







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 12 February 2020



                    Hidden diversity of vacancy networks in Prussian blue analogues

                    	Arkadiy Simonov1,2, 
	Trees De Baerdemaeker1,3, 
	Hanna L. B. Boström1,4, 
	María Laura Ríos Gómez5,6, 
	Harry J. Gray1, 
	Dmitry Chernyshov7, 
	Alexey Bosak8, 
	Hans-Beat Bürgi9,10 & 
	…
	Andrew L. Goodwin1 

Show authors

                    

                    
                        
    Nature

                        volume 578, pages 256–260 (2020)Cite this article
                    

                    
        
            	
                        16k Accesses

                    
	
                        189 Citations

                    
	
                            30 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Materials chemistry
	Materials science


    


                
    
    

    
    

                
            


        
            Abstract
Prussian blue analogues (PBAs) are a diverse family of microporous inorganic solids, known for their gas storage ability1, metal-ion immobilization2, proton conduction3, and stimuli-dependent magnetic4,5, electronic6 and optical7 properties. This family of materials includes the double-metal cyanide catalysts8,9 and the hexacyanoferrate/hexacyanomanganate battery materials10,11. Central to the various physical properties of PBAs is their ability to reversibly transport mass, a process enabled by structural vacancies. Conventionally presumed to be random12,13, vacancy arrangements are crucial because they control micropore-network characteristics, and hence the diffusivity and adsorption profiles14,15. The long-standing obstacle to characterizing the vacancy networks of PBAs is the inaccessibility of single crystals16. Here we report the growth of single crystals of various PBAs and the measurement and interpretation of their X-ray diffuse scattering patterns. We identify a diversity of non-random vacancy arrangements that is hidden from conventional crystallographic powder analysis. Moreover, we explain this unexpected phase complexity in terms of a simple microscopic model that is based on local rules of electroneutrality and centrosymmetry. The hidden phase boundaries that emerge demarcate vacancy-network polymorphs with very different micropore characteristics. Our results establish a foundation for correlated defect engineering in PBAs as a means of controlling storage capacity, anisotropy and transport efficiency.
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                    Fig. 1: Structure of PBAs.[image: ]


Fig. 2: Single-crystal diffuse scattering from PBAs.[image: ]


Fig. 3: Vacancy network phase diagram.[image: ]


Fig. 4: Statistical properties of micropore networks.[image: ]
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Extended Data Fig. 1 Representative pore networks.
Representative pore networks for each phase within the Monte Carlo simulated phase diagram.


Extended Data Fig. 2 Representative 3D-ΔPDF.
a, Experimental diffuse scattering from the Co[Co] sample, hk0 section; voxel size is 1/30 reciprocal lattice units. b, Experimental and model 3D-ΔPDF map of the Co[Co] sample, uv0 section.


Extended Data Fig. 3 M′-site models.
The structure of the [Co(CN)6]3− and ‘vacancy’ moieties used in our Co[Co] model.


Extended Data Fig. 4 Alternative diffuse scattering phase map.
Diffuse scattering calculated with the modified model Hamiltonian; equation (2).


Extended Data Fig. 5 Diffuse scattering tiles.
Comparison of projected experimental diffuse scattering with the model diffuse scattering tiles for our various PBA samples; compare with Fig. 3.


Extended Data Fig. 6 Satellite reflections.
Satellite reflections in our Cu[Co] sample. The inset shows one specific satellite at (7.43, 1, 0).


Extended Data Fig. 7 Inelastic scattering.
Diffuse scattering in the Mn[Co]′ sample. Note that the intensity of the diffuse scattering at the (h + 1/3, k + 1/3, l) positions increases with increasing l; the scattering in the hk4 layer (right) is stronger than in the hk2 layer (left).
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