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            Abstract
Graphene and related two-dimensional materials have shown unusual and exceptional mechanical properties1,2,3, with similarities to origami-like paper folding4,5 and kirigami-like cutting6,7 demonstrated. For paper analogues, a critical difference between macroscopic sheets and a two-dimensional solid is the molecular scale of the thin dimension of the latter, allowing the thermal activation of considerable out-of-plane motion. So far thermal activity has been shown to produce local wrinkles in a free graphene sheet that help in theoretically understanding its stability8, for example, and give rise to unexpected long-range bending stiffness6. Here we show that thermal activation can have a more marked effect on the behaviour of two-dimensional solids, leading to spontaneous and self-driven sliding, tearing and peeling from a substrate on scales approaching the macroscopic. We demonstrate that scalable nanoimprint-style contact techniques can nucleate and direct the parallel self-assembly of graphene ribbons of controlled shape in ambient conditions. We interpret our observations through a simple fracture-mechanics model that shows how thermodynamic forces drive the formation of the grapheneâ€“graphene interface in lieu of substrate contact with sufficient strength to peel and tear multilayer graphene sheets. Our results show how weak physical surface forces can be harnessed and focused by simple folded configurations of graphene to tear the strongest covalent bond. This effect may hold promise for the patterning and mechanical actuating of devices based on two-dimensional materials.
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                    Figure 1: Self assembly of graphene flaps and ribbons.[image: ]


Figure 2: Fracture mechanics analysis of quasi-static ribbon growth.[image: ]


Figure 3: Geometry of ribbon growth.[image: ]


Figure 4: Kinetics of self-assembling graphene ribbons.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ribbon growth and collision with visible contaminants.
The growth pattern recorded by AFM imaging shows ribbon pinning and release as contamination defects are pushed aside (insets a and b), followed by rapid growth until next contaminant reached at point c. Final ribbon pinning occurs by encounter with sliver fracture in the flake that exposes the underlying substrate d. In a, a bulge in the fold (yellow arrow) has been disappeared by b as the defect has moved to a lower position along the ribbon head indicated by the green arrow. Ribbon growth direction is to the left. Horizontal error bars indicate uncertainty in exact time of AFM image acquisition used to extract ribbon length values, whereas vertical error bars are omitted as the uncertainty range is too small to see at this scale.


Extended Data Figure 2 Scanning Raman analysis of commensurate stacked layers in a mechanically exfoliated graphene flake with no self-assembled structures present.
a, Optical micrograph of a mechanically exfoliated graphene sheet. The red box indicates the area that was analysed, comprising three- and four-layer-thick graphene sheets. bâ€“d, Maps of the G band intensity (b), 2D band intensity (c) and the FWHM of the 2D band (d). e, Plot of the average Raman spectra within the three- and four-layer areas. f, Comparative plot of the 2D bands within the three- and four-layer areas.


Extended Data Figure 3 Scanning Raman analysis of the self-assembled bilayer graphene ribbons shown in
Fig. 1l. a, Optical micrograph of the mechanically exfoliated bilayer graphene sheet. The red box indicates a single indentation from which the three folded ribbons grew. bâ€“d, Maps of the G band intensity (b), 2D band intensity (c) and the FWHM of the 2D band (d). e, Plot of the average Raman spectra within the folded ribbons (four-layer) and the bilayer sheet. f, Comparative plot of the 2D bands within the folded ribbons four-layer) and the bilayer sheet.


Extended Data Figure 4 Fits to the ribbon head position.
aâ€“c, Ribbon length (a), velocity (b) and width (c) versus time for the self-assembling ribbon system presented in Fig. 4, as extracted from the sequence of AFM images shown below. See Methods for an explanation of the fitting functions. Scale bars, 1â€‰Î¼m.





Supplementary information
Video 1: Growth of three ribbons nucleated from single indentation into bilayer graphene
An animation of successive images of the growth of three ribbons shown in Figure 1. The video consists of images captured by AFM over a 14 day period. The ribbon in the lower left is able to grow over a subsurface defect before stopping, while the ribbon growing towards the right of the image halts upon encountering the edge of the host graphene sheet.  (WMV 2167 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Fig. 2




Rights and permissions
Reprints and permissions


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



Cite this article
Annett, J., Cross, G. Self-assembly of graphene ribbons by spontaneous self-tearing and peeling from a substrate.
                    Nature 535, 271â€“275 (2016). https://doi.org/10.1038/nature18304
Download citation
	Received: 09 October 2015

	Accepted: 18 March 2016

	Published: 13 July 2016

	Issue Date: 14 July 2016

	DOI: https://doi.org/10.1038/nature18304


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

                
                    	
                            
                                
                                    
                                        Free-electron interactions with van der Waals heterostructures: a source of focused X-ray radiation
                                    
                                

                            
                                
                                    	Xihang Shi
	Yaniv Kurman
	Ido Kaminer


                                
                                Light: Science & Applications (2023)

                            
	
                            
                                
                                    
                                        Tensile strain effects on electronic and optical properties of functionalized diamondene-like Si4
                                    
                                

                            
                                
                                    	Huabing Shu


                                
                                Journal of Materials Science (2021)

                            
	
                            
                                
                                    
                                        Bio-inspired self-folding strategy to break the trade-off between strength and ductility in carbon-nanoarchitected materials
                                    
                                

                            
                                
                                    	Xiangzheng Jia
	Ze Liu
	Enlai Gao


                                
                                npj Computational Materials (2020)

                            
	
                            
                                
                                    
                                        Crack-and-Fold Style Defects in CVD Graphene on Raw Cu Foils
                                    
                                

                            
                                
                                    	Yanping Sui
	Yanhui Zhang
	Guanghui Yu


                                
                                Journal of Electronic Materials (2020)

                            
	
                            
                                
                                    
                                        Effect of Supporting Metal Substrates on the Tribological Properties of Monolayer Graphene
                                    
                                

                            
                                
                                    	Weili Zhao
	Fangli Duan


                                
                                Tribology Letters (2020)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Adding a new dimension to monolayer graphene
More than twenty years ago it was envisioned that graphene could be folded and cut into useful forms as a kind of nanoscale origami. In this issue James Annett and Graham Cross describe a system in which single-layer graphene can reorganize itself into three dimensions by a process of folding, sliding and tearing. When a small flap of graphene sheet is folded over to touch itself, it spontaneously starts to slide, tearing into a ribbon-like strip in the process. On removal of a kinetic barrier, the two-dimensional material can coalesce into its more familiar three-dimensional, layered form. The driver for this peeling phenomenon is a thermodynamic mechanism that is robust enough to work over large areas even in air at room temperature. The findings hold promise as a novel mechanism to mechanically actuate two-dimensional materials as well as a new way of assembling them into complex three-dimensional architectures.
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