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            Abstract
Solid-state lithium metal batteries require accommodation of electrochemically generated mechanical stress inside the lithium: this stress can be1,2 up to 1Â gigapascal for an overpotential of 135Â millivolts. Maintaining the mechanical and electrochemical stability of the solid structure despite physical contact with moving corrosive lithium metal is a demanding requirement. Using in situ transmission electron microscopy, we investigated the deposition and stripping of metallic lithium or sodium held within a large number of parallel hollow tubules made of a mixed ionic-electronic conductor (MIEC). Here we show that these alkali metalsâ€”as single crystalsâ€”can grow out of and retract inside the tubules via mainly diffusional Coble creep along the MIEC/metal phase boundary. Unlike solid electrolytes, many MIECs are electrochemically stable in contact with lithium (that is, there is a direct tie-line to metallic lithium on the equilibrium phase diagram), so this Coble creep mechanism can effectively relieve stress, maintain electronic and ionic contacts, eliminate solid-electrolyte interphase debris, and allow the reversible deposition/stripping of lithium across a distance of 10Â micrometres for 100 cycles. A centimetre-wide full cellâ€”consisting of approximately 1010 MIEC cylinders/solid electrolyte/LiFePO4â€”shows a high capacity of about 164Â milliampereÂ hoursÂ per gram of LiFePO4, and almost no degradation for over 50 cycles, starting with a 1Ã— excess of Li. Modelling shows that the design is insensitive to MIEC material choice with channels about 100Â nanometres wide and 10â€“100Â micrometres deep. The behaviour of lithium metal within the MIEC channels suggests that theÂ chemical and mechanical stabilityÂ issues with the metalâ€“electrolyte interface in solid-state lithium metal batteries can be overcome using this architecture.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Mixed ionic-electronic conductor (MIEC) tubules as 3D Li hosts.[image: ]


Fig. 2: Lithium plating/stripping inside carbon tubules.[image: ]


Fig. 3: Lithiophilicity from ZnOx.[image: ]


Fig. 4: Electrochemical performance of scaled-up Li metal cell with about 1010 MIEC cylinders.[image: ]
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Video 1
An in situ TEM video showing Li plating inside the carbon hollow tubule with ZnOx (Fig. 2bâ€“d).


Video 2
An in situ SAED video showing the changes of SAED on tubule region for the carbon tubule with ZnOx when Li plating occurs (Fig. 2e,Â f).


Video 3
An in situ TEM video showing the HRTEM imaging of Li plating inside the carbon tubule when the fresh Li crystal first forms inside the field of camera (Fig. 2gâ€“i).


Video 4
A speeded-up in situ TEM video showing the Li stripping process inside the carbon tubule when there is a void plug between Li metal and the solid electrolyte (Fig. 2jâ€“l and Supplementary Fig. 17).


Video 5
A speeded-up in situ TEM video showing some typical plating/stripping cycles including the 1st and 30th in the double aligned carbon tubules (Supplementary Fig. 8).


Video 6
A speeded-up in situ TEM video showing Li plating/stripping for 100 cycles in the single carbon tubules (Supplementary Fig. 10).


Video 7
A speeded-up in situ TEM video showing Na plating inside the carbon tubules (Supplementary Fig. 15).


Video 8
A speeded-up in situ TEM video showing Na stripping inside the carbon tubules (Supplementary Fig. 15).


Video 9
An in situ TEM video showing the dark-field imaging of the complete wetting of Li, spreading along the tubule outer surface with zero contact angle (Fig. 3bâ€“f).
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