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Programme 

 09.30-10:00 Arrival, Registration and Poster Set-up 
  

10:00-10:10  Welcome by IDM Chair 

  Professor Harry B. Gray, California Institute of Technology 
  

10:10-11:10  Session 1: Considerations for 'Solar to Fuel' Device Design  

 Session Chair: Anna Hankin 
  

10:10-10:30 Katharina Brinkert (Imperial College London):  

 Nature's inspirations for solar-driven water-splitting systems 

10:30-10:50 Jingshan Luo (EPFL):  

 From PEC to PV electrolysis: The way ahead for solar water splitting 

10:50-11:10 Jose Videira (Imperial College London):  

 Introducing novel light management to design a hybrid high concentration 

 photovoltaic/water splitting system 
  

11:10-11:40  Refreshments 
  

11:40-12:50  Session 2: Considerations for 'Solar to Fuel' Device Design  

 Session Chair: Laia Francas Forcada 
  

11:40-12:10 Royal Society of Chemistry Publishing:  

 How to publish in high impact journals 

12:10-12:30 Jan Rongé (KU Leuven Netherlands):  

 Ionic shortcuts through porous solar fuel devices 

12:30-12:50 Ernest Pastor (Imperial College London):  

 Control of photocatalytic performance of solar-to-fuels system though 

 rational design based on simple photophysical and chemical principles 
  

12.50-14:00  Lunch and Poster Presentations 
  

 



14:00-15:30  Session 3: Photocathodes 

 Session Chair: Anna Hankin 

14:00-14:50 Elizabeth Gibson (Newcastle University) - Invited Talk: 

 Dye-sensitized Photocathodes for Solar Fuel Devices 

14:50-15:10 Haining Tian (Uppsala University):  

 Unpredictable Chemical Bath Deposition of Catalyst on Photocathode 

 for Solar Fuel 

15:10-15:30 Jeremy Hamilton (Ulster University):  

 Molecular cluster modified titania for the photocatalytic  

 reduction of CO2 
  

15:30-16:00 Refreshments and Poster Presentations 
  

16:00-17:00  Session 4: Anodes and Photoanodes 

 Session Chair: Stephanie Pendlebury 
  

16:00-16:20 Pierre Guiglion (UCL):  

 Computational screening of polymeric materials for earth-abundant, 

 metal-free overall water splitting photocatalysts 

16:20-16:40 Franky Bedoya (Imperial College London):  

 Photo-electrochemical hydrogen sulfide splitting 

16:40-17:00 Oscar Diaz-Morales (Leiden University):  

 Iridium double perovskites for efficient water oxidation in acid media 
  

17:00-17:10  Closing Remarks 

  Professor James Durrant, Imperial College London 
  

17:10-18:00 Evening Reception and Poster Presentations 
  

17:25-17:35 Prizes - sponsored by Energy & Environmental Sci and Metrohm 
  

18:00 Meeting Close 



Invited Talk 

Dye-sensitized Photocathodes for Solar Fuel Devices 

Libby Gibson 
elizabeth.gibson@newcastle.ac.uk 

 
School of Chemistry, Faculty of Science, Agriculture and Engineering, Newcastle 

University, Newcastle upon Tyne, NE1 7RU, United Kingdom. 

  
Efficient dye-sensitized photocathodes offer new opportunities for converting sunlight 
into storable energy cheaply and sustainably. We are developing dye-sensitized NiO 
cathodes for the photo-reduction of carbon dioxide or water to high energy products 
(solar fuels) using the lessons we have learnt from solar cells. Despite the infancy and 
complexity of this research area, we have brought about a number of exciting 
developments which have improved our understanding of the system. We are tackling 
the main limitations to p-type dye-sensitized solar cells, by improving the quality of the 
NiO electrodes and engineering new dyes specifically for the p-type system, to increase 
the quantum efficiency of the device. The electron-transfer dynamics are key to the 
performance and a major challenge is slowing down charge recombination between the 
photoreduced dye and the oxidised NiO so that chemistry can take place. Highlights 
from recent work involving new porphyrin, bodipy-based photosensitizers, alongside 
results from fundamental studies on the charge-transfer mechanism using transient 
absorption spectroscopy will be presented. 

 
  
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Schematic illustration of a dye-sensitized NiO cathode for H+ reduction. 

References 
[1] Li, L.; Duan, L.; Wen, F.; Li, L.; Wang, M.; Hagfeldt, A.; Sun. L.; Chem. Commun., 2012, 48, 
988–990.  
[2] D. Dini, Y. Halpin, J. G. Vos, E. A. Gibson Coordination Chemistry Reviews 2015.  
[3] J.-F.Lefebvre, X.-Z. Sun, J. A. Calladine, M. W. George, E. A. Gibson. 2014, 50, 5258 – 5260 
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Elizabeth Gibson took up a lectureship in Physical Chemistry at Newcastle 
University in September 2014. Previously she was supported by a University 
of Nottingham Anne McLaren Research Fellowship and was awarded a 
prestigious Dorothy Hodgkin Research Fellowship in 2010 to develop dye-
sensitized NiO photocathodes for solar energy conversion to electricity or 
fuels. Efficient dye-sensitized photocathodes offer new opportunities for 
tandem solar cells which contain two photoelectrodes, one harvesting the 
high energy photons, and the other harvesting the low energy photons, to 
significantly improve the conversion efficiency. She began working with p-
type dye sensitised solar cells (p-DSCs) during a post-doc at one of the 
leading Solar Energy Institutes, the Centre for Molecular Devices, in Sweden, 
led by Professor Anders Hagfeldt. Her group at Newcastle is currently 
modifying the tandem device for the photo-reduction of carbon dioxide or 

water to high energy products (solar fuels) with promising results.   
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Oral Presentation Abstracts 

Nature’s Inspirations for Solar-Driven Water-Splitting Systems 

Katharina Brinkert and A. William Rutherford 

Department of Life Sciences, Imperial College London, United Kingdom 

k.brinkert12@imperial.ac.uk 

Collecting and storing solar energy in chemical bonds inspired by natural photosynthesis, in 
which oxygen and carbohydrates are produced from water and carbon dioxide, is a highly 
desirable approach to solving the energy challenge.  

The natural solar energy converting enzymes, Photosystem I (PSI) and Photosystem II (PSII), 
efficiently carry out this process despite the involvement of e.g., high reaction intermediates in 
the catalytic cycles. Resulting challenges are overcome by the development of i) kinetic and 
thermodynamic control mechanisms, which disable competing energy-wasteful reactions and 
favour faster forward reactions by optimizing cofactor spacing, driving forces and reorganization 
energies to minimize energy loss (1) and ii) protection mechanisms against reactive oxygen 
species (ROS), which are formed due to the highly reducing and oxidizing chemistry occurring in 
the enzymes and which require the fine-tuning of redox potentials and the use of short circuits 
and back-reactions.(2) 

Artificial, biomimetic systems for solar-driven water-splitting face similar challenges: efficient 
mechanisms for light absorption, charge separation and -transfer, catalysis and protection 
against corrosion are required to provide a stable and constant energy flux from the 
photoelectrolysis of water.(3,4) How can natural photosynthesis be an inspiration for artificial 
photosynthetic systems to construct efficient solar-driven water-splitting devices? Which 
lessons can be learned from nature to operate a device meeting our energy demands?  

This contribution will identify key parameters which are crucial for the efficient operation of 
natural photosynthesis and will furthermore examine its validity and applicability for artificial 
solar-driven water-splitting systems.  

References 
[1] Rutherford, A. W.; Osyczka, A.; Rappaport, F. Back-reactions, short-circuits, leaks and other energy 
wasteful reactions in biological electron transfer: Redox tuning to survive life in O2. Febs Lett 2012, 586, 
603-616. 

[2] Pospisil, P. The Role of Metals in Production and Scavenging of Reactive Oxygen Species in 
Photosystem II. Plant Cell Physiol 2014, 55, 1224-1232. 

[3] Walter, M. G.; Warren, E. L.; McKone, J. R.; Boettcher, S. W.; Mi, Q. X.; Santori, E. A.; Lewis, N. S. Solar 
Water Splitting Cells. Chem Rev 2010, 110, 6446-6473. 

[4] Tachibana, Y.; Vayssieres, L.; Durrant, J. R. Artificial photosynthesis for solar water-splitting. Nat 
Photonics 2012, 6, 511-518. 
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From PEC to PV Electrolysis: The Way Ahead for Solar Water 
Splitting  

Jingshan Luo and Michael Grätzel  

Laboratory of Photonics and Interfaces, Ecole Polytechnique Fédérale de Lausanne, 
Switzerland 

 Jingshan.luo@epfl.ch 

Since 1972, the Fujishima-Handa effect, solar driven water splitting has been investigated for 
more than four decades.[1] However, until today there is still no successful commercial 
demonstration of solar water splitting devices. It is time to reconsider the approaches we use 
and to redesign a system that is viable for real applications. In this talk, I will give a brief 
overview of the water splitting devices we built in our lab in three different approaches, PEC 
water splitting, PV-assisted PEC and PV electrolysis devices, and then discuss their issues and 
challenges.  

For PEC water splitting device, we choose Cu2O as the cathode and TiO2 as the anode and the 
overall solar to hydrogen (STH) conversion efficiency of the system is around 0.1%. Due to the 
low photovoltage and strict band edge position requirements, overall PEC water splitting 
devices typically deliver efficiencies below 1%. In compromise, a PV cell can be used as the bias 
source to boost the photovoltage of a PEC cell (PV-PEC) and devices in this approach have 
shown great promise for water splitting. For example, John Turner et al. demonstrated 12.4% 
STH conversion efficiency in this approach.[2] By using dye sensitized cell or perovskite solar cell 
as the bias sources, our lab has achieved around 5% STH hydrogen conversion efficiency.[3] 
However, the systems in this approach suffer from the corrosion of the photoelectrodes and the 
balance of light absorption of the top and bottom absorbers. Finally, I will talk about the PV 
driven water splitting device composed of perovskite solar cells and Earth-abundant catalysts, 
which delivers 13.4% STH conversion efficiency. [4] The stability of the device is limited by 
perovskite solar cells.  

Considering the strict band edge position requirements, the blockage of the light absorption of 
the absorbers by the catalysts on the surface and the electrolyte and the corrosions of the 
materials in chemical, electrochemical and photoelectrochemical approaches, PEC water 
splitting devices face great challenges towards real application. While, devices simply combining 
PV cells with electrolysers could circumvent these issues and deliver high STH conversion 
efficiencies. However, the cost of such systems is too high to be affordable, and the energy loss 
due to the mismatch between the two still demands further improvement. Redesigning the 
current systems into an integrated water splitting cell composed of low cost PV cells and Earth-
abundant catalysts might be a way to go forward towards real application of solar water splitting 
devices.  

References 
[1]  Fujishima, Akira; Honda, Nature 238 (5358), 37–38. 

[2]  O Khaselev, JA Turner, Science 280 (5362), 425-427. 

[3]  J Brillet et al. Nature Photonics 6 (12), 824-828. 

[4]  J Luo et al. Science 345 (6204), 1593-1596. 
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Introducing Novel Light Management to Design a Hybrid High 
Concentration Photovoltaic/Water Splitting System 

Jose JH Videira, Keith WJ Barnham, Anna Hankin, Matthew Leak, 
Jonathan Johnson, Geoff H Kelsall, Robert Airey and Amanda J Chatten 

Blackett Laboratory, Imperial College London, London, UK  

jose.videira07@imperial.ac.uk 

High concentration photovoltaic (HCPV) systems concentrate direct sunlight, and luminescent 
solar concentrators (LSCs) concentrate diffuse light. We discuss merging these two different 
methods of light concentration into one system as a novel way to utilise PV radiative losses and 
diffuse light. 

The ultimate aim of this project is to demonstrate spontaneous photoelectrochemical water 
splitting using photoelectrodes that are independently illuminated by these two waste photon 
streams. The system therefore produces zero-carbon hydrogen for energy storage and transport 
as a by-product of HCPV electrical power. In this presentation we treat the 
Photoelectrochemical Reactors (PECRs) currently under development as “black boxes”. 

A strain-balanced quantum well solar cell (SB-QWSC) is embedded inside a Luminescent Solar 
Concentrator (LSC) and receives concentrated incident light, so that recombination is dominated 
by radiative processes. By using a combination of Lambertian reflectors and wavelength 
selective mirrors on the bottom surface and edges, edge emission from the QWSC is guided 
within the LSC to the PECR photocathode, whilst the LSC emitted light is guided to the 
photoanode. The wavelengths of the light streams can be engineered by suitable choice of 
luminescent material and quantum well depth to be appropriate for the electrode materials 
thus allowing the water splittinghalf reactions that produce H2 to occur within the PECRs.  

Initial experimental measurements prove the action of the LSC, as well as edge emission from a 
non-metalised strain-balanced GaAsP/InGaAs/GaAs QWSC photoluminescence sample. 
Furthermore, initial simulations of the system under AM1.5g illumination indicate that balanced 
photon streams can be directed to the photoanodes and photocathodes of the PECRs for 
efficient solar H2 production through water splitting. A point to be addressed is the trade-off 
between maximizing the QWSC efficiency, and the amount of light reaching the PECR. Whilst 
multi-junction QWSC efficiency can exceed 40%, we will be optimizing the design to maximize 
lateral propagation of photons produced by radiative recombination. 
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Ionic Shortcuts Through Porous Solar Fuel Devices 

Tom Bosserez, Lisa Geerts, Jan Rongé and Johan A. Martens 

Centre for Surface Chemistry and Catalysis, KU Leuven Netherlands, Kasteelpark 
Arenberg 23 - box 2461, The Netherlands 

jan.ronge@biw.kuleuven.be  

For photoelectrochemical cells to become successful devices, stable and efficient photo- and 
electroactive materials should be found. Additionally their configuration and interconnection are 
of crucial importance. Whereas poor electrocatalysis may induce overpotential losses of a few 
hundred mV, poor ionic transport has been shown to cause similar losses.[1] As a result, wired 
devices show higher performance compared to their monolithic counterparts, due to longer 
ionic pathways.[2] This will become even more stringent when diffusion limited currents are 
reached at high solar-to-fuel efficiencies. Moreover, operating monolithic devices in buffered 
electrolytes results in tremendous concentration polarization.[3,4] 

In this work, monolithic structures were used for water electrolysis in buffered neutral solution. 
To enhance ionic transport, pores were introduced by laser etching. We found that even 
porosities of a few percent had an enormous beneficial effect on pH gradients and ionic 
transport losses. By varying pore spacing and diameter, performance further improved 
especially for low concentration electrolyte. The results show that introducing porosity in 
monolithic solar fuel devices is a scalable approach to reduce ohmic losses and to reduce pH 
gradients in buffered electrolyte. Such ionic shortcuts could lift the current bottleneck of large 
scale solar fuel devices. 

References 

[1] Haussener et al., Energy Environ. Sci., 2012, 5, 9922–9935. 

[2] Reece et al., Science, 2011, 334, 645–648. 

[3] Jin et al., Energy Environ. Sci., 2014, 7, 3371-3380. 

[4] Hernández-Pagán et al., Energy Environ. Sci., 2012, 5, 7582 
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Charge Separation Across Multi-junction Architectures: The 
Role of the Catalyst  

Ernest Pastor1; Florian Le Formal1,2, Matthew T. Mayer2; S. David Tilley2; 
Michael Grätzel2; James R. Durrant1 

1  Department of Chemistry, Imperial College London, United Kingdom 
2  Institut des Sciences et Ingénierie Chimiques Ecole Polytechnique Fédérale de 

Laussane, Switzerland,  

e.pastor11@imperial.ac.uk 

The unprecedented synthetic effort for the development of systems for solar H2 production 
requires an equivalent development in the understanding of these systems. Efficient and robust 
solar fuels systems have been recently developed using new state-of-the-art synthetic methods 
capable of producing extremely efficient but complicated structures. One example of this 
complex architecture is the Cu2O /AZO/TiO2/RuOx multi-junction photocatalyst developed by 
Grätzel and co-workers [1]. This system is formed by a good light absorber protected against 
photodegradation with AZO/TiO2 and activated for water reduction with RuOx. We have studied 
the kinetics of charge carriers in this system using transient absorption spectroscopy (TAS) to 
gain insight on how the formation of the junctions affects charge separation and ultimately 
water reduction. TAS is a powerful and versatile technique for the study of solar fuels systems as 
it allows the direct monitoring of charges and excited states from the timescale of generation to 
the timescale of the catalysis [2]. In this talk I will explain how we have modified the classical 
TAS experiment to be able to study the proton reduction reaction in the Cu2O photocathode 
under operation conditions. I will show that despite the multiple junctions which aid charge 
separation and prevent photodegradation this system suffers from fast electron/hole 
recombination that competes with water reduction. I will also explain the role of the catalyst 
layer not only in enabling the catalysis but also in achieving efficient charge separation across 
the multi-layer structure. The conclusions from this work might help guide the design of multi-
layer based photoelectrodes for water splitting devices.  

References 
[1] Tilley, S. D.; Schreier, M.; Azevedo, J.; Stefik, M.; Graetzel, M., Advanced Functional Materials 2014, 
24, 303-311. 

[2]  Pastor, E.; Pesci, F. M.; Reynal, A.; Handoko, A. D.; Guo, M.; An, X.; Cowan, A. J.; Klug, D. R.; Durrant, 
J. R.; Tang, J., Phys. Chem. Chem. Phys. 2014, 16, 5922-5926. 

 

Figure 1. Schematic representation of the 
photocathode/electrolyte interface under 
continuous illumination. TAS allows us the monitor 
the accumulation of electrons at the interface and 
measure the rate and order of the water reduction 
reaction. 



Unpredictable Chemical Bath Deposition of Catalyst on 
Photocathode for Solar Fuel  

Haining Tian 

Physical Chemistry, Consortium of Artificial Photosynthesis (CAP), Department of 
Chemistry, Ångström Laboratory, Uppsala University, Sweden 

haining.tian@kemi.uu.se 

Molecule-sensitized photocathodes have been used in p-type dye sensitized solar cells (p-DSCs) 
[1,2], which have been intensity investigated during the past years owing to its potential 
applications in fabricating tandem solar cells [3], as well as developing solar fuels device [4]. 
With the similar configuration of photocathode, the molecule-sensitized solar fuel devices can 
be designed by the inspiration from the successful p-DSCs. The key issue in solar fuel device is 
how to firmly immobilize photosensitizer and catalyst together on semiconductor surface. In the 
Swedish Consortium of Artificial Photosynthesis (CAP), we are focusing on trying different 
possibilities to develop a simple and efficient method for photocathodes fabrication, aiming for 
a device with high efficiency and promising stability. In this study, an unpredictable chemical 
bath deposition (CBD) of molecular catalyst on photocathode is observed during electrode 
fabrication process. With the photocathode, photocurrent of 30 uA.cm-2 in pH 4.5 acetate buffer 
solution has been obtained under 1 sun light illumination. This work provides us a new method, 
“catalyst growing in-situ”, to build photocathode for solar fuel devices.  

References 
[1]  J. He, H. Lindstroem, A. Hagfeldt and S.-E. Lindquist, J. Phys. Chem. B, 1999, 103, 8940. 

[2] E. A. Gibson, A. L. Smeigh, L. Le Pleux, J. Fortage, G. Boschloo, E. Blart, Y. Pellegrin, F. Odobel, A. 
Hagfeldt and L. Hammarstrom, Angew. Chem. Int. Ed., 2009, 48, 4402. 

[3] P. Qin, H. Zhu, T. Edvinsson, G. Boschloo, A. Hagfeldt and L. Sun, J .Am. Chem. Soc., 2008, 130, 17629. 

[4] Li, L.; Duan, L.; Wen, F.; Li, C.; Wang, M.; Hagfeldt, A.; Sun, L. Chemical Communications 2012, 48, 9 
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Molecular Cluster Modified Titania for the Photocatalytic 
Reduction of CO2   

J.W.J., Hamilton1, J.A. Byrne1, A. Brown1, P.S.M. Dunlop1 M. Nolan2, K.A. 
Gray3, K. Schwartzenberg3,   J.M. Notestein3 and E. Weitz c 

1 NIBEC, School of Engineering, Ulster University, Newtownabbey, BT37 0QB, U.K  
 2Tyndall National Institute (TNI), Lee Maltings, Dyke Parade, Cork, Ireland. 

3 Northwestern University, Evanston, IL, USA  

JWJ.Hamilton@Ulster.ac.uk 

The use of solar energy to convert CO2 to fuels would help to address the problems of carbon 
emissions, security of energy supply and the resource of platform chemicals.   The conversion of 
CO2  to CO and hydrocarbons  fuels by photocatalysis has been demonstrated on wide band gap 
metal oxides under UV irradiation under UV irradiation [1,2]. However, only 5% of the solar 
spectrum is in the UV domain and therefore it is necessary to improve the efficiency under solar 
irradiation using materials with visible light activity.  

In this work new materials based on surface cluster modification of existing photocataysts are 
being explored [3]. DFT modelling is being used to identify possible surface clusters that can 
influence the local conduction or valence band position of the host semiconductor narrowing 
the bandgap. This approach of material modelling and testing has previously been utilized to 
predict and confirm band gap narrowing in photocatalysts [4]. Initial results of computational 
modelling, along with  photoelectrochemical measurements concerning MnOx clusters on TiO2 
will be discussed. 

Acknowledgement 
This research is funded  under the US-Ireland R&D Partnership by DELNI, SFI and NSF (NSF CBET – Award 
1438721).  

References 
[1]  B.R. Eggins, P.K.J. Robertson, E.P. Murphy, E. Woods, J.T.S. Irvine J. Photochem. Photobiol A: Chem. 
1998 ,118, pp.31-40 

[2]  S.C. Roy, O.K. Varghese, M. Paulose, and C.A. Grimes ACS Nano 2010,  4 (3), pp.1259–1278 

[3] D. Finkelstein-Shapiro, S. Hurst Petrosko , N.M. Dimitrijevic, D. Gosztola, K.A. Gray, T. Rajh, P. 
Tarakeshwar,  V. Mujica 

J. Phys. Chem. Lett., 2013, 4 (3), pp 475–479 

[4] M. Nolan, ACS Applied Materials and Interfaces, 2012, 4, p. 5863 
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Computational Screening of Polymeric Materials for Earth-
abundant, Metal-free Overall Water Splitting Photocatalysts 

Pierre Guiglion, Cristina Butchosa and Martijn A. Zwijnenburg  

Department of Chemistry, University College London, UK 

pierre.guiglion.12@ucl.ac.uk 

Traditionally, work on photocatalytic water splitting focuses on the use of inorganic crystalline 
solids as photocatalysts. However, in 1985, Yanagida and co-workers [1] dramatically widened 
the scope of possible photocatalytic materials by demonstrating that organic conjugated 
polymers ¬–potentially low-cost, earth-abundant, metal-free– can also successfully reduce 
protons to molecular hydrogen in the presence of light and a sacrificial electron donor. More 
recently, a whole range of polymers that can drive either hydrogen [2,3,4] or oxygen [2] 
evolution reactions (or both, but not concurrently) have been discovered, culminating in the 
report of overall water splitting by a carbon nitride – carbon nanodot nanocomposite earlier this 
year [5]. In our contribution, we will discuss our computational approach [2,6,7] for screening 
polymers for water splitting and discuss several of the leads discovered. 

 
References 
[1]   S. Yanagida et al., Chem. Commun., 1985, 8, 474-475. 

[2]   X. Wang et al., Nat. Mater., 2009, 8, 76-80. 

[3]   M. G. Schwab et al., Chem Commun, 2010, 46, 8932-8934. 

[4]   R. S. Sprick et al., JACS, 2015, 137, 3265-3270. 

[5]   J. Liu et al., Science, 2015, 347, 970-974 

[6]   P. Guiglion et al., J. Mater. Chem. A, 2014, 2, 11996-12004. 

[7]   C. Butchosa et al., J. Phys. Chem. C, 2014, 118, 24833-24842. 
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Photo-electrochemical Hydrogen Sulfide Splitting 

F. Bedoya Lora, A. Hankin, G.H. Kelsall 

Department of Chemical Engineering, Imperial College London, UK 

f.bedoya-lora13@imperial.ac.uk 

Research on water splitting with solar energy to produce hydrogen (and oxygen) has focused 
mainly on synthesis, fabrication and performance determination of photon-absorbing 
semiconducting materials as prospective photo-electrodes at laboratory scale. 
Thermodynamically less energy intensive processes such as hydrogen sulfide splitting remain as 
a concept for lack of suitable semiconductors. Whereas a conventional water splitting reactor 
requires a standard equilibrium potential difference of 1.23 V to split water into oxygen and 
hydrogen, the corresponding value for hydrogen sulfide splitting into hydrogen and polysulfides 
is only 0.27 V in alkaline conditions. 

Hydrodesulfurisation uses hydrogen to remove sulfur as H2S from petroleum products in 
refineries, at which > 60 Mt per year of elemental sulfur is produced subsequently by Claus 
processes. After absorption of the H2S intermediate in alkaline solution, photo-electrochemical 
splitting of HS- ions could form the basis of a more elegant process, producing hydrogen for 
hydrodesulfurisation and partially oxidising the sulfide to polysulfides, for subsequent oxidation 
to elemental sulfur in an external reactor. However, again a stable, inexpensive and efficient 
photo-electrode material is wanting at present. Hence, we studied the synthesis, stability and 
photo-activity of FeS2, CoS, MoS2 and Bi2S3 films, but they lacked significant photo-activity and 
stability in the alkaline conditions required for fast H2S absorption. 

We shall report results for photo-assisted splitting of HS- ions in alkaline aqueous solutions using 
spray-pyrolysed Sn-doped α-Fe2O3 photo-anodes, which surprisingly exhibited significant 
activity, despite being predicted thermodynamically to form iron sulfide(s) in such solutions. 

The stability of hematite in alkaline sulfide solutions was also studied and its negative impact on 
photoactivity. In addition, a numerical model of the performance of hematite photo-anodes will 
be presented, using experimentally-determined kinetic parameters for HS- oxidation of 
polysulfide ions. 
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Iridium Double Perovskites for Efficient Water Oxidation  
in Acid Media 

Oscar Diaz-Morales, Stefan Raaijman, W.T. Fu, Marc T. M. Koper  

Leiden Institute of Chemistry, Leiden University, The Netherlands 

o.a.diaz.morales@chem.leidenuniv.nl 

Anodes for the oxygen evolution reaction (OER) find widespread utilization in acid electrolyzers 
and in technical electrochemistry applications requiring stable and energy-efficient anodes (such 
as electroplating). The current anode material of choice is TiO2-stabilized IrO2, also known as the 
Dimensionally Stable Anode (DSA). IrO2 is one of the most efficient materials for the OER in acid 
media, and the only one having long-term stability. However, iridium is one of the rarest metals 
on earth, making it very expensive and consequently not suitable for large scale applications. 
Therefore, development of active and stable OER catalysts with a lower amount of the 
expensive but highly active iridium is an alternative avenue for the extensive application of 
hydrogen/ hydrocarbon generation in solar energy storage, as well as for the development of 
cheaper and more efficient anodes for the electrochemical industry.  

This work reports a new class of OER catalysts based on iridium double perovskites (Ir-DPs) 
which contain three times less iridium and exhibit  more than 3-fold higher activity for OER in 
acid media compared to the IrO2 benchmark catalyst, with faradaic efficiencies higher than 80%, 
and with comparable stability than IrO2. We will present evidences that link the crystal structure 
of the Ir-DPs with their OER activity and stability. This can help in the rational improvement of 
the Ir-DPs materials and in the development of new types of double perovskite-based anodes 
for the OER. 
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Poster Abstracts 

Comparison of Charge Carrier Dynamics in  
Semiconductor Photoelectrodes 

Michael Sachs, Ernest Pastor, Andreas Kafizas, Stephanie Pendlebury 
and James Durrant 

 Department of Chemistry, Imperial College London, UK 

michael.sachs14@imperial.ac.uk 

In sunlight-driven fuel generation, semiconductor photoelectrode assemblies frequently act as 
both light absorber and catalytic site, and are therefore key elements in a fully functional device. 
The design of efficient photoelectrodes is thus crucial to improve device performances and 
starts with the selection of an appropriate semiconductor material. To this end, semiconducting 
metal oxides have been widely used since they are inexpensive and easily processable. There 
are many studies discussing the influence of doping, nanostructuring or catalyst 
functionalization, however, less is known about the fundamental properties affecting the charge 
carrier dynamics of these oxides. Transient absorption spectroscopy (TAS) can be used to probe 
the evolution of photogenerated charge carriers over time. TAS is therefore an adequate 
technique to monitor the processes taking place after photoexcitation, providing information 
about the charge carriers’ kinetics and lifetimes. In this poster, I will show a comparison of these 
processes in a broad range of metal oxides such as TiO2, α-Fe2O3, and WO3 that allows for 
comments on their suitability for solar water splitting applications and assess possible inherent 
limitations. 
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Methanol Oxidation Kinetics on Hematite Photoanodes 

Camilo Mesa-Zamora 

Department of Chemistry, Imperial College London, United Kingdom  

cam111@imperial.ac.uk 

Hydrogen has emerged as a promising, clean and cheap energy storage process when produced 
by photoelectrochemical (PEC) water splitting, using semiconductor materials as both, 
photoanode and photocathode. Water oxidation is a particularly low efficient reaction due to 
the high amount of charge carriers involved (4 holes). Likewise, fast electron–hole 
recombination rates play a crucial role in the efficiency of the photoanodes.  Here, we use the 
oxidation of methanol as an alternative reaction at the photoanode, in order to avoid a four 
holes reaction and to decrease the rate of recombination.  

We use spectroscopic techniques, such as transient absorption spectroscopy and photoinduced 
absorption spectroscopy, to study the trapping, recombination and reaction of photogenerated 
holes in nanocrystalline hematite photoanodes with methanol. Additionally, 
photoelectrochemical techniques allow us to measure potentials and current densities of the 
holes oxidising methanol.  

A kinetic model for the reaction of surface accumulated holes, under anodic voltage, with water 
have been recently developed.[1] Here, we use a similar model to study the rate law for the 
oxidation of methanol under different applied bias. From the rate law analysis, we observe an 
order of reaction of two as a function of the surface hole density. In addition to that, we find 
that long-lived holes accumulated at the surface of the photoanode show a similar spectral 
response than short-lived (~100ms) holes during the water oxidation reaction. This behaviour 
suggests that photogenerated holes in hematite have the same chemical characteristics 
independently of the electrolyte, but they live longer.  

Long-lived holes are the cornerstone for a complete working solar fuels device. The results 
presented herein allow us to make progress moving towards the complete 
photoelectrochemical cell for hydrogen generation. Furthermore, we can use the concept of the 
order of reaction in a rate law analysis to develop further other interesting two holes organic 
substrate oxidations, such as epoxidation.   
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Hematite is still the material of choice for solar water oxidation when it comes to stability in 
alkaline media, non-toxicity and low cost. However, its breakthrough for application in a water 
splitting device is hampered by limitations mainly in its short hole diffusion length and high 
overpotential for water oxidation. Addressing the hole diffusion length, it is crucial to produce 
thin enough films for all holes to reach the semiconductor-liquid junction thereby absorbing 
enough light as well to reach a high photoactivity. Obtaining higher absorption while 
maintaining the thin film concept can be achieved with a nano-structured host material that is 
covered by the hematite guest material. Though thin hematite films deposited by, for example, 
ultrasonic spray pyrolysis (USP) have reached high photoactivities,1-3 this method is not very 
suitable to homogenously coat within a porous nanostructure. Thus, the ideal method is atomic 
layer deposition that produces highly ordered thin films in a layer-by-layer deposition.4 Here, we 
will present the advantages of a new atomic layer deposition process at relatively low 
temperatures giving crystalline and highly active hematite films even without further annealing 
treatments (Figure 1). Implementing a thin underlayer of TiO2, hematite thicknesses of less than 
10 nm will be shown to yield the best charge collection efficiency. Finally, work towards an 
optimized nanostructured host-guest electrode will be presented.  
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Figure 1 (a) Current density–potential curves under chopped illumination of as-deposited ALD 
hematite without any modification (black) and with a Ni(OH)2 catalyst treatment (red) 
compared to the unmodified high temperature annealed hematite photoanode (blue). (b) HR-
TEM bright-field images of the Fe2O3-TiO2 interface of as-deposited and (c) annealed Fe2O3. 
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The existing scientific knowledge on the artificial leaf technology has attained a sufficient level 
to justify initial investigation into its practical implementation on industrial scale. This project 
aims to design a modular photoelectrochemical water-splitting device that could be on the 
market by 2020. Various design alternatives were investigated and evaluated according to 
design criteria of technical, economical, safety and sustainability parameters. 

A device consisting on a back-illuminated tandem photoelectrode with a metal counter 
electrode (Figure 1) was selected, based on technical, economical, safety and sustainability 
considerations. 

  
 
 
 
 
 
 
 
 
 
 

Figure 1. Scheme of the envisioned large-scale artificial leaf device. 

 
Furthermore, the design of the commercial-scale device has shed light on practical issues that 
need to be resolved before this technology can be marketable: development of protection 
layers to improve the stability of the semiconductor photoelectrodes and development of anion 
exchange membranes, among others. 
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There are two possible technologies to convert solar energy to fuel; one is by 
photoelectrochemical device and the other by semiconductor photocatalyst in a suspension 
system. For photocatalytic overall water splitting, a PEC device produces H2 and O2 on different 
sides but usually it requires external bias. A suspension system doesn’t need additional bias but 
the products are generated as a mixture, after which a following separation procedure must be 
applied. To make the best of both systems, we designed an innovative and facile device based 
on the Z-scheme mechanism to achieve pure water splitting. This simple and cheap device 
generates H2 and O2 separately without any bias. Several visible-light photoanode and 
photocathode materials were proved to be available in our new design 
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In pursuit of the ideal system for solar-driven water electrolysis, Bolton and co-workers (Nature, 
1985) demonstrated that the highest theoretical efficiency can be achieved with dual-bandgap 
systems. One approach to employing materials of two different bandgaps for full water splitting 
is the tandem photoelectrochemical (PEC) system that uses two photoactive electrode materials 
to separately catalyze the water oxidation and proton reduction reactions. Our group has 
previously demonstrated full water splitting using a combination of nanostructured cuprous 
oxide (Cu2O) and tungsten oxide (WO3) materials as photocathode and photoanode, 
respectively (Chemical Science, 2012); the maximum measured solar-to-hydrogen efficiency of 
this system was 0.11%. In this current work, we couple a silicon-based photocathode material 
with both WO3 and bismuth vanadate (BiVO4) in order to assess the viability and efficiencies of 
these combinations for tandem full water splitting. Focus is placed upon the comparison of the 
materials’ current-voltage characteristics and electrolytic environment requirements, which will 
determine the suitability of specific tandem PEC pairings for utilization in a solar hydrogen-
producing device. 
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Photoelectrochemical water splitting represents an attractive method of storing the immense 
energy of sunlight in the form of a chemical fuel. Given the large energetic demand of water 
electrolysis, and the defined spectrum of photons available from incident sunlight, it is clear that 
a two absorber tandem device is required to achieve the best efficiencies. The two absorbers 
should be of different and complementary bandgaps, connected in series to achieve the 
necessary voltage, and arranged in an optical stack configuration to maximize the utilization of 
sunlight. This latter requirement demands a top device that is responsive to high-energy 
photons but also transparent to lower-energy photons which pass through to illuminate the 
bottom absorber. A variety of configurations are possible, involving photocathode, photoanode, 
and photovoltaic components in different arrangements, with each offering both advantages 
and limitations. We will examine several tandem configurations, with real examples 
incorporating Cu2O and CIGS photocathodes, Fe2O3 photoanodes, and perovskite and silicon 
photovoltaics. The experimental and theoretical performances of each will be discussed and 
compared to alternative technologies, seeking to identify whether or not such designs are 
feasible for real-world solar fuels production. 
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Finding a low-cost, abundant and efficient visible light photocatalyst is still a huge challenge for 
solar energy conversion. Metal-free photocatalytic materials have shown their great potential as 
a class of promising visible light photocatalysts, especially after the demonstration of graphitic 
carbon nitride (C3N4) as water splitting photocatalyst,[1] but they are limited reported. We have 
reported that a new charge-transfer type sensitization using simple and low-cost phenolic resin 
(PR) for TiO2 working under visible light.[2] The PR/TiO2 was formed through surface 
complexation between hydroxyl groups of PR and the surface titanol groups (≡Ti-OH) by simple 
dispersing of PR and TiO2 powders in organic solvent. This is the first example of this kind of 
visible light active photocatalysts. In addition, we have demonstrated that resorcinol-
formaldehyde resin polymers are good visible light responsive photocatalysts, with band gap 
energies ranging from ca. 1.80 to 2.00 eV.[3] They were found to be photoactive in terms of 
decomposition of organic substrates under visible light irradiation. The photocatalytic 
performance of resins could be markedly enhanced by coupling with electron conducting 
materials such as reduced graphene oxide. Photocatalytic water oxidation was also achievable 
on the hybrid reduced graphene oxide/resin catalyst with a sacrificial agent. These industrial 
widely-used resins exhibit many merits as photocatalysts such as low-cost, high surface area, 
large pore size and volume, facile preparation and scalability for development of eco-friendly 
commercial products with “self-cleaning” properties, based on their capability for the oxidative 
removal of organic pollutants under visible light. 
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Sustainable energy impacts every aspect of human life; the extent of climate change, health, 
access to clean water, biodiversity, and national security all critically depend on the global 
availability of clean and affordable energy. Solar water splitting with earth-abundant, efficient 
and robust catalysts is an attractive solution. 

We synthesized novel mixed-metal hydroxide nanomaterials with pulsed laser ablation in liquids 
(PLAL). This method offers size and composition control through many tunable experimental 
parameters. Mixed-metal materials were prepared by adding metal ions into the aqueous 
ablation liquid. With PLAL, many different nanocatalysts can readily be made and screened for 
water oxidation activity in a medium-throughput manner.  

We prepared a series of Ni–Fe materials and systematically varied the Fe/Ni ratio. Oxygen 
evolution activity in basic electrolyte increased as Fe content decreased to 22%. Addition of Ti4+ 
and La3+ ions further enhanced electro-catalysis, reaching 10 mA cm−2 at 260 mV overpotential; 
on a flat working electrode, this is the lowest overpotential to date for Ni–Fe catalysts. We 
spectroscopically identified [NiFe]-layered double hydroxide nanosheets with intercalated 
nitrate and water, [Ni1-xFex(OH)2](NO3)y(OH)x-y•nH2O, as the most active precatalyst. Higher 
turnover frequencies were observed with a greater relative proportion of a 405.1 eV N 1s (XPS 
binding energy) species in the nanosheets. Insights into the water-oxidation mechanism were 
gained from non-aqueous electro-chemistry and operando IR, Raman, and EPR data. 

The next step towards a functional device is the integration of these water-oxidation catalysts 
with photoanodes, which are typically optimized in direct contact with aqueous electrolytes. 
Our nanocatalysts have the distinct advantage that they only minimally alter the photoelectrode 
semiconductor interface (and band bending), as they do not form a continuous catalyst 
overlayer. Therefore, photoelectrode–nanocatalyst assemblies are a particularly promising 
approach towards integrated water-splitting devices. 
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Hydrogen is the ideal fuel for the future because it is clean, energy efficient, and abundant in 
nature. While various technologies can be used to generate hydrogen, only some of them can 
be considered environmentally friendly. Recently, solar hydrogen generated via photocatalytic 
water splitting has attracted tremendous attention and has been extensively studied because of 
its great potential for low-cost and clean hydrogen production. The great challenges as far as 
concern the field of photocatalytic hydrogen production involve the development of systems, 
which use earth-abundant bioinspired materials, and the enhancement of the activity and 
durability of the systems. Water soluble porphyrins and metallated porphyrins, due to their 
similarity to the natural photosynthesis dyes, are excellent candidates for efficient absorption of 
photon and electron transfer in the photocatalytic system. 

In our research present for the first time in history of artificial photosynthesis the combination 
of two porphyrins for high efficient H2 production. Specifically fully studied the system include 
water soluble porphyrins Pt (as a catalyst) and Pd (as a photosensitizer) to produce H2.  
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The research for the development and optimization of methods of using sunlight as an energy 
source is a major challenge to tackle the problem of reducing stocks of fuel and the ecological 
problem of burning hydrocarbons. A fairly promising path for the efficient conversion of solar 
energy is to develop efficient photocatalytic systems for H2 production from aqueous protons, 
which constitutes the reductive side of water splitting.  

Cobaloximes Co(dmgH)2Cl(L), where L a substituted pyridine, in combination with a water 
soluble porphyrin photosensitizer both noble-metal free components, could increase 
dramatically their photochemical hydrogen production when L is replaced by imidazole ligand. 
We focused our research on the synthesis of a series of new and old Cobalt dimethylglyoxime 
based catalyst [CoIII(dmgH)2(L)Cl] with different pyridyl and imidazole derivates as axial ligands 
which has been performed and tested for hydrogen production in the presence of zinc meso-
tetrakis (1-methylpyridinium-4yl) porphyrin chloride [ZnTMPyP4+]Cl4 as photosensitizer (PS).  
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TiO2 photocatalysts, which use sunlight to generate chemically active electrons and holes that 
transform water or CO2 into hydrogen or hydrocarbon fuels, have two key challenges: (1) to shift 
the TiO2 band gap to the visible region, allowing solar energy to be used and (2) enhancing 
charge separation after photoexcitation. We discuss our modelling work, using density 
functional theory, on a new mechanism for band gap modification in TiO2: surface modification 
of TiO2 with metal oxide nanoclusters. Modifying TiO2 with transition metal oxide nanoclusters 
induces visible light activity, which is achieved by introducing nanocluster derived electronic 
states above the original TiO2 valence band edge, to shift the VB edge to higher energy. A model 
of the photoexcited state confirms the band gap reduction which is controlled by the coverage 
of transition metal oxide nanoclusters. A range of metal oxide nanoclusters including TiO2, tin 
oxides, lead oxides, ZnO and CuO have been investigated and the mechanisms of band gap 
modification elucidated. Simple rules for modifying TiO2 to induce visible light absorption are 
presented. We show that our models can predict the date of photoexcited holes and electrons 
and that the presence of low coordinated atoms is crucial. Experimental work from world-wide 
collaborators has confirmed the results of the simulations. 
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Photoelectrochemical (PEC) water splitting is an attractive mode of generating the sustainable 
energy carrier, hydrogen.[1,2] The design of the PEC devices relies on suitable electrode 
materials that serve as a host structure for the incorporation of guests such as light absorbers 
and redox catalysts. 

We have recently reported on the integration of the water oxidation enzyme Photosystem II into 
mesoporous indium-tin oxide (ITO) electrodes.[3-5] Photoelectrocatalytic water oxidation was 
observed, but the loading capacity of the enzyme and the photocurrent density of the hybrid 
electrode was limited by the non-ideal morphology of the meso-structured ITO for the 
integration of the enzyme. 

Here, we report on the development of hierarchically-structured inverse opal (IO) mesoporous 
indium tin oxide (ITO) electrodes with tunable pore and channel sizes, and film thickness for the 
improved integration of large redox-active enzymes.[6] 

These electrodes are highly advantageous and versatile compared to state-of-the-art electrodes 
used in protein-film electrochemistry due to their large surface area of sorption, high loading 
capacity, transparency and hydrophilicity. The electrodes were characterized by the SEM, EDX, 
XRD and conductivity measurements. 

Amongst various potential applications, the novel IO-mesoITO electrodes enabled a direct 
wiring of Photosystem II to hydrogenase in a PEC cell for semi-artificial water-splitting, and 
meaningful quantification of product evolution could be determined for the first time.[6] These 
electrodes can be explored in the future for the incorporation of other types of guests. 
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Due to its superb optical and electronic properties Zinc Oxide (ZnO) can be used as a low-cost 
and environmentally friendly photoanode in photo-electrochemical cells (PEC). Furthermore the 
ability to easily grow nano-structures via low-temperature solution methods (e.g. hydrothermal 
growth) makes ZnO an attractive material to be used for high surface-area applications such as 
solar water splitting [1]. 

To further enhance its absorption, stability and catalytic performance ZnO can be modified via 
alloying and/or by over-coating with chemical barriers and co-catalysts [2-4]. Nevertheless the 
intrinsic properties of ZnO are still important in terms of its efficient use as a photoanode. 
Intrinsic defects such as oxygen vacancies and zinc interstitials can have major influence on the 
optical, electronic and photo-catalytic properties of the material and post-deposition 
treatments such as rapid thermal annealing (RTA)) can be used to alter these properties. 

In this study RTA at moderate temperature and in different atmospheres is applied on 
hydrothermally grown ZnO nanorod samples. The influence of the RTA treatment on the 
structural, optical and photo-catalytic properties is evaluated by means of X-Ray Diffraction 
(XRD), Ultraviolet-visible spectroscopy (UV-Vis), Photoluminescence spectroscopy (PL) and 
photo-catalytic decomposition of methylene blue. 
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In this work we present two different types of visible-light active materials for 
photoelectrochemical (PEC) water splitting. TiO2 and BiVO4 are both well-known n-type 
semiconductor photoanodes. We reported the synthesis of nanostructured BiVO4-TiO2 
composite electrodes through a simple, low-cost solution-based metal-organic decomposition 
method.[1] The novel wide spectrum responsive BiVO4-TiO2 junction anode exhibited a 
significant increase in PEC water oxidation under neutral pH due to electron transfer to TiO2, 
reducing recombination. Cu2O is a typical earth-abundant p-type semiconductor photocathode. 
However, a major drawback of Cu2O is its photocorrosion in solution. We developed a facile 
methodology to prepare renewable Cu2O/CuO/MO (MO = Metal oxide) composite 
photocathodes that are significantly more resistant to corrosion than bare Cu2O.[2] 
Furthermore, if corroded, these electrodes can be simply regenerated through a cycle of heat 
treatment and cathodic reduction. Cu2O/CuO/Al2O3 photocathodes displayed a remarkable 
enhancement in activity and stability due to electron transfer to surface Al2O3 species. Both 
BiVO4 and Cu2O-based junctions show promise for applications in solar fuels synthesis.  
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One dimensional (1D) ZnO nanowire arrays have long been considered as a model photoanode 
for photoelectrochemical water splitting due to their low onset potential, inherent high electron 
mobility and light trapping.［1-3］ However their performance has been limited by fast charge-
carrier recombination, slow kinetics for water oxidation and bad stability.  

To address these issues, we applied an efficient strategy, including the morphology optimisation 
and co-catalyst modification of ZnO nanowire arrays to yield highly active photoanodes for 
water oxidation. The length and diameter of these ZnO nanowires were optimized by varying 
the growth time and precursor concentration. These optimized ZnO nanowires (1400 nm length, 
70 nm diameter), exhibit a steady photocurrent of 0.62 mA/cm2 at 1.0 V (vs RHE) under 1 sun 
illumination, the highest recorded for unmodified ZnO. ［2］ The addition of cobalt phosphate 
(Co-Pi) and nickel borate (Ni-B) oxygen evolution catalysts onto ZnO nanowires has resulted in 
substantial cathodic shifts in onset potential, e.g.  to as low as +0.3 V (vs RHE) for Ni-B/ZnO, 
achieving a maximum photocurrent of 1.1 mA/cm2 at 0.9 V (vs RHE) with an applied bias 
photon-to-current efficiency (ABPE) of 0.4%. In addition the potential required for a saturated 
photocurrent has been dramatically reduced from 1.6 V to 0.9 V vs RHE. Furthermore, the 
stability of these ZnO nanowires has been significantly enhanced using Ni-B compared to Co-Pi 
due to its superior chemical robustness, thus giving it additional functionality as a stable 
protection layer on the ZnO surface. These remarkable enhancements in both photocatalytic 
activity and stability directly address the current severe limitations in the use of ZnO-based 
photoelectrodes for water splitting applications, which can be applied to other photoanodes for 
efficient solar fuel synthesis.[4] 
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One of the major strategies for solar energy conversion is the light-driven splitting of water into 
its constituent elements. Here, we report two novel complexes incorporating a chromophore 
and a catalyst within the same structure. The catalyst is a ruthenium(II) polypyridine 
complex.[1,2] The sensitizer is a porphyrin which can be metallated with Zn (Complex 1) or as a 
free base (Complex 2). In order to elucidate the electronic communication between the two 
moieties we performed transient absorption measurements. In Complex 1 in the presence of an 
electron acceptor (MV), after the formation of the triplet excited state of the porphyrin, the 
porphyrin gives an electron to the MV, then an intramolecular electron transfer takes place 
resulting in the oxidation of the Ru(II) center.                                                         
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To mimic natural processes such as photosynthesis, scientists choose using entities that have 
great similarity to natural systems.[1] Porphyrins and their analogues proven to be effective 
candidates for this purpose, because of their similarities to natural systems both in terms of 
structure and properties.[2] Photoinduced energy and electron transfer processes govern 
artificial photosynthesis, therefore preparation of chemical devices that stimulate the above 
mentioned processes is fundamental.[3] The preparation of the first porphyrin-corrole dyad 
through click chemistry is described. The absorption, the emission and the electrochemical 
properties were investigated and suggest efficient excited state interaction between the 
porphyrin and the corrole unit. Theoretical calculations were performed and proven that the 
dyad can potentially act as molecular system for solar energy conversion scheme. 
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In order to achieve the transition from solar fuels materials to devices, the materials used must 
be able to facilitate the efficiencies demanded from working devices. However, the majority of 
solar fuels systems currently fall short of these required efficiencies. Studies have shown that 
water oxidation occurs on the millisecond-to-second timescale, and yet several commonly 
studied photoanode materials produce charges with lifetimes far shorter than this, largely due 
to the fast recombination of photogenerated charge carriers. Ferroelectric materials, which have 
internal electric fields, have the potential to reduce recombination without an externally applied 
bias by driving the spatial separation of not only photogenerated charge carriers within the 
material, but of photo-oxidation and -reduction products formed on the surface. Although 
existing reports provide empirical evidence that ferroelectric materials can enhance 
performance of these systems, no detailed kinetic studies to fully quantify the influence of 
internal electric fields upon recombination dynamics currently exist. In order to develop more 
efficient solar energy conversion systems, an acute understanding of energy loss mechanisms 
must be understood so that device architecture can be modified constructively. 

Studies employing transient absorption spectroscopy (TAS) have facilitated initial kinetic insight 
into the behaviour of photogenerated species in single crystals of ferroelectric material, barium 
titanate (BaTiO3). Remarkably long lifetimes (hundreds of milliseconds) in the absence of 
applied voltage or chemical scavengers are significantly longer than observed in TiO2 and BiVO4, 
and exceed even those achieved in hematite under strong positive applied voltage. 
Investigations of the influence of temperature and crystallographic orientation on decay 
dynamics reveal that these long lived BTO photogenerated charges are the result of a 
combination of trap states, observed in non-ferroelectric materials such as TiO2, and the “built-
in” electric field unique to ferroelectrics. 
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Recently, cobalt (II) oxide (CoO) nanoparticles (with size less than 10 nm) showed a solar-to-
hydrogen efficiency up to 5% for splitting water into stoichiometric amounts of H2 and O2 1. CoO 
is a p-type semiconductor and usually p-n junction have demonstrated enhanced photocatalytic 
performance 2. Here we introduce a new route to construct heterogeneous thin film material of 
CoOx and WO3 via AACVD forming p-n heterojunction in order to improve the photocatalytic 
activity. 
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The use of photocatalytic electrodes to produce hydrogen and reduce carbon dioxide via solar 
energy is a promising route to tackle both the fossil fuel crisis and ever worsening global 
warming.[1] Here we present a novel way to fabricate a Cu2O/TiO2 photocatalytic electrode. 
Cu2O thin films have been synthesized by a novel aerosol-assisted chemical vapor deposition 
(AACVD) route, and a TiO2 over-layer of variable thickness (2-20nm) added via atomic layer 
deposition (ALD). Comprehensive structural and compositional analyses were performed by 
scanning electron microscopy, X-ray diffraction, X-ray photoelectron and UV-vis absorbance 
spectroscopy, whilst the photocatalytic properties were assessed by photoelectrochemical 
water-splitting measurements, showing that the photocatalytic activity and stability of CVD 
Cu2O is enhanced by depositing a thin TiO2 over-layer. 
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The photovoltaic industry has been grown rapidly following the improvements in the efficiency 
and the demand for alternative energy resources. The graphene-based transparent and 
conductive films are demonstrated to be cost-effective electrodes for photovoltaic applications. 
Here we report that, as a key building block for photovoltaic devices, chemical vapour 
deposition (CVD) grown graphene vertical p-n junctions are fabricated by introducing n-type and 
p-type dopants. Functionalized vertical p-n graphene junctions display (1) high transmittance in 
the visible and near-infrared spectrum (2) low graphene sheet resistance (3) superior 
environmental stability. In contrast to the lateral graphene p-n junction, the vertical p-n junction 
can provide a much larger planar active area. This is very important for photovoltaic applications 
since the larger active area would absorb more photons, generate more photo-excited charge 
carriers, and increase the conversion efficiency. Large area graphene films were produced by 
chemical vapor deposition on copper foils and transferred onto quartz as transparent 
electrodes.  We prepared n-and p-type graphene sheets by chemical doping of p-toluene 
sulfonic acid (PTSA) and 4-Nitrobenzene diazonium tetraflouroborate (NBD) respectively and 
optimize their characteristics. The results indicate that chemically functionalized vertical p-n 
junctions of graphene are potentially useful in flexible, transparent, high-efficiency electronic 
and optoelectronic applications, such as phototransistors and solar cells by tuning the Fermi 
level of graphene. 
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The current energy context has placed water oxidation catalysis as one of the most active 
research field in the last decades [1]. First row transition metal complexes, which are more 
beneficial in terms of cost and health, have been recently reported to catalyze this reaction. 
However, the catalysis of these complexes is characterized by large overpotentials for water 
oxidation, low stability against ligand oxidation and demetallation of the complexes.  

In this work, we have synthesized a family of copper catalysts with oxidatively rugged ligands 
that are additionally redox active. The ligand in the metal complex participates in the four 
electrons loss of the water oxidation catalysis through the oxidation to a phenyl cation. This 
redox activity is interesting because avoids the high oxidation states in the metal center, which 
usually lead to degradation of first row water oxidation catalysts. Furthermore, DFT calculations 
revealed an unprecedented O-O bond formation mechanism and suggested that the rate 
determining step of the catalytic reaction is the ligand oxidation. We synthesized new 
complexes containing ligands with sigma-donating substituents that stabilize the phenyl cation, 
which show a reduction of more than 500 mV in overpotential for the water oxidation reaction. 
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Recent progress in conjugated microporous polymers (CMPs) has been attracting great interest, 
as these materials combine porosity with extended π-conjugation.[1] Potential applications for 
these polymers are organic light-emitting diodes, sensors, and photovoltaic cells. The light 
absorption properties of these polymers have also been used for photocatalytic reactions, e.g. 
catalytic coupling reactions and reduction of water to hydrogen. [2,3] 

In this contribution, we will present the application of a new series of CMPs and related 
materials as catalysts for photocatalytic hydrogen evolution. 4] The optical band gap of the 
polymers was fine-tuned over a broad range by varying the amount of co-monomer 
incorporated in a Suzuki-Miyaura type copolymerisation.[5] These polymer networks show 
permanent intrinsic microporosity and exhibit apparent Brunauer-Emmet-Teller (BET) specific 
surface areas in the range 500-1000 m2 g-1 as measured by nitrogen adsorption at 77 K. The 
CMPs were found to be highly active for photocatalytic hydrogen evolution from water in the 
presence of a sacrificial electron donor, without the need for an added metal co-catalyst. 
Moreover, these polymers were found to be more photoactive under visible rather than 
ultraviolet irradiation. This is remarkable as many hydrogen-evolving photocatalysts are only 
highly active in the ultraviolet range,[6] but ultraviolet light accounts for only 3% of the energy 
available in the solar spectrum at ground level. Linear structural analogues of the best 
performing CMP and other related structures were studied. Also we explored the effect of 
enhanced contact between the aqueous phase and the catalyst on the photocatalytic activity of 
these materials. 
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The solar photon to chemical energy conversion i.e. hydrogen by photocatalytic water splitting 
or fuels by carbon dioxide reduction could be the route to sustainability.  Efficient solar 
photocatalysis requires a stable, inert, non-toxic and inexpensive material which has absorption 
in both UV and visible region. Titanium dioxide (TiO2) has all the above mentioned properties, 
except the visible light activity.1 Therefore, research efforts have concentrated on methods to 
increase the visible light activity in TiO2 without affecting the UV activity. 

The current work deals with synthesis of copper oxide nanoclusters (CuO NCs) and utilising 
them for surface modification of commercial titanium dioxide nanomaterials. CuO NCs have 
been synthesized by wet chemical reduction.2 The clusters were mainly of copper oxide as 
determined by X-ray diffraction. UV-Vis spectrophotometry shows significant visible activity in 
the NCs. The clusters are being loaded on the commercial TiO2 based photoanodes and are 
being investigated for their photoelectrochemical properties to determine the effect of surface 
modification. The initial experiments demonstrate promising results for higher photocurrent 
and visible light activity on surface modification with CuO NCs. Further physical 
characterizations are being performed to determine the nature of TiO2-CuO interface. The 
results of photoelectrochemical measurements of copper oxide modified TiO2 nanoparticles 
will be discussed. The possible mechanism for the enhanced photoactivity will also be 
discussed. 
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Water oxidation is a high energy process, involving a 4e-/4H+ transfer. Recently, many efforts 
have been done in finding water oxidation catalysts (WOC) for lowering the overpotential, with 
higher stability.1 However, the use of efficient catalysts based on earth abundant and cheap 
metals is required for potential application. 

In this work, a series of Ni(II) complexes based on tratradentate amidate ligands have shown to 
act as precursors for the formation of catalytic active oxide film for water oxidation. This film 
has been deposited either by applying an anodic potential or by successive cyclic 
voltamogramms. The potential of electrodeposition is dependent on the chemical nature of the 
substituents. The resulting films characterized as nickel oxide show comparable activity for 
water oxidation catalysis independently of the Ni complexes precursors used. 
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We are developing dye-sensitized NiO cathodes for use in tandem dye-sensitized solar cells and 
for the photo-reduction of carbon dioxide or water to high energy products. Through the 
engineering of new BODIPY and cationic dyes that absorb at longer wavelengths we have been 
able to assemble tandem cells with a photocurrent of up to 5.2 mA /cm2, which is substantially 
higher than any previous tandem DSC [1].  We are now developing these ideas further to 
address the issue of solar fuel production where the kinetic balance is even more critical and a 
particular challenge lies in slowing down charge recombination between the photoreduced dye 
and the oxidised NiO.   

We are combining the lessons we have learnt regarding the kinetic and thermodynamic 
limitations to producing photocurrent and our understanding of photocatalysis in solution to the 
more challenging problem of using a heterogeneous semiconductor-catalyst system for the 
splitting of water in which the catalyst is adsorbed onto NiO.  Preliminary work will be presented 
on the synthesis and characterisation of new BODIPY dyes and metalloporphyrins coupled with 
DFT calculations studying the charge-transfer nature of these molecules alongside 
photochemical hydrogen evolution measurements.   
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One approach to solar fuels is the photocatalytic reduction of CO2.[1] Our photocatalysts 
comprise a zinc porphyrin, which can absorb long-wavelength visible light, linked to a 
ReBpy(CO)3L complex, which can catalyse the conversion of CO2 to CO. Crucially, the excited 
state of the Zn porphyrin can reduce the Re complex, and indeed we observe photo-induced 
electron transfer from porphyrin to Re and the subsequent generation of a charge-separated 
state. For systems such as this to work efficiently the forward electron transfer must compete 
kinetically with other relaxation processes in the porphyrin, and the back electron transfer must 
be slow enough that the electron resides on the Re sufficiently long for CO2 to bind and be 
reduced. Covalent attachment of the Zn porphyrin to a ReBpy(CO)3Pic (Pic = 3-picoline) unit has 
led to ultrafast (sub ps) forward electron transfer.[2] This poster displays the result of 
modifications in the molecular spacer between the porphyrin and Re in order to increase the 
lifetime of charge separation and subsequently increase the photocatalytic efficiency.[3] 

Three dyads of Zn porphyrin attached to ReBpy(CO)3Pic were prepared with three different 
spacers; an amide (1), a methoxybenzamide (2), and a NHCO-CH2 (3). The photocatalytic 
performance improves in the order (1) < (2) < (3) producing 27, 32 and 332 turnover numbers of 
CO, respectively. Replacement of the picoline ligand by bromide produces very little change in 
photocatalytic performance although the photophysics of the bromide complexes is very 

different.  

Time resolved infrared (TRIR) spectroscopy demonstrated that photoinduced charge separation 
occurred in all three picoline complexes and that the lifetime of charge separation was 40, 42 
(and 515) and 320 ps for (1), (2) and (3), respectively (Figure shows TRIR spectra of Dyad 3). In 
contrast, TRIR spectroscopy showed that on excitation of the Zn porphyrin, all three Br dyads 
form MLCT states at Re with lifetimes as long as nanoseconds. We have also observed photo-
reduction of the porphyrin during catalysis. The driving force for electron transfer to Re for these 
reduced species is significantly greater than for the porphyrin and may allow charge separation 
in the bromide dyads. 

The dyad system could be incorporated into a device by immobilisation on a cathode (dyads of 
this type on NiO have been demonstrated).[4] The cathode would then be wired to a 
photoanode capable of performing a sustainable oxidation reaction. 
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CO2-derived fuels present an attractive way towards a sustainable energy system. Mimicking 
natural photosynthesis by synthesizing carbon based energy carriers using power from the sun 
allows for closing the anthropogenic carbon cycle and therefore represents an attractive way to 
store solar energy, a challenge which has not yet found a satisfying solution. 

Solar irradiation is the only source of energy of sufficient magnitude to replace fossil fuels. Its 
widespread use will, however, require very large surfaces of absorbers, which should therefore 
be fabricated from abundant and low cost materials. Here, we show the application of low-cost 
and scalable Cu2O photocathodes in combination with molecular rhenium catalysts, both in 
solution and, as an extension of this work, molecularly grafted to the photoelectrode surface. 
From both approaches we observe large photocurrents and photovoltages, demonstrating 
protected Cu2O photocathodes as viable candidates for solar-driven CO2 reduction processes. 
Investigating the charge transfer behaviour on these systems allows us to observe unexpected 
effects which provide new insight into the mechanism of Re-based CO2 reduction catalysts. 

Another type of low-cost solar absorber attracting significant interest are CH3NH3PbI3-based 
solar cells. In addition to achieving high power conversion efficiencies, these devices exhibit 
large open circuit photovoltages, making them particularly suitable for water splitting and CO2 
conversion processes. Here, by combining series-connected perovskite solar cells with highly 
efficient electrocatalysts, we demonstrate the efficient splitting of CO2 to CO and O2 with record 
efficiencies exceeding 6.5%, using sunlight as the sole source of energy. 
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Venue 
 

The symposium will be held in the Royal 
School of Mines building on the South 
Kensington Campus of Imperial College 
London (see map on following page): 

Royal School of Mines Building 
Imperial College London 

Prince Consort Road 
South Kensington 
London SW7 2BP 

 

The principal access to the building is via 
Prince Consort Road as shown on the 
map of the campus overleaf.  

Upon arrival please proceed to Lecture 
Theatre 2.28 on the second floor if you 
do not have a poster. If you do have a 
poster, please first put this up in rooms 
301 b-e on the third floor. 

Lunch, refreshments and the poster 
session will take place in rooms 301 b-e.  

For more travel information, please see 
the Info Pack. 
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Chair: Dr Anna Hankin 
A research associate in the Electrochemical Engineering 
group at Imperial College, working with Prof. Geoff H. 
Kelsall on photo-electrochemical micro- and macro-
kinetics, as well as on reactor design and characterisation. 

Co-Chair: Dr Laia Francas 
Laia has been a post-doc in the Durrant group since 
February 2015, where she investigates electron transfers 
between molecular catalysts and the semiconductors to 
improve their photoactivity in the water splitting reaction 

Co-Chair: Dr Steph Pendlebury  
Steph is Project Manager of the Solar Fuels Network, and 
a post-doc in the Durrant Group. She investigates charge 
carrier dynamics in metal oxide photoanodes using laser 
spectroscopy and photoelectrochemical techniques. 

Co-ordinator: Ms Linnea Luuppala 
Linnea is part of the Energy Futures Lab team at Imperial 
College, and supports Steph in running the Solar Fuels 
Network. She has a Masters in Philosophy from the 
University of Helsinki. 
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About the  
Solar Fuels Network 

 
The SFN aims to develop an effective community of solar 
fuels researchers from both academia and industry.  We 
seek to raise the profile of the UK solar fuels research 
community nationally and internationally, to promote 
collaboration and co-operation with other research 
disciplines, industry and international solar fuels 
programmes, and to contribute towards the 
development of a UK solar fuels technology and policy 
roadmap. 

In order to meet our aims, we organise and support 
various activities and events, working with partner 
organisations including the Royal Society of Chemistry, 
the Energy community of the Knowledge Transfer 
Network (KTN), the Solar Fuels Institute (SOFI), and the 
Foreign and Commonwealth Office’s Science and 
Innovation Network. Our activities include the 
organisation of workshops and conferences, PG 
symposia, public engagement events, and the 
publication of a regular newsletter.  

The Network was launched in June 2013 and is funded 
by the EPSRC, one of the UK Research Councils.  You can 
find more information about the SFN on our website: 
solarfuelsnetwork.com. 
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