by 

the formation of mixed oxide structures within the ZnO crystal lattice due to the 

irregular orientation and position within the lattice acting as recombination centres. 

Furthermore, if it is found that the CuO provides greater beneficial effects on 

photocatalytic activity and reduction of photocorrosion, it is of interest that CuO be 

formed during the synthesis of the foams, rather than through gradual oxidation of 

Cu2O during the use of the photocatalyst. 
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Figure 5.6: XPS spectra of pure and doped ZnO foams. a) global, b) Zn and c) O of undoped foams. XPS spectra of 
2p regions of TM dopant d) Co, e) Ni and f) Cu.  

The impact of doping on the electronic structure was further elucidated using ultra-

violet photoelectron spectroscopy (UPS), allowing for determination of the work 

function (W) and  valence band maxima (VBmax) of the materials which, when 

combined with the band gap, allows for the calculation of the conduction band 

minima (CBmin) and study of the band edge positions of the photocatalyst. 65  Figure 

5.5 show the UPS spectra, along with valence band and cut-off regions of the spectra. 

The cut-off region allows for calculation of the work function (W) of the material, or 

the energy required to remove one electron from the material. 66 Calculations and 

graphs of UPS spectra, including cut off and valence band regions can be found in the 

SI. From this value, and the intercept of the valence band region, the energy level of 
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VBmax was calculated and, using the band gap derived from the Tauc plots in Figure 

5.5, a complete diagram of the band edge positions was constructed (Figure 5.7). 

These calculations can be found in the SI. Inclusion of dopant metals at all 

concentrations leads to a lower binding energy in the valence bands of the material. 

This is caused by the formation of additional energy levels near or above the valence 

band due to the dopant metals being more electron deficient relative to Zn. 67 

Furthermore, the reduction in the band gap, as calculated through the Tauc plots, 

has a lesser impact on the band structure than the valence band edge, as the 

conduction band edge of the doped samples show less deviation from that of the 

pure sample, when compared to the valence band edges. The key information 

provided by the UPS is the band edge positions relative to the redox potentials for 

the reduction of oxygen into superoxide radicals. The oxidation of water into 

hydroxyl radicals are -0.28 V vs. Standard Hydrogen Electrode (SHE) and +2.27 V v.s 

SHE respectively. 68  

 

Figure 5.7: Band diagram of pure and doped ZnO based on UPS and Tauc plot calculations. 

For a photocatalyst to facilitate these redox reactions, the band edge positions must 

straddle the redox potential of both redox reactions to take place. 69 As shown in 

Figure 5.7, in all cases except the ZnO doped with 2% Ni, the valence band edge is 
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significantly lower that the redox potential for the ●OH/ H2O couple and, as such, 

lacks the oxidation capability required for the production of the hydroxyl radical from 

water, a key component in the photocatalytic degradation of organic compounds. 70 

The reduction in photocatalytic activity in the doped samples is likely caused by the 

increase in the valence band edge, reducing the oxidising potential of the foams and 

as such preventing the production of hydroxyl radicals for the degradation of 

carbamazepine. Given that the position of the 2% Ni doped foam band edge is only 

+0.03 V relative to the redox potential for the ●OH/ H2O couple, this provides an 

explanation as for why the activity of these samples were the highest among all 

doped foams but still significantly lower than pure ZnO which has a band edge 

position +0.43 V compared to the hydroxyl couple.  

The inhibition of hydroxyl radical production of Co-, Ni and Cu-doped ZnO 

nanoparticles has been reported previously using the terephthalic acid 

photoluminescence technique along with a reduction in the photocatalytic activity of 

these samples relative to pure ZnO. 19 Similar reductions in photocatalytic activity 

have been reported for Co- and Mn-doped ZnO nanoparticles with the reduction 

attributed to recombination centres. 71 The dopant-induced shift in valence band 

edge position is highly significant and provides the best explanation for the low 

photocatalytic activities reported herein and within the literature.  

Conclusions  

Building upon previous work on ZnO MolFoams, dopant metals were introduced into 

the foams to reduce the photocorrosion of ZnO, thus overcoming one of the key 

hinderances in its widespread application as a method for removal of recalcitrant 

organic micropollutants from water. Three different transition metals Co, Ni, and Cu, 

were doped into ZnO foams at concentrations of 1 and 2 %, resulting in foams of a 

range of colours and crystal morphologies. Photocorrosion, as assessed by dissolved 

Zn content post degradation was reduced 60-85% in all doped foams and was 

attributed to increased charge separation induced by doping transition metals, 

leading to the formation of heterojunctions, as well as the doping induced disorder 
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of the crystal structure reducing the surface energy of the material, reducing the 

susceptibility to attack from holes. 

Analysis of the structure of the doped foams was conducted to ascertain the impact 

of doping on the structure of ZnO as well as to identify the nature of the dopant 

species within the crystal structure. XRD, EDX, raman and XPS were conducted and 

found that doping was successful and uniform throughout the structure with the 

cobalt doping leading to the formation of Co3O4, nickel doping forming NiO and 

copper-doped foams led to the formation of Cu2O species within the lattice. The 

cobalt and nickel doping lead to reduced photocorrosion through charge separation 

of holes, while the copper doping formed Cu2O which were preferentially oxidised to 

CuO by photocorrosion, rather than ZnO. In addition to specific effects caused by the 

individual dopants, all dopants lead to a decrease in crystallinity and a reduction in 

the surface energy of ZnO, further increasing the photocorrosion resistance.  

However, doping of the foams lead to a decrease in photocatalytic activity. Advanced 

analytical methods were used to understand the cause of this loss in activity, with 

UPS and UV-Vis allowing for construction of a band edge diagram. This revealed that 

the doping of transition metal into the foams leads to a shift in the band edge 

positions, such that the foam no longer shows the required oxidation potential for 

the formation of the hydroxyl radicals necessary for the degradation of organic 

pollutants.  

As such, further investigation is required into the impact of doping on the 

photocatalytic activity of ZnO, as the resistance to photocorrosion exhibited by the 

foams discussed here show promise for overcoming one of the key drawbacks of ZnO, 

as long as the photocatalytic activity is not hindered.  

CRediT authorship contribution statement 

Zachary Warren: Conceptualisation, Investigation, Methodology, Validation, 

Visualisation, Writing – original draft. Jannis Wenk: Supervision, Writing – 

review & editing. Davide Mattia: Funding acquisition, Project administration, 

Resources, Supervision, Writing – review & editing.      



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 196 

Conflicts of interest 

There are no conflicts to declare  

 

Acknowledgements 

The authors would like to acknowledge the EPSRC for funding (EP/P031382/1). 

ZW acknowledges The University of Bath for funding his PhD. ZW would also 

like to acknowledge P. Fletcher, D. Lednitzky and S. Reeksting of MC2 University 

of Bath analytical facilities, G. Kociok-Köhn of Department of Chemistry, J.A. 

Milton of The National Oceanography Centre Southampton and M. Isaacs of 

Harwell research facility for support and assistance in collection of the data 

presented here.  

Data supporting this work is freely accessible in the Bath research data archive 

system at DOI: 10.15125/BATH-XXXX 

References 

1. C. Sushma and S. Girish Kumar, Chemical Papers, 2017, 71, 2023-2042. 

2. R. Qiu, D. Zhang, Y. Mo, L. Song, E. Brewer, X. Huang and Y. Xiong, J Hazard 

Mater, 2008, 156, 80-85. 

3. J. Han, W. Qiu and W. Gao, J Hazard Mater, 2010, 178, 115-122. 

4. C. M. Taylor, A. Ramirez-Canon, J. Wenk and D. Mattia, J Hazard Mater, 

2019, 378, 120799. 

5. A. M. Ali, E. A. C. Emanuelsson and D. A. Patterson, Applied Catalysis B: 

Environmental, 2010, 97, 168-181. 

6. W. a. UNICEF, WHOUNICEF-Joint-Monitoring-Program-for-Water-Supply-

Sanitation-and-Hygiene-JMP, 

https://www.unwater.org/publications/whounicef-joint-monitoring-

program-water-supply-sanitation-hygiene-jmp-2017-update-sdg-baselines/). 

7. Q. X. Zhao, L. L. Yang, M. Willander, B. E. Sernelius and P. O. Holtz, Journal of 

Applied Physics, 2008, 104. 

8. X. Chen, S. Shen, L. Guo and S. S. Mao, Chem Rev, 2010, 110, 6503-6570. 

9. S. G. Kumar and K. S. R. K. Rao, RSC Advances, 2015, 5, 3306-3351. 

https://www.unwater.org/publications/whounicef-joint-monitoring-program-water-supply-sanitation-hygiene-jmp-2017-update-sdg-baselines/
https://www.unwater.org/publications/whounicef-joint-monitoring-program-water-supply-sanitation-hygiene-jmp-2017-update-sdg-baselines/


 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 197 

10. M. Samadi, M. Zirak, A. Naseri, E. Khorashadizade and A. Z. Moshfegh, Thin 

Solid Films, 2016, 605, 2-19. 

11. F. Rasouli, A. Rouhollahi and F. Ghahramanifard, Superlattices and 

Microstructures, 2019, 125, 177-189. 

12. S. Wang, C.-Y. Huang, L. Pan, Y. Chen, X. Zhang, A. Fazal e and J.-J. Zou, 

Catalysis Today, 2019, 335, 151-159. 

13. M. Samadi, H. A. Shivaee, A. Pourjavadi and A. Z. Moshfegh, Applied 

Catalysis A: General, 2013, 466, 153-160. 

14. B. M. Rajbongshi, A. Ramchiary and S. K. Samdarshi, Materials Letters, 2014, 

134, 111-114. 

15. G. Poongodi, R. Mohan Kumar and R. Jayavel, Ceramics International, 2014, 

40, 14733-14740. 

16. G. Murugadoss, Journal of Materials Science & Technology, 2012, 28, 587-

593. 

17. J. Iqbal, X. Liu, H. Zhu, Z. B. Wu, Y. Zhang, D. Yu and R. Yu, Acta Materialia, 

2009, 57, 4790-4796. 

18. E. S. Tuzemen, K. Kara, S. Elagoz, D. K. Takci, I. Altuntas and R. Esen, Applied 

Surface Science, 2014, 318, 157-163. 

19. J. Kaur and S. Singhal, Ceramics International, 2014, 40, 7417-7424. 

20. Z. Warren, T. T. Guaraldo, J. Wenk and D. Mattia, Journal of Materials 

Chemistry A, 2022, 10, 11542-11552. 

21. J. L. Wilkinson, A. B. A. Boxall, D. W. Kolpin, K. M. Y. Leung, Proc Natl Acad 

Sci U S A, 2022, 119. 

22. Y. Liao, R. Wang, M. Tian, C. Qiu and A. G. Fane, Journal of Membrane 

Science, 2013, 425-426, 30-39. 

23. F. Ali, J. A. Khan, N. S. Shah, M. Sayed and H. M. Khan, Process Safety and 

Environmental Protection, 2018, 117, 307-314. 

24. J. Zhai, Q. Wang, Q. Li, B. Shang, M. H. Rahaman, J. Liang, J. Ji and W. Liu, Sci 

Total Environ, 2018, 640-641, 981-988. 

25. N. Serpone and A. Salinaro, Pure and Applied Chemistry, 1999, 71, 303-320. 

26. J. R. Bolton, K. G. Bircher, W. Tumas and C. A. Tolman, Pure and Applied 

Chemistry, 2001, 73, 627-637. 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 198 

27. A. S. Zoolfakar, R. A. Rani, A. J. Morfa, A. P. O'Mullane and K. Kalantar-zadeh, 

J. Mater. Chem. C, 2014, 2, 5247-5270. 

28. S. J. Teichner and J. A. Morrison, Transactions of the Faraday Society, 1955, 

51. 

29. P. M. S. Monk, S. L. Chester, D. S. Higham and R. D. Partridge, Electrochimica 

Acta, 1994, 39, 2277-2284. 

30. A. Benad, F. Jürries, B. Vetter, B. Klemmed, R. Hübner, C. Leyens and A. 

Eychmüller, Chemistry of Materials, 2017, 30, 145-152. 

31. B. Chen, X. Wang, S. Zhang, C. Wei and L. Zhang, Journal of Porous Materials, 

2014, 21, 1035-1039. 

32. M. Fu, Y. Li, S. wu, P. Lu, J. Liu and F. Dong, Applied Surface Science, 2011, 

258, 1587-1591. 

33. C. Xu, L. Cao, G. Su, W. Liu, X. Qu and Y. Yu, Journal of Alloys and 

Compounds, 2010, 497, 373-376. 

34. J. Zhao, L. Wang, X. Yan, Y. Yang, Y. Lei, J. Zhou, Y. Huang, Y. Gu and Y. Zhang, 

Materials Research Bulletin, 2011, 46, 1207-1210. 

35. R. T. Sapkal, S. S. Shinde, T. R. Waghmode, S. P. Govindwar, K. Y. Rajpure and 

C. H. Bhosale, J Photochem Photobiol B, 2012, 110, 15-21. 

36. B. Weng, M.-Y. Qi, C. Han, Z.-R. Tang and Y.-J. Xu, ACS Catalysis, 2019, 9, 

4642-4687. 

37. C. Yu, K. Yang, Q. Shu, J. C. Yu, F. Cao, X. Li and X. Zhou, Science China 

Chemistry, 2012, 55, 1802-1810. 

38. R. Boppella, K. Anjaneyulu, P. Basak and S. V. Manorama, The Journal of 

Physical Chemistry C, 2013, 117, 4597-4605. 

39. B. Panigrahy, M. Aslam and D. Bahadur, The Journal of Physical Chemistry C, 

2010, 114, 11758-11763. 

40. M. Dhiman, S. Bhukal, B. Chudasama and S. Singhal, Journal of Sol-Gel 

Science and Technology, 2016, 81, 831-843. 

41. J. Chang and E. R. Waclawik, CrystEngComm, 2012, 14. 

42. X. Zhang, P. Fan, Y. Han and J. Yu, Energy Technology, 2019, 7, 263-268. 

43. J. Luo, S. Zhang, M. Sun, L. Yang, S. Luo and J. C. Crittenden, ACS Nano, 2019, 

13, 9811-9840. 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 199 

44. G. Liu, J. C. Yu, G. Q. Lu and H. M. Cheng, Chem Commun (Camb), 2011, 47, 

6763-6783. 

45. V. Russo, M. Ghidelli, P. Gondoni, C. S. Casari and A. Li Bassi, Journal of 

Applied Physics, 2014, 115. 

46. F. Hardcastle and I. Wachs, Solid State Ionics, 1991, 45, 201-213. 

47. C.-W. Tang, C.-B. Wang and S.-H. Chien, Thermochimica Acta, 2008, 473, 68-

73. 

48. A. J. Deotale, U. Singh, M. Golani, K. Hajela and R. V. Nandedkar, presented 

in part at the National Conference on Physics and Chemistry of Materials: 

Ncpcm2020, 2021. 

49. Y. Deng, A. D. Handoko, Y. Du, S. Xi and B. S. Yeo, ACS Catalysis, 2016, 6, 

2473-2481. 

50. M. C. Biesinger, L. W. M. Lau, A. R. Gerson and R. S. C. Smart, Applied 

Surface Science, 2010, 257, 887-898. 

51. M. Chen, X. Wang, Y. H. Yu, Z. L. Pei, X. D. Bai, C. Sun, R. F. Huang and L. S. 

Wen, Applied Surface Science, 2000, 158, 134-140. 

52. D. Chen, F. Li and A. K. Ray, AIChE Journal, 2000, 46, 1034-1045. 

53. C. V. Schenck, J. G. Dillard and J. W. Murray, Journal of Colloid and Interface 

Science, 1983, 95, 398-409. 

54. M. S. Hegde, A. Srinivasan, K. Jagannathan and G. C. Chaturvedi, Journal of 

Chemical Sciences, 1980, 89, 145-151. 

55. J. Yang, H. Liu, W. N. Martens and R. L. Frost, The Journal of Physical 

Chemistry C, 2009, 114, 111-119. 

56. H. W. Nesbitt, D. Legrand and G. M. Bancroft, Physics and Chemistry of 

Minerals, 2000, 27, 357-366. 

57. G. Ertl, R. Hierl, H. Knözinger, N. Thiele and H. P. Urbach, Applications of 

Surface Science, 1980, 5, 49-64. 

58. C. Y. Toe, Z. Zheng, H. Wu, J. Scott, R. Amal and Y. H. Ng, Angew Chem Int Ed 

Engl, 2018, 57, 13613-13617. 

59. A. Saib, A. Borgna, J. Vandeloosdrecht, P. Vanberge and J. Niemantsverdriet, 

Applied Catalysis A: General, 2006, 312, 12-19. 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 200 

60. T. Sakamoto, H. Kishi, S. Yamaguchi, D. Matsumura, K. Tamura, A. Hori, Y. 

Horiuchi, A. Serov, K. Artyushkova, P. Atanassov and H. Tanaka, Journal of 

The Electrochemical Society, 2016, 163, H951-H957. 

61. A. Sharma, M. Varshney, J. Park, T.-K. Ha, K.-H. Chae and H.-J. Shin, RSC 

Advances, 2015, 5, 21762-21771. 

62. G. Mohamed Reda, H. Fan and H. Tian, Advanced Powder Technology, 2017, 

28, 953-963. 

63. N. Park, K. Sun, Z. Sun, Y. Jing and D. Wang, Journal of Materials Chemistry C, 

2013, 1. 

64. A. Šuligoj, I. Arčon, M. Mazaj,  . Dražić, D. Arčon, P. Cool, U. L. Štangar and 

N. N. Tušar, Journal of Materials Chemistry A, 2018, 6, 9882-9892. 

65. J. M. Lee, J. H. Baek, T. M. Gill, X. Shi, S. Lee, I. S. Cho, H. S. Jung and X. 

Zheng, Journal of Materials Chemistry A, 2019, 7, 9019-9024. 

66. J. Hölzl and F. K. Schulte, in Solid Surface Physics, eds. J. Hölzl, F. K. Schulte 

and H. Wagner, Springer Berlin Heidelberg, Berlin, Heidelberg, 1979, pp. 1-

150. 

67. N. Kamarulzaman, M. F. Kasim and N. F. Chayed, Results in Physics, 2016, 6, 

217-230. 

68. A. Fujishima and X. Zhang, Comptes Rendus Chimie, 2006, 9, 750-760. 

69. L. I. Bendavid and E. A. Carter, J Phys Chem B, 2013, 117, 15750-15760. 

70. M. Cheng, G. Zeng, D. Huang, C. Lai, P. Xu, C. Zhang and Y. Liu, Chemical 

Engineering Journal, 2016, 284, 582-598. 

71. R. He, R. K. Hocking and T. Tsuzuki, Journal of Materials Science, 2011, 47, 

3150-3158. 

 

 

 

 

 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 201 

Supplementary Information for  

Increased Photocorrosion Resistance of ZnO foams Through Transition 

Metal Doping.   

Zachary Warren,a  Jannis Wenk  a and  Davide Mattia*a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 5: Increased Photocorrosion Resistance of ZnO foams Through Transition Metal 
Doping.   

 202 

5.2. Supplementary Information 

 

Figure S5.1: Photocatalytic degradation of CBZ using ZnO doped with various concentrations of a) Co,  b) Ni and 

c) Cu:  photolysis, ● undoped, p 1%, and 2%.  

 

 

Figure S5.2: XRD spectra of a,c) 1% and b,d) 2% transition metal doped ZnO molfoams. Tick marks correspond to 
peaks reported from JCPDS No. 36-1451 1   
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Figure S5.3: EDX elemental mapping for ZnO doped with a) Co, b) Ni and c) Cu. 

 

 

 

 

 

Figure25S5.4: Raman spectra of pure and doped ZnO molfoams at dopant concentrations of a) 1% and b) 2%.  * 
correspond to multi-phonon features. 
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Figure26S5.5: UPS spectra of doped and pure ZnO showing a,d) full spectra, b,e) valence band region and c,f) 
cut off region. 
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Figure S5.6: Xanes spectra of a) Co,  b) Ni and c) Cu within doped ZnO foams. The insets of a and c show clearer 
the pre-edge features.   
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Text S1. Quantum efficiency calculations  

The quantum efficiency allows for an assessment of the photon efficiency, assessing 

the number of pollutant molecules undergoing degradation relative to the number 

of photons reaching the catalyst surface 2. Based on the definitions contained in the 

IUPAC glossary, the following equations are proposed to calculate the quantum 

efficiency of photocatalytic foams:  

𝑘′ = (𝑘)(𝐶0)(𝑉𝐼𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒𝑑)  (𝑚𝑜𝑙 𝑠
−1)  

𝑁𝑃 = 
𝐼0𝜆∗𝑆∗𝑡

𝐸𝑃
 (−)  

𝑞𝑛,𝑝 = (
𝑁𝑃
𝑡
)
1

𝑁𝐴
 (𝑚𝑜𝑙 𝑠−1)  

𝑄𝐸 = 
𝑘′

𝑞𝑛,𝑝
 (−)  

Equation S5.1 Quantum Efficiency Calculations  

where, k’ is the rate of pollutant degradation (mol s-1), k is the kinetic constant (s-1), 

Co is the initial pollutant concentration (mol L-1), VIlluminated is the total volume of 

pollutant irradiated. 

The number of photons can be calculated using Equation S5.1, where 𝐼0𝜆is the 

incident irradiance of the light source (W m-2),  𝑆 is the surface of the sample onto 

which the light impinges (m2) and 𝑡 is the time under irradiation. 

 𝐸𝑝 = 
ℎ∗𝑐

𝜆
 (𝐽) is the photon energy at the wavelength emitted by the lamps, where 

h is Planck’s constant, c is the speed of light and λ is the wavelength of light (m) 

from the lamps. The photon flux is the numbers of photons during irradiation of a 

mol of photons, where 𝑁𝐴 is Avogadro’s number (equation S5.1) . Finally, the 

quantum efficiency (QE) is calculated using equation S5.1. 

Text S2. Photocatalytic reactor energy consumption calculations.  

To assess the viability of scaling up of the system, the energy consumption of the 

reactor was accounted for by using the electrical energy per order (EEO), defined as 
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the kilowatt hours of electrical energy needed to decrease the concentration of a 

pollutant by an order of magnitude (90%) in one cubic metre of solution. 3 

𝐸𝐸𝑂 =  
𝑃∗𝑡∗𝐼∗1,000

𝑉(𝑙𝑜𝑔
𝐶0
𝐶𝑡
⁄ )

     

 Equation S5.2 EEO calculation 

Where: P is the total power output of the 3 lamps onto the 12 cm long quartz tube 

(kW), t is the irradiation time (hrs) V is the volume of reservoir (L) and C0 and Ct are 

the initial and final concentrations of pollutants respectively. As the foam occupied 

only a fraction of the quartz tube, the total power of the lamps, which act on the 

whole quartz tube, was multiplied by the volumetric fraction occupied by the foam 

(i.e. foam volume/quartz tube volume), to provide the effective power used for 

photocatalysis, considering that the contribution of photolysis is negligible. This is 

rendered necessary by the recirculating nature of the reactor, unlike a simple batch 

reactor, where the entire reservoir would be irradiated. In the present work, the 

external diameter of the foam corresponds to the internal diameter of the tube, so 

that the volumetric fraction is equivalent to the ratio of the foam’s length to the 

total length of the quartz tube: 2 cm/12 cm = 0.17. For the recirculating MolFoam 

reactors, three 5 W lamps were used, giving a P value of 15 X 10-3 kW, irradiation 

time was 120 minutes, volume of solution was 0.5 L, and the volumetric fraction 

0.17. 

Text S3. Calculations used in band edge diagram construction. 

In order to construct the band edge diagram, the energies of the valence and 

conduction bands had to be calculated using a combination of ultraviolet 

photoelectron spectroscopy (UPS) and UV-Vis spectroscopy.  

The UPS measurements determined the work function (W) of the samples (Equation 

S5.2) 

Where W is the work function of the material, 40.8 eV corresponds to the 

characteristic energy of He (II), and cut off region intercept is the extrapolation of 

where the higher energy portion of the spectra crosses the x axis as shown in Figure 

S5.2 c and f. 
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From this, the energy level of the valence band maximum can be calculated (Equation 

5.3.2) using the work function of the sample and the x intercept of the valence band 

region in the low binding energy region of the spectra as shown in Figure S5.2 b and 

e. 

𝑊 (𝑒𝑉) = 40.8 𝑒𝑉 𝐻𝑒(𝐼𝐼) − 𝑐𝑢𝑡 𝑜𝑓𝑓 𝑟𝑒𝑔𝑖𝑜𝑛 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡   

𝑉𝐵𝑚𝑎𝑥 (𝑒𝑉) = 𝑊 + 𝑥 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑜𝑓 𝑣𝑎𝑙𝑒𝑛𝑐𝑒 𝑏𝑎𝑛𝑑 𝑟𝑒𝑔𝑖𝑜𝑛  

𝐶𝐵𝑚𝑖𝑛 (𝑒𝑉) =  𝑉𝐵𝑚𝑎𝑥 (𝑒𝑉) − 𝐵𝑎𝑛𝑑 𝐺𝑎𝑝  

𝐸 𝑣𝑠 𝑆𝐻𝐸 (𝑉) = 𝐸 𝑣𝑠 𝑣𝑎𝑐. (𝑒𝑉) − 4.5  

Equation S5.3 UPS measurement calculation 

In order to compare energy values with the redox potentials of the ●OH/ H2O and 

O2
●/O2 couples, energies were converted to the scale of the Standard Hydrogen 

Electrode (SHE) by subtracting 4.5 V, (i.e. 0 V vs Vac = -4.5 V vs SHE) (Equation 5.3) 

 

 

1. R. Boppella, K. Anjaneyulu, P. Basak and S. V. Manorama, The Journal of 

Physical Chemistry C, 2013, 117, 4597-4605. 

2. N. Serpone and A. Salinaro, Pure and Applied Chemistry, 1999, 71, 303-320. 

3. J. R. Bolton, K. G. Bircher, W. Tumas and C. A. Tolman, Pure and Applied 

Chemistry, 2001, 73, 627-637. 
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Conclusions 

6.1. Context  
This thesis has investigated the synthesis of highly porous ZnO monoliths designed 

for use in wastewater treatment for the removal of organic micropollutants. The 

work has focused on ZnO foams, free from nanoparticles and without the need for a 

supporting substrate, such that the final foam is wholly photocatalytic. This involved 

the development of a novel synthetic method for the production ZnO foams (section 

6.2), using direct air incorporation into a sol-gel reaction. These foams were 

characterised, and the photocatalytic activity assessed via degradation of 

carbamazepine, a known and widely used pharmaceutical micropollutant (section 

6.3). The synthetic method was adapted to allow for incorporation of dopant metals 

into the ZnO foams to improve the photocorrosion resistance of the foams (section 

6.4). Finally, a meta-review of the literature surrounding the use of foams as 

photocatalysts was conducted, using a semi-quantitative approach allowing for 

comparison of disparate systems and conclusions drawn based on foam materials 

and type (section 6.5). 

 

6.2. MolFoam Synthetic Method  
Most methods for the production of ZnO focuses on nanoparticles, films and wires, 

with some recent publications expanding on this and immobilising particulate ZnO 

onto inert foams. This immobilisation builds upon particles and films, but still suffers 

from the risk of particulate leaching. To build upon this development, a novel method 

of production was developed, the formation of ZnO foams via direct air incorporation 

into a sol-gel mixture. Changes in CTAB concentration led to minor macroscopic 

changes and significant changes to the crystal morphology and pore size of the 

foams. 10 mM CTAB was found to be the optimum concentration, resulting in highly 

faceted rod like crystals and smaller macropores both of which were found to be 

beneficial for photocatalytic degradation of carbamazepine. These foams where 

characterised with a range of analytical techniques including FE-SEM, MicroCT and 

HPLC.  
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6.3. Photocatalytic Activity 
The photocatalytic activity of the materials was investigated by monitoring the 

degradation rate of carbamazepine under UV irradiation. A recirculating batch 

reactor was developed to apply the foams under simulated conditions while also 

taking advantage of the highly porous and hierarchical structure of the foams. This 

reactor allowed for increased mass transfer of carbamazepine to the surface of the 

catalyst. Furthermore, altering the flow rate of pollutant to the catalyst was shown 

to lead to an increase in photocatalytic activity.  

 

6.4. Doping of ZnO Molfoams 
One key drawback of ZnO is its susceptibility to photocorrosion leading to instability. 

To counter this, metal dopants were introduced into the crystal structure of the 

foams, to increase charge separation and separate holes from the ZnO structure. 

Three different metals, Co, Ni and Cu were doped into the foams at concentrations 

of 1 and 2% leading to changes in the colour and crystal morphologies of the foams. 

In all cases, photocorrosion was reduced, relative to undoped foams, as was 

photocatalytic activity. As such advanced analytical methods such as XPS and UPS 

were conducted in order to identify the cause for the loss of activity, investigation 

and a discussion often lacking in published literature.  

 

6.5. Expansion of Current Nomenclature 

This thesis also includes a review and meta-analysis of the available literature 

surrounding photocatalytic foams showed they have the potential to address the 

limitations of slurries and immobilised catalysts (need for downstream removal and 

low activities, respectively), for use in the removal of organic pollutants from water. 

This review set out a set of definitions to characterise foams based on their synthesis 

as well as expanding the IUPAC classification of porosity to account for the larger 

pores found throughout foams. It also highlights fundamental gaps in the field, 

particularly surrounding the application of recirculating and flow reactors, while 

prioritising key challenges facing the field and research community. Finally, it 
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proposed a list of best practices to be followed in order to allow for better 

standardisation across experiments, allowing for easier comparison between 

systems and improving the quality of research. 

This thesis has demonstrated the viability and effectiveness of photocatalytic foams 

for degradation of organic pollutants in water. It has shown that ZnO foams can be 

produced using a novel synthetic method, with the foams showing very high 

porosities comparable to xero-and aerogels within the literature without the need 

for foaming agents or supercritical solvents. This synthetic method allowed for the 

tuning of the pore sizes of the foam through use of a surfactant and allows for dopant 

incorporation into the foam via control of reagents.  

 

 

 

 

 

 

 

 

 

 

 

 

 


