
The over-arching goal of this project is to further the basic science behind light-driven water 
oxidation systems, which play an important role in renewable solar fuel generation. Specifically, a 
number of strategies were investigated for accelerating the water oxidation rates of artificial 
photosynthetic systems that ‘wire’ the benchmark photocatalyst, Photosystem II (PSII), to a range of 
emerging electrode materials. As a result of ‘rewiring’ the PSII to the electrodes, surprising 
alternative energy/charge transfer pathways between the PSII and the electrode were uncovered. 
These pathways may contribute significantly to the dampened light-to-product conversion efficiency 
of the hybrid system. 

PSII is a photo-enzyme crucial to the photosynthetic pathway of autotrophic organisms. It 
orchestrates light-absorption, charge separation and the catalysis of water oxidation to perform 
overall photocatalysis at impressive rates in vivo, and serves as an inspiration in synthetic 
photocatalyst design. The incorporation of isolated PSII into conductive electrode materials is 
necessary for both the study of the enzyme using electrochemical methods and the use this enzyme 
in proof-of-principle water-splitting devices. However, the reaction rates of the isolated PSII in these 
in vitro settings are always much lower than those of the PSII in its native in vivo environment. This 
has mainly been attributed to the poor interfacing of the PSII to the electrode material. The aim of 
this work is to understand and ultimately improve the electronic communication between the PSII 
and the electrode surface by finding more suitable electron acceptor electrode materials and 
rewiring the electron transfer pathway of the PSII-electrode (Figure 1. blue pathway).  

A range of earth-abundant metal oxide materials were initially investigated as replacement 
electrode materials to the more expensive and commonly used gold and indium tin-oxide (ITO). 
These included emerging materials such as tungsten trioxide, iron oxide, iron sulfide and tin oxide. 
However, these materials exhibited poor electron mobility and gave rise to overall lower 
photoelectrochemical outputs. Their electronic properties must be further improved (through 
doping or use in composite materials) before they can serve as replacements for the more 
conductive ITO. Inexpensive carbon materials, such as carbon nanotubes, are highly conductive and 
are excellent electrode materials; however, their opaqueness limits their usefulness as a 
photoelectrode material. As such, this study concentrated on studying the PSII-ITO interface. 

One strategy to improve the interface between the PSII and the ITO involved the use of 
linkers to form self-assembled-monolayers on the electrode surface. Linkers with different ionic 
charges were self-assembled onto the surface of ITO and carbon nanotube electrodes  to control the 
alignment of the PSII on the electrode. In one promising study, the use of linkers containing 
negatively charged carboxylate functionalities gave rise to more than double the photocurrents 
generated by the PSII immobilised onto bare electrodes. This was attributed to more favourable 
interactions between the stromal side of the PSII enzyme (where the terminal plastoquinone 
electron donors are located) and the electrode, since the stromal side of the enzyme has a more 
positive polarity. Linkers with nickel-nitrilotriacetic acid groups were also investigated for specific 
binding to the poly-histadine residues located on the stromal side of the PSII enzyme with some 
success.  

Another strategy using linkers involved the introduction of a functional group to the linker 
which binds tightly to the PSII plastoquinone QB pocket. The rationale behind this linker is that it 
would serve to simultaneously control PSII orientation and shortcut the electron transfer pathway 
between the PSII and the electrode to by-pass a slow mediator diffusion step. PSII co-incubated with 
this linker gave rise to unusual photocathodic currents (instead of photoanodic currents) when 
immobilised onto electrodes following prolonged incubation. Further control experiments suggested 
that these linkers oriented the PSII antenna subunits close to the electrode surface and facilitated 
charge transfer between the antenna and the electrode (Figure 1. red pathway). This unexpected 
result implicates the existence of alternative energy/charge transfer pathways between the PSII and 
the electrode.  



 

In an alternative strategy, conductive matrices were used to enhance electronic 
communication between the PSII and the electrode surface. The use of conductive matrices by-
passes the need to control the orientation of the PSII on the electrode and allows multi-layers of PSII 
to be electronically connected to the electrode. State-of-the-art electron acceptor materials 
including graphene oxide, reduced graphene oxide and water-soluble fullerenes were chosen to 
form the conductive matrices. Characterisation of the electron transfer processes between the PSII 
and the electron acceptors were performed in collaboration with the Cavendish Laboratory, 
University of Cambridge, using ultrafast spectroscopic techniques (transient absorption spectroscopy 
and photo-luminescence). Graphene oxide was revealed to be an excellent electron acceptor for 
PSII, and the charge transfer dynamics mimicked that of dichlorobenzo quinone, a QB electron 
acceptor analogue. Despite its excellent properties as an electron acceptor, the insulating nature of 
the graphene oxide prevented further electron transfer into the electrode surface. This limited its 
usefulness of as a conductive matrix material. In contrast, water-soluble fullerenes were revealed to 
be excellent electron acceptors and donors. However, ultrafast spectroscopic characterisation 
revealed that the fullerenes accepted electrons more readily from the excited antenna chlorophyll a 
molecules than from the reduced terminal quinones, and also injected the electrons more readily 
into oxygen than the electrode. This gave rise to the photo-conversion of hydrogen peroxide, which 
is reduced by the electrode surface to produce water (Figure 1). This additional charge transfer 
pathway lowers the overall efficiency of the PSII and the light-induced water oxidation rates.  

 

In summary, this study has ‘rewired’ the PSII-electrode interface in a number of ways to both 
increase and decrease the photo-induced water-oxidation rates of the hybrid PSII-ITO system.  The 
alternative electron transfer pathways uncovered may be largely responsible for the low water 
oxidation rates observed in in vitro systems. The ‘rewiring’ of the electron pathway within PSII-
electrodes to extract electrons from QA (as originally proposed) will not significantly improve water-
oxidation rates until these competing pathways are suppressed. These competing pathways are 
likely to be present in synthetic photocatalytic water-splitting devices, in particular those which are 
biomimetic. As such, the outcome of this research has contributed to the understanding of factors 
that limit the efficiency of artificial photosynthetic systems; this may aid the design of future 
photocatalytic water splitting and solar fuel devices. It has also highlighted some considerations for 
the emerging field of protein-film photoelectrochemistry; the energy/charge transfer pathways and 
mechanism of isolated proteins can change significantly when interfaced with exogenous electron 
acceptor or donor materials.  


