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            Abstract
Single-atom catalysts1 make exceptionally efficient use of expensive noble metals and can bring out unique properties1,2,3. However, applications are usually compromised by limited catalyst stability, which is due to sintering3,4. Although sintering can be suppressed by anchoring the metal atoms to oxide supports1,5,6, strong metal–oxygen interactions often leave too few metal sites available for reactant binding and catalysis6,7, and when exposed to reducing conditions at sufficiently high temperatures, even oxide-anchored single-atom catalysts eventually sinter4,8,9. Here we show that the beneficial effects of anchoring can be enhanced by confining the atomically dispersed metal atoms on oxide nanoclusters or ‘nanoglues’, which themselves are dispersed and immobilized on a robust, high-surface-area support. We demonstrate the strategy by grafting isolated and defective CeOx nanoglue islands onto high-surface-area SiO2; the nanoglue islands then each host on average one Pt atom. We find that the Pt atoms remain dispersed under both oxidizing and reducing environments at high temperatures, and that the activated catalyst exhibits markedly increased activity for CO oxidation. We attribute the improved stability under reducing conditions to the support structure and the much stronger affinity of Pt atoms for CeOx than for SiO2, which ensures the Pt atoms can move but remain confined to their respective nanoglue islands. The strategy of using functional nanoglues to confine atomically dispersed metals and simultaneously enhance their reactivity is general, and we anticipate that it will take single-atom catalysts a step closer to practical applications.
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                    Fig. 1: Schematic diagrams illustrating the fabrication processes of functional CeOx nanoglue islands and CeOx/SiO2-supported Pt1 single-atom catalysts.


Fig. 2: Electron microscopy, XRD and XPS characterizations of CeOx nanoglue islands uniformly dispersed on high-surface-area SiO2.


Fig. 3: Identification of isolated Pt atoms on CeOx nanoglue islands.


Fig. 4: Evaluation of low-temperature CO oxidation activity and stability.
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Extended data figures and tables

Extended Data Fig. 1 Synthesis of CeOx nanoglue islands.
a,b, SEM backscattered electron images of the CeOx/SiO2 after solution reaction for 3 min (a) and 1 h (b). Bright features in b represent large agglomerates of CeO2 particles produced by Ce(OH)4 precipitation during the prolonged 1 h adsorption process. There were no CeO2 particles detectable in a, either at low or high image magnifications. The inset to a shows a photograph of the as-synthesized CeOx/SiO2 powders. c,d,e, High-resolution HAADF images of the Ce–SiO2 (prior to calcination) at various magnifications and defocus values. f,g, HAADF images show distribution and crystallite structure of the CeOx nanoglue islands after 600 °C calcination for 12 h. h,i, Size distribution of the as-synthesized CeOx nanoclusters along two perpendicular directions.


Extended Data Fig. 2 Characterizations of CeOx/SiO2, CeO2 NPs/SiO2 and CeO2.
a, XRD pattern of 12 wt% CeO2 NPs/SiO2 synthesized by impregnation method. b,c, HAADF images of 12 wt% CeO2 NPs/SiO2 in separate regions. The inset to b shows a photograph of the as-synthesized CeO2 NPs/SiO2 powders. d, Size distribution of CeO2 NPs in CeO2 NPs/SiO2 from HAADF images. e,f, HAADF images of pure CeO2 powders, which were fabricated by precipitation and calcination. g, Normalized Raman spectra of the as-synthesized CeOx/SiO2 and pure CeO2. h, High-resolution HAADF images of, and intensity linescans across, a crystalline CeOx nanocluster and a CeO2 nanoparticle. i, Ce 3d XPS data obtained for the 12 wt% CeO2 NPs/SiO2. Circles and black lines represent the data and the fit, respectively. j, H2-TPR profiles obtained on the CeOx/SiO2 and pure CeO2. TCD, thermal conductivity detector. k, XRD patterns of CeOx/SiO2 support after various treatments. Treatment conditions: black, calcined in air at 600 °C for 12 h; red, reduced in H2 at 600 °C for 24 h; blue, re-calcined in air at 600 °C for 12 h after reduction; and orange, calcined in air at 800 °C for 4 h. Prolonged H2 reduction at 600 °C modified the crystallinity of the CeOx nanoclusters, whereas re-calcination at 600 °C recovered the original structure of the CeOx nanoclusters.
Source data


Extended Data Fig. 3 Characterization of Pt/CeOx/SiO2.
a, ICP-MS measurements of Pt concentrations in the final catalysts. b, BET surface areas of various supports and the 0.4 wt% Pt/CeOx/SiO2 catalyst. The BET surface area of the SiO2 support did not change significantly after deposition of CeOx and Pt. c, Estimate of Pt loading levels (relative to the CeOx nanoclusters) in the CeOx/SiO2. d, Estimated specific surface area of CeOx in CeOx/SiO2 and CeO2 in CeO2 NPs/SiO2, and number density of Pt atoms on CeOx (CeO2) component. e, Plots of attainable wt% Pt loading (with respect to SiO2) versus the specific surface area of SiO2 for various sizes of CeOx nanoclusters and the distance between them, assuming that each CeOx nanocluster hosts only one Pt atom. D, average size (diameter) of CeOx nanoclusters; L, average distance between the edges of CeOx nanoclusters. Experimental parameters characterizing the 0.4 wt% Pt/CeOx/SiO2 were used for the plot (red). f, Plots of attainable wt% Pt loading (with respect to SiO2) versus specific surface area of SiO2 for CeOx nanoclusters (D = 2 nm, L = 9 nm) reported in this work. N, number of Pt atoms on each CeOx nanocluster. The red, black and blue lines represent 1, 2 and 5 Pt atoms, respectively, on each CeOx nanocluster. g,h,i, XPS data characterizing the as-synthesized 0.4 wt% Pt/CeOx/SiO2 catalyst.
Source data


Extended Data Fig. 4 Nature of Pt species in Pt/CeOx/SiO2 catalyst.
a,b,c, HAADF images of the as-synthesized 0.4 wt% Pt/CeOx/SiO2 catalyst. d, HAADF image of a high-loading Pt/CeOx/SiO2 catalyst, which was fabricated by impregnation and reduced in H2 at 300 °C for 1 h, shows presence of small Pt clusters. e–j, EXAFS results characterizing the as-synthesized 0.4 wt% Pt/CeOx/SiO2. e, k1-weighted experimental EXAFS function (black solid line) and the sum of the calculated Pt–O, Pt–Olong and Pt–O–Ce contributions (red dashed line). f, Imaginary part and the magnitude of Fourier transform (k1-weighted) of the experimental EXAFS results (black solid line) and sum of the calculated Pt–O, Pt–Olong and Pt–O–Ce contributions (red dashed line). g–i, Imaginary part and magnitude of Fourier transform (phase- and amplitude-corrected) of the experimental results (black solid line) and the calculated contributions (red dashed line) of the Pt–O shell (k1-weighted) (g), the Pt–Olong shell (k1-weighted) (h), and the Pt–O–Ce shell (k3-weighted) (i). j, Summary of the EXAFS parameters. CN, coordination number; R, distance between absorber and backscatterer atoms; Δσ2, disorder term; ΔE0, inner potential correction. Error bounds (accuracies) characterizing the structural parameters obtained by EXAFS spectroscopy are estimated to be CN, ±10%; R, ±0.02 Å; Δσ2, ±20%; ΔE0, ±20%.
Source data


Extended Data Fig. 5 Changes of Pt atoms on SiO2 or CeO2 supports under various treatment conditions.
a,b, Single Pt atoms (yellow circles) and small Pt clusters (yellow squares) were present in the as-synthesized Pt/SiO2 (synthesized by the SEA method using Pt(NH3)42+ ions in alkaline solution). c,d, After H2 reduction of the as-synthesized Pt/SiO2 at 300 °C for 1 h, Pt sintered to form various sizes of nanoparticles (c) although some small Pt clusters were observable (d). e,f, After calcination of the as-synthesized Pt/SiO2 at 500 °C for 1 h, larger Pt agglomerates (e) and many Pt nanoparticles (e,f) were formed. g,h, Atomic-resolution HAADF images of a 0.3 wt% Pt/CeO2 catalyst prepared by the SEA method. The Pt single atoms (yellow circles) on flat facets of CeO2 nanoparticles are clearly distinguishable. i,j, HAADF images of a 0.3 wt% Pt/CeO2 after reduction treatment (10 ml min−1 of H2/He at 300 °C for 1 h), clearly reveal formation of small Pt nanoparticles. During the H2-activation process, Pt atoms became mobile on CeO2 surfaces and sintered to form Pt clusters/nanoparticles (yellow squares). k, CO-DRIFTS spectrum of the reduced 0.3 wt% Pt/CeO2 indicates presence of Pt clusters/nanoparticles.
Source data


Extended Data Fig. 6 Design and characterization of model catalysts.
a, CO-DRIFTS spectra of 0.3 wt% Pt/SiO2, 4 wt% Cu/SiO2, and Cu-Pt/SiO2. b, TEM image of the reduced Cu-Pt/SiO2 catalyst. c, HAADF image of Cu nanoparticles in reduced Cu-Pt/SiO2, revealing Pt single atoms/clusters on/within Cu nanoparticles. d, Schematic diagram showing synthesis and formation of Pt-Cu species in Cu[(Pt/SiO2)@SiO2] sample. Platinum atoms migrated through the porous SiO2 shell to interact with Cu nanoparticles. e, TEM image of (CeO2/SiO2)@SiO2 shows the CeO2 nanoparticles as markers between the SiO2 core and the coated porous SiO2 shell. The thickness of the porous SiO2 shell was estimated to be ~10 nm. f, HAADF image of the Cu[(Pt/SiO2)@SiO2] catalyst. g, CO DRIFTS spectrum and h, HAADF image of Cu nanoparticles in the reduced Cu[(Pt/SiO2)@SiO2] catalyst (reduction conditions:10% H2, 400 °C for 3 h), clearly revealing Pt atoms on/within Cu nanoparticles. i, Schematic diagram showing synthesis and reduction processes of Cu[(Pt/CeO2)@SiO2] model catalyst. j, TEM images of Cu[(Pt/CeO2)@SiO2] and (Pt/CeO2)@SiO2 (inset). The Pt and Cu loadings were 0.3 wt% and 2 wt%, respectively. The thickness of the porous SiO2 shell was estimated to be ~6 nm. CO adsorption DRIFTS spectrum (k) and HAADF images (l) of Cu nanoparticles in the reduced Cu[(Pt/SiO2)@SiO2] catalyst (reduction conditions: 10% H2, 400 °C for 3 h) confirming the absence of Pt-Cu species.
Source data


Extended Data Fig. 7 Reduction of Pt/CeOx/SiO2 catalysts and investigation of PtxOy clusters.
a, HAADF image of the 0.4 wt% Pt1/CeOx/SiO2 after 300 °C reduction in H2 for 10 h shows the absence of detectable Pt clusters. b,c,d, CO adsorption DRIFTS spectra (recorded at 100 °C) characterize the reduced 0.4 wt% Pt1/CeOx/SiO2 (H2 at 400 °C for 3 h, 500 °C for 1 h or 600 °C for 1 h, respectively). e, DFT-predicted CO adsorption modes on Pt single atoms supported on CeOx clusters. f–h, CO-DRIFTS spectra characterizing the PtxOy/CeOx/SiO2 sample at 100 °C (f), after cessation of O2 flow (g) and reduced PtxOy sample (10% H2/Ar, 300 °C, 1 h) (h), reveal transformation of the PtxOy species into metallic Pt clusters (2075 cm−1). i, Ce 3d XPS data characterizing the 0.4 wt% Pt1/CeOx/SiO2 after reduction in 10% H2 at 500 °C for 1 h. The percentage of Ce3+ was ~49% and no metallic Ce was observed. j, CO adsorption DRIFTS spectrum characterizing the 0.02 wt% Pt/CeO2 powder after reduction in H2 at 400 °C for 1 h. k–p, EXAFS results characterizing PtxOy supported on CeOx/SiO2. k, k1-weighted experimental EXAFS function (black solid line) and the sum of the calculated Pt–O, Pt–O–Pt, and Pt–O–Ce contributions (red dashed line). l, Imaginary part and magnitude of Fourier transform (k1-weighted) of the EXAFS data (black solid line) and sum of the calculated Pt–O, Pt–O–Pt, and Pt–O–Ce contributions (red dashed line). m–o, Imaginary part and magnitude of Fourier transform (phase- and amplitude-corrected) of the experimental results (black solid line) and the calculated contribution (fit; red dashed line) of the Pt–O shell (k1-weighted) (m), the Pt–O–Pt shell (k3-weighted) (n), and the Pt–O–Ce shell (k3-weighted) (o). p, Summary of the EXAFS parameters. CN, coordination number; R, distance between absorber and backscatterer atoms; Δσ2, disorder term; ΔE0, inner potential correction. Error bounds (accuracies) characterizing the structural parameters obtained by EXAFS spectroscopy are as stated in legend of Extended Data Fig. 4.
Source data


Extended Data Fig. 8 Pt clusters on CeO2 NPs/SiO2 and CeOx/SiO2.
a,b,c, HAADF images of the reduced 0.4 wt% Pt/CeO2 NPs/SiO2 (treated in H2 at 300 °C for 1 h) show Pt clusters. Images a and b were obtained from the same region with different electron beam defocus value. d, Comparison of CO-DRIFTS spectra characterizing the as-synthesized 0.4 wt% Pt/CeO2 NPs/SiO2 and CeO2 NPs/SiO2. The CeO2 NPs and SiO2 support did not adsorb CO, and only the two CO gas-phase peaks were observed. e, CO-DRIFTS spectra characterizing the reduced (reduction in H2 at 300 °C for 1 h) 0.4 wt% Pt/CeO2 NPs/SiO2. The peak at 2,086 cm−1 is assigned to CO adsorbed on Pt nanoclusters/nanoparticles. f, Schematic diagrams illustrate sintering of Pt atoms on CeO2 NPs under conditions of H2 activation treatment; Ce, O, Pt atoms and SiO2 support are shown in yellow, blue, red and grey, respectively. g, CO-DRIFTS spectra characterizing the 4 wt% Pt/CeOx/SiO2 catalyst after reduction in H2 at 300 °C for 3 h. h,i, HAADF images of the 4 wt% Pt/CeOx/SiO2 after reduction in H2 at 400 °C for 5 h and 500 °C for 12 h, respectively. j, Schematic diagrams illustrate movement of Pt atoms on each individual CeOx nanoclusters during the H2 activation process; Ce, O, Pt and SiO2 support are shown in yellow, blue, red and grey, respectively.
Source data


Extended Data Fig. 9 Characterization and CO oxidation performance of the as-synthesized and activated catalysts.
a,b, CO oxidation catalysis: light-off curves characterizing 0.3 wt% Pt/CeO2 (5 mg of catalyst mixed with 25 mg of SiO2) (a) and 0.4 wt% Pt/CeO2 NPs/SiO2 (30 mg) (b). Activation conditions: H2 at 300 °C for 1 h. c, Light-off curves of 4 wt% Pt/CeOx/SiO2 (3 mg of catalyst mixed with 27 mg of SiO2; pretreated in H2 at 400 °C for 3 h to form Pt clusters). d–g, CO oxidation light-off data and CO-DRIFTS spectra characterizing 0.4 wt% Pt/CeOx/SiO2 (IMP) (d,e) and Pt/SiO2 (IMP) catalyst (f,g). h, Light-off temperatures T50 (50% CO conversion) of various catalysts: as-synthesized 0.4 wt% Pt/CeOx/SiO2 (A), activated 0.4 wt% Pt/CeOx/SiO2 (B), activated Pt/CeO2 (C), activated Pt/CeO2 NPs/SiO2 (D), activated 4 wt% Pt/CeOx/SiO2 (E), activated Pt/CeOx/SiO2 by impregnation (F) and activated Pt/SiO2 by impregnation (G). i, In situ Pt LIII XANES spectra of 0.4 wt% Pt/CeOx/SiO2 catalyst during activation in 10% H2/He. j, Ex situ Pt LIII XANES spectra collected at room temperature characterizing the 0.4 wt% Pt/CeOx/SiO2 catalyst before/after reduction at 300 °C for 1 h; data characterizing Pt foil are included for comparison. k–o, EXAFS results characterizing the activated 0.4 wt% Pt/CeOx/SiO2 catalyst. k, k1-weighted experimental EXAFS function (black solid line) and the sum of the calculated Pt–O, Pt–Olong and Pt–O–Ce contributions (red dashed line). l, Imaginary part and the magnitude of Fourier transform (k1-weighted) of the experimental EXAFS results (black solid line) and sum of the calculated Pt–O, Pt–Olong and Pt–O–Ce contributions (red dashed line). m–o, Imaginary part and magnitude of Fourier transform (phase- and amplitude-corrected) of the data (black solid line) and the calculated contribution (red dashed line) of the Pt–O shell (k1-weighted) (m), the Pt–Olong shell (k1-weighted) (n), and the Pt–O–Ce shell (k3-weighted) (o). p, Summary of the EXAFS parameters. CN, coordination number; R, distance between absorber and backscatterer atoms; Δσ2, disorder term; ΔE0, inner potential correction. q, Apparent activation energy (Ea) for CO oxidation characterizing the as-synthesized and reduced 0.4 wt% Pt1/CeOx/SiO2. r, Long-term stability test of the activated 0.4 wt% Pt1/CeOx/SiO2 at a reaction temperature of 140 °C. s, HAADF image of the 0.4 wt% Pt1/CeOx/SiO2 after stability test. t, Long-term stability test of the activated 0.3 wt% Pt/CeO2 at 140 °C.
Source data


Extended Data Fig. 10 CO-DRIFTS investigation of Pd and Rh atoms supported on CeOx/SiO2 and on CeO2.
a, As-synthesized 1.4 wt% Pd/CeOx/SiO2 and b, 0.4 wt% Pd/CeO2. c, Reduced Pd/CeOx/SiO2 and d, reduced Pd/CeO2. CO adsorption temperature, 25 °C. e,f, CO-DRIFTS of reduced 0.6 wt% Rh/CeOx/SiO2 (e) and 0.3 wt% Rh/CeO2 (f). Reduction conditions: 20 ml min−1 of 10% H2 at 400 °C for 1 h. The loadings of Pd and of Rh are reported with respect to the CeOx species.
Source data





Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 8

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
       



Cite this article
Li, X., Pereira-Hernández, X.I., Chen, Y. et al. Functional CeOx nanoglues for robust atomically dispersed catalysts.
                    Nature 611, 284–288 (2022). https://doi.org/10.1038/s41586-022-05251-6
Download citation
	Received: 09 June 2021

	Accepted: 18 August 2022

	Published: 26 October 2022

	Issue Date: 10 November 2022

	DOI: https://doi.org/10.1038/s41586-022-05251-6


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

                
                    	
                            
                                
                                    
                                        Distribution of Pt single atom coordination environments on anatase TiO2 supports controls reactivity
                                    
                                

                            
                                
                                    	Wenjie Zang
	Jaeha Lee
	Xiaoqing Pan


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Photochemical tuning of dynamic defects for high-performance atomically dispersed catalysts
                                    
                                

                            
                                
                                    	Chan Woo Lee
	Byoung-Hoon Lee
	Taeghwan Hyeon


                                
                                Nature Materials (2024)

                            
	
                            
                                
                                    
                                        Decoupled oxidation process enabled by atomically dispersed copper electrodes for in-situ chemical water treatment
                                    
                                

                            
                                
                                    	Ziwei Yu
	Xuming Jin
	Juan Wang


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Highly active copper-intercalated weakly crystallized δ-MnO2 for low-temperature oxidation of CO in dry and humid air
                                    
                                

                            
                                
                                    	Hao Zhang
	Huinan Li
	Xianjie Wang


                                
                                Frontiers of Environmental Science & Engineering (2024)

                            
	
                            
                                
                                    
                                        Atomically dispersed materials: Ideal catalysts in atomic era
                                    
                                

                            
                                
                                    	Tao Gan
	Dingsheng Wang


                                
                                Nano Research (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

                
                    
                    
                        
                            
    
        
            
                
                    Nanoglues isolate metal atoms for better catalysis
                

                
                
    
        
            Nature
        
        Research Briefing
        
        
            26 Oct 2022
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	Nature Middle East


            


        

    

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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter — 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
            
        


    









    








