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Introduction.  

This project received ARENA funding as part of a competitive Hydrogen R&D round in 2018. The aim is to 
develop and advance new technologies for the efficient generation of Hydrogen, as a fuel, from clean, 
renewable sources. 
This project formally commenced in July 2018 and will run for three years, at the Australian National 
University and the University of Wollongong. There was a three month interruption in 2020 due to 
COVID -19 campus closures (planned finish now Sep. 2021).  
This report is the 2nd of the mandatory knowledge sharing deliverables, to be followed by a final report 

at the project end in 2021. 

 

Background. 

Many non fossil-fuel energy production methods (solar, wind etc.) yield electricity – but it is 

fundamentally intermittent. Hydrogen is recognised as the ideal clean, high capacity, chemical medium 

for storage of energy from non-constant sources, to achieve stable energy continuity. Electrolytic 

hydrogen generation, using cheap and abundant inputs (sunlight and water) is the preferred approach, if 

the process can be made sufficiently economical and energy efficient.  

Electrolysis of water involves passing an electric current through water (H2O) solution, by means of two 

electrodes. The positive electrode generates oxygen (O2) and the negative electrode generates hydrogen 

(H2). The process is long known, but presently suffers from two major difficulties:- 

i) Extreme solution conditions (Highly alkaline or acid) are required for reasonable efficiency, 

without use of expensive, exotic (platinum etc.) electrode materials.  

ii) Significant energy is wasted in bubble formation at the two electrode surfaces, and the 

gases must further be separated from solution 

Remarkably, in conventional electrolysis, most of the electrical energy is lost at the oxygen releasing 

electrode (anode), not the hydrogen releasing electrode (cathode). However, in photosynthesis, bio-

electricity achieves the oxygen releasing reaction very efficiently, decomposing water into soluble 

hydrogen (as protons) and oxygen gas (released to atmosphere). This occurs in a unique catalytic centre 

containing Manganese and Calcium (as oxides), in the Photosystem II protein complex in plants.  

Recent advances at the Australian National University (ANU), by Chief Investigators R. Pace and S. 

Stranger have revealed key understandings of this process, the most efficient known for the ultimate 

generation of oxygen and hydrogen from water. This work (Australian Research Council funded) has 

occurred progressively over the last decade and mostly precedes the ARENA project. Now in 

collaboration with colleagues G. Swiegers (University of Wollongong, UoW) and T. Tsuzuki (ANU), this 

has allowed design of novel electrode surfaces for H2/O2 generation (provisional patent submitted). This 

has been coupled with unique, ‘Bubble Free’ Gortex electrode technology (UoW), which employs 

hydrophobic, gas-permeable electrode supporting surfaces to efficiently separate the gaseous products 

without bubble formation.  

The present ARENA funded project started in mid-2018 and has been running for two years at ANU. The 

basic bubble-free electrode operating principles have been demonstrated, with a detailed 

computational chemistry analysis running in parallel with the experimental work, to provide theoretical 
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insight into the chemical mechanisms operating. In 2021 the project work will mainly move to UoW, 

which is highly experienced in the relevant prototype development.  There the system will be advanced 

to demonstrable pilot level, with the ultimate potential for large scale, cheap, totally renewable 

hydrogen generation, from water and electricity.  

 

Key Highlights and Difficulties Experienced. 

Efficient bubble-free operation of oxygen releasing anode electrodes has been shown under solution 
conditions that are only mildly alkaline (pH <12). This has been demonstrated for both abiological and 
biologically inspired electrode catalyst systems.  The abiological system used fine Nickel (Raney Ni), a 
known anodic catalyst, but the biologically inspired system, which employed the componentry of the 
Photosystem II active site, (Manganese, Calcium assembled on a local conducting  organic substrate), 
performed even better, with unprecedented electrode efficiencies of >60 % at practical electrical 
current densities, under our solution conditions. This was not only highly encouraging but also, arguably, 
constituted a significant scientific milestone.  

Two factors impacted the project in 2020. The first was the ACT fires and hail storms early in the year, 
which closed the ANU laboratories due to smoke interference and roof damage. The second was the 
COVID-19 interruption mid-year, which resulted in campus closure for nearly three months. A time 
extension for the project was granted. Research meetings were held on line, which worked well. 
 

Commercialisation Prospects.  

Benchtop laboratory cells have demonstrated unprecedented high performance for the generation of 

hydrogen (and oxygen) at mild alkaline conditions (pH≤12). Performances of up to 1/10th that of the 

natural Photosystem II protein complex of photosynthesis, which is, by far, the most active system 

known at near-neutral pH, have been realised. The next step is to develop a scaled-up prototype pilot 

cell with which to confirm and demonstrate the competitiveness of the technology. This will occur 

during 2021 at the University of Wollongong. If sustained high-performance is achieved, full-scale 

commercialisation will commence thereafter. A patent application has been filed in advance of those 

efforts.    

 

Summary of Knowledge Sharing Activities Completed. 

Knowledge sharing to date has occurred only through academic publication and patent application. No 

meetings etc. have been attended, mainly arising from travel restrictions in place due to COVID-19. This 

has had little impact on the actual project, technically.  A total of eight publications have emerged from 

this project so far, or closely related work by some of the participants. The papers are all journal articles 

and are in various stages of publication or submission:  
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Conclusions and Next Steps. 

Two important conclusions have emerged from the work so far:- 

i) The bubble free gas permeable electrode technology works well, in particular with the bio-

mimetic electrode material assembled on it. This is critical for the project overall, as it was 

originally envisaged. 
ii) The most efficient anodic catalyst we have examined, which operates at a conveniently low 

solution alkalinity (only 1% of current commercial systems), is indeed the bio-inspired 

system with Manganese and Calcium. This is in fact consistent with our original 

expectations.  

The next steps are to advance the ‘bench top’ level system now developed at ANU to an integrated pilot 

scale system, with all electrode assembly and gas collection etc. componentry in place. This will need to 

be tested for stability and effective operating lifetime. This will all occur at UoW, which has all the 

necessary facilities and experience for this work. However the initial results at ANU are highly 

encouraging. 

Assuming the pilot demonstration system is successful, further patenting will occur, if necessary. Then 

potential industry partners will be approached to advance the technology beyond pilot stage. These 

include AquaHydrex corporation, who originally provided a letter of support for the project. 

 

Publications:- 

(1) Photo-Electrochemical Oxygen Evolution Reaction by Biomimetic CaMn2O4 Catalyst” (Published in 

Applied Sciences 2019, 9, 2196)  

(2) “Comparative Evaluation of the Structural and Other Features Governing Photo-Electrochemical Oxygen 

Evolution by Ca/Mn Oxides” (Published in Catalysis Science and Technology, 2020, 10, 2152).  

(3) “Insights into the Phenomenon of ‘Bubble-Free’ Electrocatalytic Oxygen Evolution from Water” 

(submitted; Sustainable Energy and Fuels)  

(4) “New Insights into the Operation of the Photosystem II - Oxygen Evolving Centre (PSII-OEC). A Bio-

Inspired, Water Oxidation Catalyst that is 1/10th – 1/20th as Active as the PSII-OEC in Neutral Water” 

(Submitted Energy and Environmental Science) 

(5) “Interaction of graphene, MnOx, and Ca2+ during biomimetic, ‘bubble-free’ electrochemical oxygen 

evolution at mild pH’ (G. Tsekouras et. al., ready for submission) 

(6) “The Prospects of Developing a Highly Energy-Efficient Water Electrolyzer by Eliminating or Mitigating 

Bubble Effects” (G. Swiegers et. al., ready for submission) 

(7) “Electronic structure modelling of edge-functionalisation of graphene by MnOx particles “ ( R. Terrett in 

press, Phys. Chem. Chem. Phys) 

(8) “Towards water oxidation at graphene-bound MnxOy and MnxOyM2+ particles “ ( R. Terrett for 

submission, Phys. Chem. Chem. Phys.) 

 

In addition, a US patent application has been filed; BIOMIMETIC WATER OXIDATION CATALYSTS  
PCT/AU 2018/051365 
 


