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            Abstract
Materials can be transformed from one crystalline phase to another by using an electric field to control ion transfer, in a process that can be harnessed in applications such as batteries1, smart windows2 and fuel cells3. Increasing the number of transferrable ion species and of accessible crystalline phases could in principle greatly enrich material functionality. However, studies have so far focused mainly on the evolution and control of single ionic species (for example, oxygen, hydrogen or lithium ions4,5,6,7,8,9,10). Here we describe the reversible and non-volatile electric-field control of dual-ion (oxygen and hydrogen) phase transformations, with associated electrochromic2 and magnetoelectric11 effects. We show that controlling the insertion and extraction of oxygen and hydrogen ions independently of each other can direct reversible phase transformations among three different material phases: the perovskite SrCoO3âˆ’Î´ (ref. 12), the brownmillerite SrCoO2.5 (ref. 13), and a hitherto-unexplored phase, HSrCoO2.5. By analysing the distinct optical absorption properties of these phases, we demonstrate selective manipulation of spectral transparency in the visible-light and infrared regions, revealing a dual-band electrochromic effect that could see application in smart windows2,9. Moreover, the starkly different magnetic and electric properties of the three phasesâ€”HSrCoO2.5 is a weakly ferromagnetic insulator, SrCoO3âˆ’Î´ is a ferromagnetic metal12, and SrCoO2.5 is an antiferromagnetic insulator13â€”enable an unusual form of magnetoelectric coupling, allowing electric-field control of three different magnetic ground states. These findings open up opportunities for the electric-field control of multistate phase transformations with rich functionalities.
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                    Figure 1: Electric-field control of tri-state phase transformation among SrCoO2.5, SrCoO3âˆ’Î´ and phase A (HSrCoO2.5).[image: ]


Figure 2: Characterization of phase A (HSrCoO2.5).[image: ]


Figure 3: Tri-state and dual-band electrochromic effect, and electrically controlled metalâ€“insulator transition.[image: ]


Figure 4: Tri-state magnetoelectric coupling using an electric-field-controlled, selective, dual-ion switch.[image: ]
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Extended data figures and tables

Extended Data Figure 1 XRD results for the three distinct phases.
a, c, e, Reciprocal space mapping of thin films of a, SrCoO2.5, c, SrCoO3âˆ’Î´ and e, phase A (HSrCoO2.5) in the (103) crystalline plane of the LSAT substrate. Ã…âˆ’1 represents the reciprocal space units, and Q100 and Q001 represent projected directions in the reciprocal space. b, d, f, XRD rocking curves around the peaks of b, SrCoO2.5 (008), d, SrCoO3âˆ’Î´ (002) and f, phase A (HSrCoO2.5) (008).


Extended Data Figure 2 ILG-induced phase transformations.
aâ€“d, In situ XRD results obtained near the LSAT(002) peak during phase transformations from: a, SrCoO2.5 to phase A (HSrCoO2.5); b, phase A (HSrCoO2.5) to SrCoO2.5; c, SrCoO2.5 to SrCoO3âˆ’Î´; and d, SrCoO3âˆ’Î´ to SrCoO2.5, with fixed gating voltages of +3.5â€‰V, âˆ’2.3â€‰V, âˆ’2.7â€‰V and +1.8â€‰V, respectively. The dashed horizontal lines indicate when the phase transformation occurred. eâ€“h, Summarized gating durations for transformations from: e, SrCoO2.5 to phase A (HSrCoO2.5); f, phase A (HSrCoO2.5) to SrCoO2.5; g, SrCoO2.5 to SrCoO3âˆ’Î´; and h, SrCoO3âˆ’Î´ to SrCoO2.5, with different gating voltages. The gating duration is defined as the time required for the phase transformation to complete. All gating durations of less than 2,000â€‰minutes were obtained from the in situ XRD measurements shown in aâ€“d; for extended gating durations (more than 2,000â€‰minutes), the data were obtained from the ex situ gating experiments (e, g). The black squares in e and g indicate that the initial SrCoO2.5 phase remains unchanged even after a gating duration of 2,880 minutes. Red and blue points correspond to negative and positive gating voltages, respectively. The vertical dashed lines indicate the electrolysis voltage of water. i, X-ray photoelectron spectroscopy measurements of the as-grown SrCoO2.5 (green) and ILG-induced SrCoO3âˆ’Î´ (red) and HSrCoO2.5 (blue) phases, grown on LSAT(001) substrate. The peaks represent the electron-binding energy of the specific atomic orbitals in selected elements. LMM and KLL refer to states in Auger electron spectroscopy. j, k, Reversible electric-field-induced, well defined transformations between SrCoO2.5 and phase A (HSrCoO2.5) (j) and between SrCoO2.5 and SrCoO3âˆ’Î´ (k) at selected gating voltages. The films of material were 50â€‰nm thick. The gating experiments were performed in air with the as-received ionic liquid DEME-TFSI.


Extended Data Figure 3 Thickness and strain dependence of the phase transformations.
a, In situ XRD measurements of phase transformations in films with thicknesses of 20â€‰nm, 50â€‰nm and 100â€‰nm, grown on LSAT(001) substrate. The top and bottom panels show ILG with positive and negative voltages, respectively. b, Thickness dependence of gating durations for films grown on the LSAT(001) substrate. c, In situ XRD measurements during phase transformations for films with different strain states. The compressive strain is calculated on the basis of the difference in lattice constant between the substrates (LaAlO3, LSAT and SrTiO3) and the bulk SrCoO2.5 phase. d, Strain dependence of gating durations.


Extended Data Figure 4 Structural and compositional analysis of the three phases.
a, HAADF-STEM results with the calculated lattice structures (shown in the insets) of SrCoO2.5 and SrCoO3âˆ’Î´. The zone axis is along the [110] direction of the LSAT substrate. b, Statistical analysis of the in-plane strontiumâ€“strontium interatomic distances for the three phases, and their comparison with theoretical calculations. c, Chemical expansion during phase transformations. d, Energy-dispersive X-ray spectroscopy results for as-grown SrCoO2.5 (green) as well as ILG-induced SrCoO3âˆ’Î´ (red) and HSrCoO2.5 (blue), grown on LSAT(001) substrate. Error bars represent the standard deviation of the measurements.


Extended Data Figure 5 Calculated crystalline lattice configurations.
aâ€“c, Three possible lattice configurations for SrCoO2, based on first-principle calculations, with: a, parallel oxygen-vacancy channels; b, orthogonal oxygen-vacancy channels; or c, infinite planar lattice structure. Calculated lattice constants and total energies are also given. For reference, the lattice constants and total energy of SrCoO2.5 are: aâ€‰=â€‰5.65â€‰Ã…; bâ€‰=â€‰5.51â€‰Ã…; câ€‰=â€‰15.76â€‰Ã…; Etotalâ€‰=â€‰âˆ’218.30â€‰eV. dâ€“g, Calculated crystalline lattice configurations for HySrCoO2.5 when y equals: d, 0.125; e, 0.25; f, 0.5; and g, 1.0.


Extended Data Figure 6 Stability tests for HSrCoO2.5 and SrCoO3âˆ’Î´.
a, b, XRD Î¸â€“2Î¸ scans for thin films of a, HSrCoO2.5 and b, SrCoO3âˆ’Î´ grown on LSAT(001) substrate, as a function of time after ILG-induced formation followed by storage at room temperature (25â€‰Â°C) and in a 1 atm air environment with relative humidity of 40%. The diffraction peaks of HSrCoO2.5 remain nearly unchanged even after 11 days, suggesting that this phase is a robust equilibrium state. Meanwhile, for SrCoO3âˆ’Î´, a negligible shift in the peak position (of about 0.1Â°) was observed after 11 days, suggesting that this phase still holds the structure of perovskite, with the occurrence of a tiny amount of oxygen vacancies. (Interestingly, with a similar hydrogenated system (HVO2), the structure gradually returns to that of the dehydrogenated VO2 phase after 8 days at room temperature, owing to the slow release of hydrogen18.) c, d, In situ temperature-dependent XRD Î¸â€“2Î¸ scans for thin films of c, HSrCoO2.5 and d, SrCoO3âˆ’Î´ around the LSAT(002) peak, annealed in a 1 atm oxygen gas (oxidizing) or a 1 atm argon gas (reducing) environment, respectively. The crystalline structures of both phases remain stable up to 175â€“195â€‰Â°C, above which they change into the brownmillerite SrCoO2.5. The SrCoO2.5 phase is a thermodynamic equilibrium state, which is stable at temperatures up to 350â€‰Â°C in mild oxidizing or reducing environments, owing to the robustness of the Co3+ valence state.


Extended Data Figure 7 Mechanism underlying ILG-induced phase transformations.
a, Proposed origin of H+ and O2âˆ’ ions during ILG: the water inside the ionic liquid is decomposed into negatively charged O2âˆ’ and positively charged H+ ions through electrolysis. b, Gating current (IG) as a function of gating voltage (VG). c, Comparison of SIMS spectra around m/zâ€‰â‰ˆâ€‰2.0 for samples gated with the as-received ionic liquid DEME-TFSI containing water (H2O), or the developed ionic liquids EMIM-BF4 and DEME-TFSI containing heavy water (D2O). d, Depth profiles of the D+ ions in films gated with the developed ionic liquids containing heavy water.


Extended Data Figure 8 Universal proof of ILG-induced phase transformations.
aâ€“d, XRD Î¸â€“2Î¸ scans for typical as-grown SrCoO2.5 samples (green), and after positive (blue) and negative (red) voltage gating using the following hydrophobic ionic liquids: a, EMIM-TFSI, and b, HMIM-TFSI; also with c, the hydrophilic EMIM-BF4; as well as with d, the aqueous electrolyte NaOH (1â€‰mol per litre). e, Residual water concentrations of ionic liquids, determined by the Karl Fischer titration method. Quoted errors represent the standard deviation of the measurements. The results show that the ILG-induced phase transformations occur with all of these ionic liquids, and that even the hydrophobic ionic liquids have enough residual water to achieve the phase transformation, confirming the generic nature of the ILG-induced phase transformations.


Extended Data Figure 9 Transient optical transmission spectra during phase transformations.
a, b, Time evolution of optical transmission spectra from 50-nm-thick SrCoO2.5 films grown on double-sided polished LSAT(001) substrate, with gating voltages of a, +3.5â€‰V and b, âˆ’2.7â€‰V. The results show clear phase transformations from SrCoO2.5 to HSrCoO2.5 (a), and from SrCoO2.5 to SrCoO3âˆ’Î´ (b). VIS, visible light; NIR, near-infrared.


Extended Data Figure 10 Comparison of the optical absorptions and calculated densities-of-states for the three phases.
a, Optical absorptions of the three phases, plotting Î± (the optical absorption) versus Ä§Ï‰ (the photon energy). Below a photon energy of 4.0â€‰eV, there are two main absorption features in all three phases, which can be attributed to the intraband dâ€“d transition (lower-energy end; the absorption peaks Î±, Ïƒ and Î´) and interband pâ€“d transition (higher-energy end; the absorption peaks Î², Îµ and Î³). Consistent with our electrical transport studies, we find that the SrCoO3âˆ’Î´ is metallic, with strong absorption among the whole optical range studied here. However, both SrCoO2.5 and HSrCoO2.5 show insulating behaviour, with strong absorption spectra emerging around the interband transitions (Î² and Îµ). Furthermore, the absorption by SrCoO2.5 is even greater than that of the metallic SrCoO3âˆ’Î´ phase at higher energies (greater than 2.5â€‰eV), owing to the large pâ€“d excitation. However, the absorption by HSrCoO2.5 is strongly suppressed compared with that by SrCoO2.5, owing to enhancement of the direct bandgap. bâ€“d, Calculated total and projected density of states (DOS) onto oxygen 2p, CoT (tetragonal layer) and CoO (octahedral layer) orbitals for: b, SrCoO2.5; c, HSrCoO2.5; and d, SrCoO3. In comparison with SrCoO2.5, the bandgap of HSrCoO2.5 becomes larger, owing to the ascension of the unoccupied cobalt 3d state. For SrCoO3, the Fermi energy level cuts into the oxygen 2p and cobalt 3d DOS, consistent with the metallic nature of this phase suggested by our electrical transport studies.





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Lu, N., Zhang, P., Zhang, Q. et al. Electric-field control of tri-state phase transformation with a selective dual-ion switch.
                    Nature 546, 124â€“128 (2017). https://doi.org/10.1038/nature22389
Download citation
	Received: 11 October 2016

	Accepted: 12 April 2017

	Published: 31 May 2017

	Issue Date: 01 June 2017

	DOI: https://doi.org/10.1038/nature22389


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

                
                    	
                            
                                
                                    
                                        Electrolyte-gated SrCoOx FET sensor for highly sensitive detecting pH in extreme alkalinity solution
                                    
                                

                            
                                
                                    	Han Zhou
	Gaocan Qi
	Zhihao Yuan


                                
                                Nano Research (2024)

                            
	
                            
                                
                                    
                                        Interplay between superconductivity and the strange-metal state in FeSe
                                    
                                

                            
                                
                                    	Xingyu Jiang
	Mingyang Qin
	Zhongxian Zhao


                                
                                Nature Physics (2023)

                            
	
                            
                                
                                    
                                        Tunable ferroelectricity in oxygen-deficient perovskites with Grenier structure
                                    
                                

                            
                                
                                    	Yongjin Shin
	Giulia Galli


                                
                                npj Computational Materials (2023)

                            
	
                            
                                
                                    
                                        Reconfigurable metasurfaces towards commercial success
                                    
                                

                            
                                
                                    	Tian Gu
	Hyun Jung Kim
	Juejun Hu


                                
                                Nature Photonics (2023)

                            
	
                            
                                
                                    
                                        Li iontronics in single-crystalline T-Nb2O5 thin films with vertical ionic transport channels
                                    
                                

                            
                                
                                    	Hyeon Han
	Quentin Jacquet
	Stuart S. P. Parkin


                                
                                Nature Materials (2023)

                            


                

            

        
    

            
                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
Changing to the next phase
Materials that change their phase in response to the electrical injection or extraction of an ionic species are harnessed in a wide range of applications, including batteries that can operate in a range of climates and smart windows that can control the amount of light or heat that passes through them. As Nianpeng Lu et al. report, increasing the number of transferrable ionic species can greatly enhance the functionality of the system. Specifically, they report a material system in which the electrical insertion and extraction of oxygen (O2âˆ’) and hydrogen (H+) ions can be independently controlled, giving reversible access to three distinct material phases that have very different optical, electrical and magnetic properties. This finding could further broaden the range of potential applications for phase-changing materials.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Functional materials at the flick of a switch
                

                
	Shriram Ramanathan



                
    
        
            Nature
        
        News & Views
        
        
            01 Jun 2017
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	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: ]
