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            Abstract
The unprecedented impact of human activity on Earthâ€™s climate and the ongoing increase in global energy demand have made the development of carbon-neutral energy sources ever more important. Hydrogen is an attractive and versatile energy carrier (and important and widely used chemical) obtainable from water through photocatalysis using sunlight, and through electrolysis driven by solar or wind energy1,2. The most efficient solar hydrogen production schemes, which couple solar cells to electrolysis systems, reach solar-to-hydrogen (STH) energy conversion efficiencies of 30% at a laboratory scale3. Photocatalytic water splitting reaches notably lower conversion efficiencies of only around 1%, but the system design is much simpler and cheaper and more amenable to scale-up1,2â€”provided the moist, stoichiometric hydrogen and oxygen product mixture can be handled safely in a field environment and the hydrogen recovered. Extending our earlier demonstration of a 1-m2 panel reactor system based on a modified, aluminium-doped strontium titanate particulate photocatalyst4, we here report safe operation of a 100-m2 array of panel reactors over several months with autonomous recovery of hydrogen from the moist gas product mixture using a commercial polyimide membrane5. The system, optimized for safety and durability, and remaining undamaged on intentional ignition of recovered hydrogen, reaches a maximum STH of 0.76%. While the hydrogen production is inefficient and energy negative overall, our findings demonstrate that safe, large-scale photocatalytic water splitting, and gas collection and separation are possible. To make the technology economically viable and practically useful, essential next steps are reactor and process optimization to substantially reduce costs and improve STH efficiency, photocatalyst stability and gas separation efficiency.
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                    Fig. 1: The 100-m2 water splitting photocatalyst panel reactor.[image: ]


Fig. 2: Electron microscopy images of photocatalyst sheets.[image: ]


Fig. 3: Performance of the gas separation unit connected to the 100-m2 water splitting photocatalyst panel reactor on 2 October 2020 at the Kakioka Research Facility.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The photocatalyst panel reactors.
a, The design of a panel reactor unit (625â€‰cm2). b, A diagram showing the structure. c, d, Photographic images of the 3-m2 module consisting of 48 panel reactor units viewed from the front (c) and rear (d).


Extended Data Fig. 2 Photocatalyst sheet microstructures.
a, b, Cross-sectional backscattered electron images acquired by scanning electron microscopy of photocatalyst sheets prepared using a manual sprayer on a flat, clear glass sheet (a) or a program-controlled sprayer on a frosted glass sheet (b). c, d, Cross-sectional images of a photocatalyst deposited by manual spraying on a flat, clear glass sheet, acquired by transmission electron microscopy before (c) and after (d) a field test lasting approximately six months.


Extended Data Fig. 3 The dependence of the water splitting rate of the photocatalyst sheet on the loading amount of the photocatalyst layer.
Small photocatalyst sheets (5â€‰cmâ€‰Ã—â€‰5â€‰cm) prepared on the flat, clear glass were irradiated with the ultraviolet light emitting diode array. The loading amount of the photocatalyst layer is expressed as a relative value to the case where the modified SrTiO3:Al loading is 0.89â€‰mgâ€‰cmâˆ’2.
Source data


Extended Data Fig. 4 Durability of photocatalyst sheets.
a, b, The STH values of small photocatalyst sheets (25â€‰cm2) prepared using manual spraying with flat, clear glass (a) and a program-controlled sprayer with frosted glass (b) during the overall water splitting reaction under continuous irradiation with simulated standard sunlight.
Source data


Extended Data Fig. 5 Long-term records of the field test of theÂ 100-m2Â photocatalyst panel reactorÂ at Kakioka Research Facility fromÂ 22 September to 21 December 2020.
aâ€“f, Solar radiation (a), ultraviolet power (b), oxyhydrogen gas production rate (c), ambient temperature (d), daily STH value (e) and proportion of ultraviolet energy (f). The oxyhydrogen gas was not produced in late December 2020, because of the cold weather freezing the panel reactor units and other equipment. On 2, 6 and 30 October, the gas was directed to the gas separation equipment, without delivery to the gas flowmeter. On 9 and 10 October, the daily STH values were abnormally high. These values are not reliable because of bad weather and the low solar radiation. On 9 and 10 October, the daily STH values were abnormally high. These values are not reliable because of bad weather and the low solar radiation. The data on 18 November and 8 December were not reliable either, owing to malfunction of the soap-film flowmeter.
Source data


Extended Data Fig. 6 Structure of the gas separating facility.
a, Schematic of the gas filtration cartridge. b, Schematic of the oxyhydrogen gas separation apparatus. The routes for the incoming oxyhydrogen gas, hydrogen-enriched filtrate gas and oxygen-enriched residual gas are shown in purple, red and black, respectively.


Extended Data Fig. 7 Performance of the gas separation unit connected to the 100-m2 water splitting photocatalyst panel reactor.
The hydrogen concentration in the filtrate gas and the oxygen concentration in the residue gas are intermittently notated along the curves. a, b, The data were acquired on a day with mixed sun and cloud (6 February 2020; a) and a consistently sunny day (1 May 2020; b) at the Kakioka Research Facility. Note that the throttle valve was partially closed at 10:00â€‰am on 1 May 2020 to reduce the gas feed rate.
Source data


Extended Data Fig. 8 Ignition test of the panel reactor.
The gas in the area indicated within the red square, with a light receiving area of 70â€‰m2, was ignited by a spark. The spark gap was an assembly of two needle electrodes facing each other within a tube. The distance between the electrodes was adjusted at approximately 0.5â€‰mm. The ignition voltage was 15-kV a.c. and pulsed for approximately 1â€‰s.





Supplementary information
Supplementary Video 1
| Nucleation of moist oxyhydrogen bubbles on a photocatalyst sheet under irradiation from a Xe lamp, played at ten times the original speed.


Supplementary Video 2
| A reactor unit evolving and expelling oxyhydrogen gas bubbles at approximately 13â€‰mlâ€‰minâˆ’1 under a diode array emitting ultraviolet light.


Supplementary Video 3
| Moist oxyhydrogen gas bubbles generated at a rate of 3.7â€‰lâ€‰minâˆ’1 by the 100-m2 photocatalyst panel reactor under natural sunlight on 30 September 2020, played at the original speed.


Supplementary Video 4
| Intentional ignition of the oxyhydrogen gas in polyurethane gas collection and carrying tubes with an inner diameter of 8â€‰mm connected to the water splitting panel reactor with a 70-m2 light receiving area during water splitting under natural sunlight at 10:00â€‰am on 20 August 2020, played in slow motion (1/240 of the original speed). Reactor internal pressure = 101â€‰kPa, temperature = 30â€‰Â°C. This experiment was conducted twice without damaging the setup.


Supplementary Video 5
| Intentional ignition of a mixed gas of hydrogen and oxygen (H2/O2â€‰=â€‰2) saturated with water vapour, filled in the soft polyvinyl chloride tube with an inner diameter of 10â€‰mm and a length of 100â€‰m with the end bobbed in a water tub, played in the original speed. Internal pressure = 101â€‰kPa, temperature = 20â€‰Â°C. This experiment was conducted five times without any damage.


Supplementary Video 6
| The same experiment with Supplementary Video 5 but recorded from a different angle and played in slow motion (1/132 of the original speed).
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