







    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

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 13 July 2016



                    Single-layer MoS2 nanopores as nanopower generators

                    	Jiandong Feng1, 
	Michael Graf1, 
	Ke Liu1, 
	Dmitry Ovchinnikov2, 
	Dumitru Dumcenco2, 
	Mohammad Heiranian3, 
	Vishal Nandigana3, 
	Narayana R. Aluru3, 
	Andras Kis2 & 
	â€¦
	Aleksandra Radenovic1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 536,Â pages 197â€“200 (2016)Cite this article
                    

                    
        
            	
                        47k Accesses

                    
	
                        803 Citations

                    
	
                            352 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Materials for energy and catalysis
	Nanopores
	Two-dimensional materials


    


                
    
    

    
    

                
            


        
            Abstract
Making use of the osmotic pressure difference between fresh water and seawater is an attractive, renewable and clean way to generate power and is known as â€˜blue energyâ€™1,2,3. Another electrokinetic phenomenon, called the streaming potential, occurs when an electrolyte is driven through narrow pores either by a pressure gradient4 or by an osmotic potential resulting from a salt concentration gradient5. For this task, membranes made of two-dimensional materials are expected to be the most efficient, because water transport through a membrane scales inversely with membrane thickness5,6,7. Here we demonstrate the use of single-layer molybdenum disulfide (MoS2) nanopores as osmotic nanopower generators. We observe a large, osmotically induced current produced from a salt gradient with an estimated power density of up to 106 watts per square metreâ€”a current that can be attributed mainly to the atomically thin membrane of MoS2. Low power requirements for nanoelectronic and optoelectric devices can be provided by a neighbouring nanogenerator that harvests energy from the local environment8,9,10,11â€”for example, a piezoelectric zinc oxide nanowire array8 or single-layer MoS2 (ref. 12). We use our MoS2 nanopore generator to power a MoS2 transistor, thus demonstrating a self-powered nanosystem.
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                    Figure 1: Harvesting osmotic energy with MoS2 nanopores.


Figure 2: Electrical conductance and chemical reactivity of the MoS2 nanopore.


Figure 3: Osmotic power generation.


Figure 4: Demonstration of a self-powered nanosystem.
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Extended data figures and tables

Extended Data Figure 1 Subtraction of the contribution made by electrodes, and stability of the nanopore generator.
a, Diagram showing the contributions of different parts of the system to the overall measured current. The osmotic contribution is obtained by subtracting the contribution of the potential difference at the electrodes from the measured voltage or current. Vmeasured is the measured voltage; Eredox is the redox potential difference. b, Electrode contribution as a function of the salt concentration gradient: values obtained from the Nernst equation, and measured electrode redox potential differences at the reference electrode. c, The data used for the subtraction. Eredox, the redox potential at the electrodes. d, A 1-hour trace of ionic current, showing the stability of a 14-nm pore in 1â€‰M KCl/1â€‰mM KCl. Inset, the design of the fluidic cell.


Extended Data Figure 2 Dependence of osmotic power generation on pH and pore size.
a, b, Osmotic potential (a) and osmotic current (b) generated using a 3-nm pore under different pH conditions (pH 3, 5 or 11) and in different concentration gradients. Power generation (both osmotic potential and osmotic current) at pH 3 is very low and sometimes fluctuates to negative, indicating that the pore charge is relatively low. One possible explanation for the negative voltage point is that the surface charge on the pore has fluctuated to positive. c, d, Osmotic potential (c) and osmotic current (d) generated using two different pores (3-nm and 15-nm) at pH 11 in different concentration gradients.


Extended Data Figure 3 Ideal cation selectivity of the pore.
aâ€“c, Calculated surface potential distribution of MoS2 nanopores of diameter 25â€‰nm (a), 5â€‰nm (b), and 2â€‰nm (c) under a fixed surface charge density. d, Ion selectivity in different salt gradients. The ion selectivity also depends on the Debye length when the concentration gradient is fixed; with a gradient of 10â€‰mM/1â€‰mM and a 5-nm pore, the ion selectivity approaches nearly 1, indicating the ideal cation selectivity.


Extended Data Figure 4 Molecular-dynamics simulations of power generation for various ratios of concentration gradients.
a, A typical simulation box. b, Current as a function of the applied electric field for a single-layer MoS2, at different concentration ratios. c, K+ and Clâˆ’ concentrations as a function of the radial distance from the centre of the pore, for different concentration ratios. d, Short-circuit current as a function of the concentration ratio. e, Open-circuit electric field as a function of the concentration ratio.


Extended Data Figure 5 Continuum-based PNP modelling of power generation.
a, Short-circuit current, Isc, as a function of the concentration gradient ratio. The diameter of the nanopore here is 2.2â€‰nm. b, Isc as a function of the nanopore diameter. The salinity concentration ratio is fixed at 1,000. The surface charge of the nanopore, Ïƒn, is âˆ’0.04694 Câ€‰mâˆ’2.


Extended Data Figure 6 Molecular-dynamics-modelled conductance as a function of membrane thickness.
a, Iâ€“V curves for six membranes with a different number of MoS2 layers, across a symmetrical 1â€‰M KCl solution. The inset illustrates simulated multilayer membranes. b, Conductance of the nanopore as a function of the reciprocal thickness of the membrane (tâˆ’1). c, Average mobility of each ion for different numbers of layers of MoS2 membranes.


Extended Data Figure 7 Simulated power generation as a function of membrane thickness.
a, K+ and Clâˆ’ concentrations as a function of the radial distance from the centre of the pore for single-layer and multilayer membranes. The Î» region, near the charged wall of the pore, is representative of the electrical double layer. b, The mobility of each ion type within and outside the Î» region for different layers of membranes. c, The open-circuit electric field across the membrane for different numbers of MoS2 layers. d, Ratio of the maximum power (P) generated by multilayer membranes to the maximum power generated by a single-layer membrane, for different numbers of layers.


Extended Data Figure 8 Characterization of a single-layer MoS2 transistor with nanopores and SMU.
a, Electrical measurements with two nanopores (V+, nanopore output voltage; Vds, drainâ€“source voltage; Vtg, top gate voltage). The voltage drop across the transistor channel is monitored with the voltmeter (V); current is measured with current amplifier (A). b, Comparison of nanopore measurements with standard two-probe measurements made with an external source. c, Iâ€“V characteristics at Vtgâ€‰=â€‰0.78â€‰V after current stabilization, measured in both set-ups. d, Output power of nanopore in Bmim PF6/zinc chloride as a function of load resistance, Rload. Inset, circuit diagram for these measurements.


Extended Data Table 1 Power generation according to membrane thicknessFull size table
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A single-nanopore osmotic nanopower generator
Osmotic power generation is a promising renewable energy source. This study demonstrates the use of single-layer molybdenum disulfide (MoS2) nanopores as osmotic nanogenerators. The transport of water through a membrane scales inversely with membrane thickness, so atomically thin materials should provide the ideal medium to host the nanopores in an osmotic power generator. Aleksandra Radenovic and colleagues produced nanopores in two-dimensional MoS2 and, using a salt gradient across a single nanopore, generated a power output per area orders of magnitude greater than that previously reported for nanotubes. They also show that a chemical potential gradient across a single nanopore in MoS2 can generate enough power to operate a single-layer MoS2 transistor.
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