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            Abstract
Overall water splitting, evolving hydrogen and oxygenÂ in a 2:1 stoichiometric ratio,Â  using particulate photocatalysts is a potential means of achieving scalable and economically viable solar hydrogen production. To obtain high solar energy conversion efficiency, the quantum efficiency of the photocatalytic reaction must be increased over a wide range of wavelengths and semiconductors with narrow bandgaps need to be designed. However, the quantum efficiency associated with overall water splitting using existing photocatalysts is typically lower than ten per cent1,2. Thus, whether a particulate photocatalyst can enable a quantum efficiency of 100 per cent for the greatly endergonic water-splitting reaction remains an open question. Here we demonstrate overall water splitting at an external quantum efficiency of up to 96 per cent at wavelengths between 350 and 360 nanometres, which is equivalent to an internal quantum efficiency of almost unity, using a modified aluminium-doped strontium titanate (SrTiO3:Al) photocatalyst3,4. By selectively photodepositing the cocatalysts Rh/Cr2O3 (ref. 5) and CoOOH (refs. 3,6) for the hydrogen and oxygen evolution reactions, respectively, on different crystal facets of the semiconductor particles using anisotropic charge transport, the hydrogen and oxygen evolution reactions could be promoted separately. This enabled multiple consecutive forward charge transfers without backward charge transfer, reaching the upper limit of quantum efficiency for overall water splitting. Our work demonstrates the feasibility of overall water splitting free from charge recombination losses and introduces an ideal cocatalyst/photocatalyst structure for efficient water splitting.
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                    Fig. 1: Photocatalytic water-splitting activities.[image: ]


Fig. 2: Location of cocatalysts.[image: ]


Fig. 3: Transmission electron microscopy.[image: ]


Fig. 4: Simulations of photocarrier distributions in SrTiO3:Al particles.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Dependence of water-splitting activities on the amounts and components of cocatalysts.
a, b, Dependence of water-splitting activity on the amount of Cr2O3 added to Rh (0.1Â wt%)-loaded SrTiO3:Al (a) and CoOOH added to Rh (0.1Â wt%)/Cr2O3(0.05Â wt%)-loaded SrTiO3:Al (b). c, Time course of H2 and O2 evolution over SrTiO3:Al unloaded (i) and loaded with Rh (0.1Â wt%) (ii), Rh (0.1Â wt%)/CoOOH (0.05Â wt%) (iii), CoOOH (0.05Â wt%) (iv) and CoOOH (0.05Â wt%)/Cr2O3 (0.05Â wt%) (v).


Extended Data Fig. 2 Reproducibility and stability of water-splitting activity of SrTiO3:Al loaded with Rh (0.1Â wt%)/Cr2O3 (0.05Â wt%)/CoOOH (0.05Â wt%).
a, Variation of water-splitting activity of SrTiO3:Al loaded with Rh (0.1Â wt%)/Cr2O3 (0.05Â wt%)/CoOOH (0.05Â wt%) (25 samples) from different batches (B) and lots (L). Batches and lots represent SrTiO3:Al samples and the cocatalysts synthesized and loaded at different timings, respectively. The averages (Î¼) of the H2 and O2 evolution rates were 3.54Â mmolÂ hâˆ’1 and 1.78Â mmolÂ hâˆ’1 and their standard deviations (Ïƒ) were 0.26Â mmolÂ hâˆ’1 and 0.12Â mmolÂ hâˆ’1, respectively. All the gas evolution rates were within Î¼Â Â±Â 2Ïƒ. b, Stability test of SrTiO3:Al loaded with Rh (0.1Â wt%)/Cr2O3 (0.05Â wt%)/CoOOH (0.05Â wt%) during photocatalytic water splitting. The produced H2 and O2 accumulated in the reaction system were evacuated every 2.5Â h. The inner wall of the reactor window was cleaned before every evacuation.


Extended Data Fig. 3
Time course of H2 and O2 evolution over SrTiO3:Al photodeposited with Rh (0.1Â wt%)/Cr2O3 (0.05Â wt%)/CoOOH (0.05Â wt%) under simulated sunlight irradiation.


Extended Data Fig. 4
Effect of initial background pressure on the photocatalytic water-splitting activity of SrTiO3:Al photodeposited with Rh (0.1Â wt%)/Cr2O3 (0.05Â wt%)/CoOOH (0.05Â wt%).


Extended Data Fig. 5 Simulations of graded band energy values and resulting anisotropic charge separation based on various differences in work function between the {110} and {100} facets.
a, Maps of conduction band energy and logarithms of the electron and hole densities (n and p, respectively). b, c, Energy band diagrams (b) and electron and hole densities (c) as functions of position. SeeÂ Methods for further discussion.


Extended Data Fig. 6
Power spectrum of the Xe lamp used in the study.


Extended Data Fig. 7
XRD pattern of the synthesized SrTiO3:Al.


Extended Data Fig. 8 EQE measurement.
a, Photographs of the devices used in the measurement. Left, side view of the measurement system. Middle left, top view of the measurement system. Middle right, arrangement of the lamp and reactor. Right, arrangement of the Si photodiode. b, c, Illustrations of water-splitting reactor and photon-counting system (b) and illumination unit (c). d, Example of light intensity distribution (365-nm bandpass filter and 0.1-optical-density neutral density filter; left) and model used to calculate the number of incident photons (right).


Extended Data Table 1 Results of EQE measurementsFull size table


Extended Data Table 2 Parameters used in the calculations of the energy band diagrams and electron and hole densities for the SrTiO3:Al particulate systemFull size table





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Takata, T., Jiang, J., Sakata, Y. et al. Photocatalytic water splitting with a quantum efficiency of almost unity.
                    Nature 581, 411â€“414 (2020). https://doi.org/10.1038/s41586-020-2278-9
Download citation
	Received: 26 September 2019

	Accepted: 02 April 2020

	Published: 27 May 2020

	Issue Date: 28 May 2020

	DOI: https://doi.org/10.1038/s41586-020-2278-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Electrolyte-assisted polarization leading to enhanced charge separation and solar-to-hydrogen conversion efficiency of seawater splitting
                                    
                                

                            
                                
                                    	Yiyang Li
	Hui Zhou
	Shik Chi Edman Tsang


                                
                                Nature Catalysis (2024)

                            
	
                            
                                
                                    
                                        Bubble-water/catalyst triphase interface microenvironment accelerates photocatalytic OER via optimizing semi-hydrophobic OH radical
                                    
                                

                            
                                
                                    	Guanhua Ren
	Min Zhou
	Haifeng Wang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        The reformation of catalyst: From a trial-and-error synthesis to rational design
                                    
                                

                            
                                
                                    	Ligang Wang
	Jiabin Wu
	Dingsheng Wang


                                
                                Nano Research (2024)

                            
	
                            
                                
                                    
                                        Multiple exciton generation effect in photocatalytic overall water splitting
                                    
                                

                            
                                
                                    	Xiaolei Guo
	Ji-Jun Zou


                                
                                Science China Chemistry (2024)

                            
	
                            
                                
                                    
                                        Small-sized Ni-Co/Mo2C/Co6Mo6C2@C for efficient alkaline and acidic hydrogen evolution reaction by an anchoring calcination strategy
                                    
                                

                            
                                
                                    	Jianxia Gu
	Ying Zhu
	Zhongmin Su


                                
                                Frontiers of Chemical Science and Engineering (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    An almost perfectly efficient light-activated catalyst for producing hydrogen from water
                

                
	Simone Pokrant



                
    
        
            Nature
        
        News & Views
        
        
            27 May 2020
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
