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            Abstract
Production of hydrogen fuel from sunlight and water, two of the most abundant natural resources on Earth, offers one of the most promising pathways for carbon neutrality1,2,3. Some solar hydrogen production approaches, for example, photoelectrochemical water splitting, often require corrosive electrolyte, limiting their performance stability and environmental sustainability1,3. Alternatively, clean hydrogen can be produced directly from sunlight and water by photocatalytic water splitting2,4,5. The solar-to-hydrogen (STH) efficiency of photocatalytic water splitting, however, has remained very low. Here we have developed a strategy to achieve a high STH efficiency of 9.2 per cent using pure water, concentrated solar light and an indium gallium nitride photocatalyst. The success of this strategy originates from the synergistic effects of promoting forward hydrogen–oxygen evolution and inhibiting the reverse hydrogen–oxygen recombination by operating at an optimal reaction temperature (about 70 degrees Celsius), which can be directly achieved by harvesting the previously wasted infrared light in sunlight. Moreover, this temperature-dependent strategy also leads to an STH efficiency of about 7 per cent from widely available tap water and sea water and an STH efficiency of 6.2 per cent in a large-scale photocatalytic water-splitting system with a natural solar light capacity of 257 watts. Our study offers a practical approach to produce hydrogen fuel efficiently from natural solar light and water, overcoming the efficiency bottleneck of solar hydrogen production.
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                    Fig. 1: Structure characterization.


Fig. 2: Performance evaluation and mechanism analysis.


Fig. 3: Practical and large-scale application.
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Extended data figures and tables

Extended Data Fig. 1 Bandgap determination.
SEM-CL images of InGaN/GaN nanowires. The high-energy electrons from the scanning electron microscope were used to photo-excite photocatalyst to produce photogenerated electrons and holes. The recombination of photogenerated electrons and holes leads to the cathodoluminescence phenomenon, which could be used to estimate the bandgap of the photocatalyst. A bandwidth of 5 nm was used to capture these monochromatic CL images. The luminescence bands at 445–545 nm revealed the visible-light response of InGaN/GaN nanowires.


Extended Data Fig. 2 Light-response characterization and theoretical maximum STH.
a, UV-vis diffuse reflectance spectroscopy of InGaN/GaN suggests that the visible-light-response range of InGaN/GaN nanostructures is extended to 632 nm (1.96 eV). b, Band diagram of InGaN/GaN segments. c, d, Wavelength-dependent theoretical maximum STH in (c) natural solar light and (d) simulated solar light produced by a Xe lamp equipped with a standard AM1.5G filter from Newport Corporation. The red dashed line corresponds to a photocatalyst with bandgap of 1.96 eV (632 nm).


Extended Data Fig. 3 Temperature-controllable photocatalytic OWS system and reaction condition optimization.
a, Temperature-controllable photocatalytic OWS system. b, Schematic illustration of the temperature-controllable photocatalytic OWS system. A double-layer chamber was used to perform the temperature-controllable photocatalytic OWS. The circulating water provided by a PolyScience 7L heated circulator was used to control the temperature of the reaction chamber. c, STH of InGaN/GaN NWs with different Rh/Cr2O3/Co3O4 precursor volumes at 70 °C. x (x = 2, 3, 4, 5, 6) μl of 0.2 mol l−1 Na3RhCl6, x μl of 0.2 mol l−1 K2CrO4, x μl of 0.2 mol l−1 Co(NO3)2·6H2O were used in the photodeposition of cocatalyst. The photodeposition method was shown in the experimental section. The optimized contents (µg cm−2) of cocatalyst obtained by ICP was shown in the Extended Data Table 1. d, STH of Rh/Cr2O3/Co3O4-InGaN/GaN NWs under different light intensity at 70 °C. 1 sun: 100 mW cm−2. The STH of Rh/Cr2O3/Co3O4-InGaN/GaN NWs first increased with cocatalyst content and then reached a maximum value. A further increase on the cocatalyst content could not improve the STH. The optimized cocatalyst content was utilized in all subsequent experiments. The light intensity on the photocatalyst wafer was adjusted from 1,000 mW cm−2 to 3,800 mW cm−2 at 70 °C. The results showed that the STH was not observably changed with the light intensity larger than 13 suns at the same temperature (70 °C). Error bars indicate standard deviation for three measurements.


Extended Data Fig. 4 Self-heated photocatalytic OWS system.
a, Self-heated photocatalytic OWS system. b, Schematic parameters of the self-heated photocatalytic OWS system. c, d, Thermodynamic parameters of the reaction system (c) without and (d) with a heat-insulating layer. The heat-insulating layer (thickness of approximately 0.5 cm) consisted of ordinary A4 printing paper. The wall thickness of the Prexy chamber was approximately 0.3 cm. e, Synergetic effect mechanism of promoting forward hydrogen–oxygen evolution and inhibiting the reverse hydrogen–oxygen recombination in the photocatalytic OWS. The UV-vis light was responsible for the production of photogenerated electrons and holes via the photoexcitation of InGaN/GaN semiconductor, which can further cause the redox of water. Although the infrared light was non-effective for the photoexcitation of InGaN/GaN, it could produce a substantial thermal effect to promote hydrogen/oxygen production and simultaneously inhibit the hydrogen–oxygen recombination. In this mechanism, the infrared light indirectly, but substantially improved the utilization efficiency of UV-vis light by enhancing the surface catalytic hydrogen/oxygen production, which finally contributed to the maximizing of STH. A thermal transfer balance existed in our system during photocatalytic reaction, which was influenced by the thermal conductivity coefficients of materials used in the reaction system. The role of the heat-insulating layer was to produce a larger temperature difference between ambient and internal environment of reaction system. The thermal conductivity coefficients of Prexy glass, heat-insulating layer and water were 1,143, 50 and 600 mW m−1 K−1, respectively. In the absence of the heat-insulating layer, the temperature of water in the chamber was maintained at roughly 50 °C. However, with the addition of low thermal-conductivity heat-insulating layer, the temperature of reaction system could be increased to approximately 70 °C under the same IR input (428 mW). The species and content of impurities in tap water can be found on the website of Ann Arbor Water Treatment Services Unit (https://www.a2gov.org/departments/water-treatment/Documents/water_quality_report_2020.pdf).


Extended Data Fig. 5 Stability evaluation.
a, Time-course photocatalytic production of H2 and O2 in deionized water on Rh/Cr2O3/Co3O4-InGaN/GaN NWs. b, Activity test after 74-hour photocatalytic OWS reaction. c–e, FESEM (c), HAADF-STEM (d) and elemental mapping (e) of Rh/Cr2O3/Co3O4-InGaN/GaN NWs after 80-hour photocatalytic OWS reaction.


Extended Data Fig. 6 Mechanism investigation of temperature-dependent photocatalytic OWS system.
a, Photocatalytic OWS system without circulating water layer or heat-insulating layer. b, Corresponding time-course production of stoichiometric H2 and O2 in deionized water on Rh/Cr2O3/Co3O4-InGaN/GaN NWs. c, Photocatalytic hydrogen production with methanol (20vol%) as electron donor at 70 °C. d, Photocatalytic oxygen production with KIO3 (0.4 mol l−1) as electron acceptor at 70 °C. e, Time-course production of stoichiometric H2 and O2 in deionized water on Rh/Cr2O3/Co3O4-InGaN/GaN NWs at 70 °C in 360 min. In the photocatalytic overall water splitting, the hydrogen–oxygen production (2H2O → 2H2 + O2) often competes with hydrogen–oxygen recombination (2H2O ← 2H2 + O2). Commonly, the rate of chemical reaction strongly depends on the concentration of reactant. Thus, in the initial stage of photocatalytic water splitting (2H2O ↔ 2H2 + O2), the reaction rate of hydrogen–oxygen production was theoretically higher than that of hydrogen–oxygen recombination. However, with increasing hydrogen/oxygen concentration, the hydrogen–oxygen production and recombination would reach a balance. As a result, the amount of produced hydrogen and oxygen could not be further increased with reaction time. Especially, for the continuous flow-type water splitting system, the produced hydrogen and oxygen would be full of chamber under atmospheric pressure before transferred. This easily leads to a high-concentration hydrogen and oxygen in the chamber, which unavoidably leads to the more severe hydrogen–oxygen recombination. f, Time-course production of H2 and O2 in deionized water on Rh/Cr2O3/Co3O4-InGaN/GaN NWs with and without light source at 70 °C. Light source: 3,800 mW cm−2 produced by a 300 W Xe lamp equipped with AM1.5G filter. Sample: 0.8 cm × 0.8 cm Rh/Cr2O3/Co3O4-loaded InGaN/GaN nanowires wafer. Error bars indicate standard deviation for three measurements.


Extended Data Fig. 7 Theoretical simulation.
a–c, Geometry structures of reaction steps in hydrogen–oxygen recombination on the cocatalyst (a) Co3O4, (b) Rh and (c) Cr2O3. The results suggested that the desorption of product water was the rate-determining step in hydrogen–oxygen recombination on Co3O4 and Cr2O3. Besides, this also implied that water tended to be adsorbed on Co3O4 and Cr2O3, which inhibited the further hydrogen–oxygen adsorption or recombination on them.


Extended Data Fig. 8 Photocatalytic OWS under natural concentrated solar light.
a, Schematic parameter illustration of outdoor photocatalytic OWS system. b, Reaction temperature and natural light intensity in the outdoor test. The thickness of heat-insulating layer (ordinary A4 printing paper) and wall of chamber were approximately 0.5 cm and approximately 0.3 cm, respectively. The outdoor photocatalytic OWS was conducted from 5 November 2020 to 7 November 2020. The average natural solar light intensity was determined to be approximately 85 mW cm−2 between 11 pm and 3 pm by a thermopile detector (919P, Newport) with a 5 cm2 detector. c, Activity test after 140-min outdoor photocatalytic OWS reaction. Each cycle: 10 min.


Extended Data Table 1 Contents of Rh, Cr and Co on InGaN/GaN nanowires by ICP-AES testFull size table


Extended Data Table 2 Pressure changes contributed by water vapour, hydrogen and oxygen before and after reaction in photocatalytic overall water splitting at different reaction temperature under 3,800 mW cm−2Full size table
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The dynamic process of gas (hydrogen, oxygen and vapour) production in direct view. Conditions: 4 cm × 4 cm Rh/Cr2O3/Co3O4-loaded InGaN/GaN nanowires under concentrated natural solar light (about 16,070 mW cm−2).
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The dynamic process of gas (hydrogen, oxygen and vapour) production in filter view (green). Conditions: 4 cm × 4 cm Rh/Cr2O3/Co3O4-loaded InGaN/GaN nanowires under concentrated natural solar light (about 16,070 mW cm−2).
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