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            Abstract
The ability to control nanoscale features precisely is increasingly being exploited to develop and improve monofunctional catalysts1,2,3,4. Striking effects might also be expected in the case of bifunctional catalysts, which are important in the hydrocracking of fossil and renewable hydrocarbon sources to provide high-quality diesel fuel5,6,7. Such bifunctional hydrocracking catalysts contain metal sites and acid sites, and for more than 50 years the so-called intimacy criterion8 has dictated the maximum distance between the two types of site, beyond which catalytic activity decreases. A lack of synthesis and material-characterization methods with nanometre precision has long prevented in-depth exploration of the intimacy criterion, which has often been interpreted simply as â€˜the closer the betterâ€™ for positioning metal and acid sites8,9,10,11. Here we show for a bifunctional catalystâ€”comprising an intimate mixture of zeolite Y and alumina binder, and with platinum metal controllably deposited on either the zeolite or the binderâ€”that closest proximity between metal and zeolite acid sites can be detrimental. Specifically, the selectivity when cracking large hydrocarbon feedstock molecules for high-quality diesel production is optimized with the catalyst that contains platinum on the binder, that is, with a nanoscale rather than closest intimacy of the metal and acid sites. Thus, cracking of the large and complex hydrocarbon molecules that are typically derived from alternative sources, such as gas-to-liquid technology, vegetable oil or algal oil6,7, should benefit especially from bifunctional catalysts that avoid locating platinum on the zeolite (the traditionally assumed optimal location). More generally, we anticipate that the ability demonstrated here to spatially organize different active sites at the nanoscale will benefit the further development and optimization of the emerging generation of multifunctional catalysts12,13,14,15.
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                    Figure 1: Scheme of hydrocracking reactions that use a bifunctional catalyst.[image: ]


Figure 2: Distribution of zeolite Y and alumina components within Y/A extrudates.[image: ]


Figure 3: Controlled deposition of platinum (Pt) on either the zeolite Y or the alumina component of Y/A extrudates.[image: ]


Figure 4: Impact of nanoscale intimacy on hydrocracking activity and selectivity.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Textural analysis of Y/A extrudates.
a, N2 physisorption isotherm (adsorption and desorption), plotting the adsorbed N2 volume (in cm3 gâˆ’1), referred to a standard temperature and pressure (STP) of 0â€‰Â°C and 1 atmosphere, against the relative pressure, P/P0. The isotherm shows the hysteresis loop that is indicative of the presence of mesopores (of diameter 2â€“50â€‰nm). In addition, the quantity of N2 that is adsorbed at very low relative pressure indicates the presence of micropores (of diameter ~1â€‰nm). b, The Barrettâ€“Joynerâ€“Halenda (BJH) pore-size distribution, derived from the adsorption branch of the isotherm in a, points to the broad size distribution of mesopores and macropores (macropores having a diameter greater than 50â€‰nm). V is the pore volume; D is the pore diameter.


Extended Data Figure 2 Controlled deposition of platinum.
a, Left, an HAADF-STEM image of a 70-nm-thick section of the Pt-Y/A catalyst. Right, EDX elemental maps of the region outlined in green in the HAADF-STEM image. The EDX maps show the presence of Pt particles (yellow) in the zeolite region (green, with the dominant Si signal); the alumina region (red) is empty. â€˜Oâ€™ denotes the oxygen signal. b, Left, an HAADF-STEM image of a 70-nm-thick section of the Pt-A/Y catalyst. Right, EDX elemental maps of the region outlined in red at the left. Pt particles (yellow) are present in the alumina region (red), while the zeolite crystal (green) contains no Pt particles. The bright spot and line in the HAADF-STEM image of Pt-A/Y, below the mapped region of interest, originate from prolonged electron-beam exposure. Scale bars in the EDX maps represent 50â€‰nm.


Extended Data Figure 3 Three-dimensional structural analysis using electron tomography.
a, Pt-Y/A catalyst. One-pixel slices, equal to thicknesses of 0.34â€‰nm (left) and 0.26â€‰nm (right), from the middle of the electron-tomography reconstructions of zeolite crystal (left) and alumina aggregate (right) from the Pt-Y/A catalyst, show the presence of ~2.5-nm Pt particles inside the zeolite crystal (left). Within the alumina aggregate (right), only a very few Pt particles were detected, of which one is shown in the zoomed-in region. b, Pt-A/Y catalyst. Ten-pixel slices, equal to thicknesses of 3.6â€‰nm (left) and 2.8â€‰nm (right), from the middle of the electron-tomography reconstructions of zeolite crystal (left) and alumina aggregate (right) from the Pt-A/Y catalyst, show that Pt particles of ~3.5-nm diameter were located on the alumina platelets surrounding the zeolite crystal (left) and on the alumina platelets of the aggregate (right). No Pt particles were detected inside the zeolite crystal. For electron-tomography analysis, both catalysts were ground, dispersed in ethanol, and sonicated in order to break zeolite crystals and alumina aggregates apart and analyse them separately on the TEM grid.


Extended Data Figure 4 Comparing the acidity of the samples
. Temperature-programmed desorption of ammonia by the Pt-Y/A (green) and Pt-A/Y (red) catalysts displays peaks that indicate the presence of weakly acidic (at ~160â€‰Â°C) and strongly acidic (at ~320â€‰Â°C) sites within both catalysts, with Pt-A/Y showing slightly lower peak intensity in the region of the weakly acidic site. The total amount of ammonia desorbed was measured to be 14.3â€‰cm3â€‰gâˆ’1 (Pt-Y/A) and 14.7â€‰cm3â€‰gâˆ’1 (Pt-A/Y) STP.


Extended Data Figure 5 Hydrocracking product distribution at 35% cracking conversion.
a, n-Decane feed; b, n-nonadecane feed; c, pristane feed. Results obtained with Pt-Y/A and Pt-A/Y catalysts are represented with green squares and red triangles, respectively. Experiments were performed at a pressure of 0.45â€‰MPa and H2/hydrocarbon molar ratio of 214 (n-decane); or a pressure of 0.65â€‰MPa and a H2/hydrocarbon molar ratio of 14.6 (n-nonadecane and pristane).

                          Source data
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New generations of monofunctional catalysts increasingly benefit from precisely controlled and optimized nanoscale features. Jovana ZeÄ�eviÄ‡ et al. now show that optimization at the nanoscale can also improve the performance of the bifunctional hydrocracking catalysts widely used for the production of high-quality diesel fuels. These catalysts contain a metal site and an acid site, and for many years the received wisdom was that these sites should be as close as possible for optimum performance. But ZeÄ�eviÄ‡ et al. find that having them too close together can be detrimental to selectivity, and that the sites should be positioned at nanometre-scale separations. This work may lead to more effective diesel production from alternative sources such as natural gas, vegetable oil and algal oil.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    The complexity of intimacy
                

                
	Roger GlÃ¤ser



                
    
        
            Nature
        
        News & Views
        
        
            09 Dec 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
