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            Abstract
Protonic ceramic fuel cells, like their higher-temperature solid-oxide fuel cell counterparts, can directly use both hydrogen and hydrocarbon fuels to produce electricity at potentially more than 50 per cent efficiency1,2. Most previous direct-hydrocarbon fuel cell research has focused on solid-oxide fuel cells based on oxygen-ion-conducting electrolytes, but carbon deposition (coking) and sulfur poisoning typically occur when such fuel cells are directly operated on hydrocarbon- and/or sulfur-containing fuels, resulting in severe performance degradation over time3,4,5,6. Despite studies suggesting good performance and anti-coking resistance in hydrocarbon-fuelled protonic ceramic fuel cells2,7,8, there have been no systematic studies of long-term durability. Here we present results from long-term testing of protonic ceramic fuel cells using a total of 11 different fuels (hydrogen, methane, domestic natural gas (with and without hydrogen sulfide), propane, n-butane, i-butane, iso-octane, methanol, ethanol and ammonia) at temperatures between 500 and 600 degrees Celsius. Several cells have been tested for over 6,000 hours, and we demonstrate excellent performance and exceptional durability (less than 1.5 per cent degradation per 1,000 hours in most cases) across all fuels without any modifications in the cell composition or architecture. Large fluctuations in temperature are tolerated, and coking is not observed even after thousands of hours of continuous operation. Finally, sulfur, a notorious poison for both low-temperature and high-temperature fuel cells, does not seem to affect the performance of protonic ceramic fuel cells when supplied at levels consistent with commercial fuels. The fuel flexibility and long-term durability demonstrated by the protonic ceramic fuel cell devices highlight the promise of this technology and its potential for commercial application.
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                    Fig. 1: PCFC performance across a range of fuels.[image: ]


Fig. 2: In situ exsolution of Ni nanoparticles during PCFC operation.[image: ]


Fig. 3: Carbon and sulfur mitigation mechanism.[image: ]


Fig. 4: Thermal cycling measurement of hydrogen-fuelled PCFC cycling between 260 °C and 550 °C.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Performance of PCFCs under 10 fuels.
a, j–V and j–P curves of PCFC under hydrogen (flow rate of hydrogen: 15 ml min−1, cell 1). b, j–V and j–P curves of direct-methanol PCFC at 600–350 °C. Flow rate of the mixture of methanol and water (molar ratio of water/ethanol is 1, cell 3) is 0.024 ml min−1. c, j–V and j–P curves of PCFC under 10 vol% iso-C4H 10 + 20 vol% O2 + 70 vol% H2O (flow rate of iso-C4H10: 0.9 ml min−1, cell 4). d, j–V and j–P curves of PCFC under 10 vol% n-C4H10 + 20 vol% O2 + 70 vol% H2O (flow rate of n-C4H10: 0.9 ml min−1, cell 5). e, j–V and j–P curves of PCFC under 20 vol% C3H8 + 20 vol% O2 + 60 vol% H2O (flow rate of C3H8: 1.6 ml min−1, cell 4). f, j–V and j–P curves of PCFC under 33.3 vol% natural gas (simulated natural gas with 19.5 p.p.m. H2S, flow rate of natural gas: 5 ml min−1, cell 7) + 66.7 vol% H2O. g, j–V and j–P curves of PCFC under 33.3 vol% natural gas (simulated natural gas without H2S, flow rate of natural gas: 5 ml min−1, cell 7) + 66.7 vol% H2O. h, j–V and j–P curves of PCFC under 33.3 vol% methane (flow rate of methane: 5 ml min−1, cell 7) + 66.7 vol% H2O. i, j–V and j–P curves of PCFC under 28.5 vol% methane (flow rate of methane: 5 ml min−1, cell 8) + 71.5 vol% H2O. j, j–V and j–P curves of direct-ethanol PCFC at 600 °C and 550 °C. Flow rate of the mixture of ethanol and water (molar ratio of water/ethanol is 7, cell 10) is 0.005 ml min−1.


Extended Data Fig. 2 Anode-side exhaust gas composition of PCFCs on propane and iso-butane.
a, Direct-propane PCFC. b, Direct-iso-butane PCFC.


Extended Data Fig. 3 SEM images of PCFC (Cell 4) after running for about 6,000 h on hydrocarbons at 500 °C.
a, Anode (low magnification). b, Anode (high magnification). c, The sandwich structure of this cell after running for about 6,000 h. d, The interface between electrolyte and cathode. e, High magnification of cathode after 6,000 h operation. f, Raman spectrum of the PCFC anode after 6,000 h of operation on hydrocarbon fuel at 500 °C. A carbonate peak is visible at 1,060 cm−1 but the graphitic carbon (G band) and disordered carbon (D band), which would be present at 1,580 cm−1 and 1,350 cm−1, are not apparent, indicating the absence of graphitic carbon and disordered carbon deposits in the anode even after long-term operation on hydrocarbon fuel. Long-term stabilities of direct hydrocarbons PCFCs were tested at 500 °C. At this temperature, the structure type of carbon species should be polymeric, amorphous films or filaments (Cβ), vermicular filaments, fibres and/or whiskers (Cγ), or graphitic platelets or films (Cc)35. Typically, these carbon species are visible (by SEM) in SOFC anodes after running on hydrocarbon fuels, but the high-magnification SEM images of our PCFC anode (Extended Data Fig. 3a, b) show no visible evidence of such carbon structures. To further substantiate this conclusion, post-mortem Raman analyses show that there are no disordered and graphitic carbon species found in the PCFC anode even after long-term operation on hydrocarbon fuels (Extended Data Fig. 3f).


Extended Data Fig. 4 TEM image and EDS mapping of PCFC (Cell 3) after 8,000 h operation on methanol.
a, TEM image of lamella from BZY20 PCFC electrolyte/cathode interface prepared by FIB. b–h, HAADF image of the electrolyte/cathode interface, and corresponding EDS maps of Ba, Zr, Y, Co, Fe and O. There is no chemical reaction between the electrolyte and electrolyte which indicates the excellent chemical compatibility of cathode with electrolyte. EDS mapping of cathode shows there is no obvious elemental segregation.


Extended Data Fig. 5 Coking resistance of Ni/BZY and Ni/YSZ anodes investigated by in situ HT-Raman spectroscopy.
a, Raman spectra of Ni/YSZ anode exposed to humidified methane (S:C = 2; 500 °C) at various times up to 200 min. b, Raman spectra of Ni/BZY anode exposed to humidified methane (S:C = 2; 500 °C) at various times up to 360 min. c, Raman spectra of Ni/BZY anode exposed to humidified methane (S:C = 1; 500 °C) at various times up to 72 h (4,320 min). d, Raman spectra of Ni/YSZ anode exposed to humidified methane (S:C ≈ 1; 550 °C) at various times up to 40 min. e, Raman spectra of Ni/BZY anode exposed to humidified methane (S:C ≈ 1; 550 °C) at various times up to 100 min.


Extended Data Fig. 6 SEM image of the anode of a PCFC after running for 1,400 and 6,000 h on hydrocarbons at 500 °C.
a, b, Operation for 6,000 h on iso-butane and propane (cell 4). c, Operation for 1,400 h on methane. d, Operation for 6,000 h on iso-butane and propane (cell 4). The Tamman temperature of nickel is 581 °C. The target operating temperature of our PCFCs is lower than 600 °C, and most of the long-term stability testing conducted in this study was at 500 °C (that is, well below the Tamman temperature), at which Ni sintering/coarsening is avoided. Indeed, as shown in Extended Data Fig. 6c, d, the distribution and size of Ni nanoparticles on the BZY anode support remain essentially constant between 1,400 and 6,000 h of operation.


Extended Data Fig. 7 The mechanism of SSRS and exsolution of Ni nanoparticles.
a, Exposure to reducing conditions (for example, H2 or hydrocarbon fuel) at typical PCFC operating temperatures triggers the in situ exsolution of Ni nanoparticles onto the surface of the BZY phase in the cermet anode. This exsolution process is driven by the decreased solubility of Ni in the BZY phase under anode operating conditions (500–600 °C, highly reducing) compared with the much higher starting solubility of Ni in the BZY phase under anode synthesis conditions (1,450 °C, highly oxidizing). In addition, fuel cell operation also drives the decomposition of a residual BaY2NiO5 phase which is a by-product of the solid-state reactive-sintering method (SSRS) used to synthesize the anode. As illustrated here, the SSRS process enables the anode to be rapidly and inexpensively fabricated in a single step starting from a homogeneous mixture of BaCO3, ZrO2, Y2O3, NiO and pore former, which is fired under oxidizing conditions at 1,450 °C for 18 h. During firing, a complex phase-formation and sintering process, involving the transient formation and decomposition of BaY2NiO5, leads to the creation of a porous two-phase NiO + Ni-doped BZY composite anode with a small amount of dispersed residual BaY2NiO5. During initial fuel cell operation, the NiO phase is reduced to Ni metal, while the Ni-doped BZY is reduced to BZY36, concomitant with the exsolution of Ni nanoparticles which we hypothesize enhance the performance and durability of the fuel cell. b, Amplified main peaks of XRD patterns of BZY20 phase after sintering in air with different NiO amount in precursors. The amount of Ni diffusing into the BZY is determined by the defect reaction equilibrium. The amplified main XRD peaks of BZY20 phase shift to the higher angles with increasing amounts of Ni in the anode. This is consistent with a decreasing lattice constant with increasing Ni substitution on the B-site of the BZY lattice owing to the smaller size of Ni2+ compared with Zr4+ or Y3+. c, XRD patterns of BZY20 anode after sintering in air and reduction in hydrogen at 600 °C for 150 h. d, Amplified main peaks of XRD patterns of BZY20 phase after sintering in air and reduction in hydrogen at 600 °C for 150 h. The peak shifts to smaller angles after reduction which is consistent with the exsolution of Ni from BZY lattice, leading to a concomitant increase in the lattice constant of the BZY phase. e, BaY2NiO5 phase formation temperature profile investigated by in situ high-temperature XRD. The colour indicates the intensity of the main peak of BaY2NiO5.


Extended Data Fig. 8 SEM images of the Ni nanoparticle exsolution process in the PCFC anode.
a, b, BZY20 phase of the anode before reduction. The surface of the BZY20 phase is very clean, and there are no nanoparticles along the grain boundaries or on the triple junction points. c, d, BZY20 phase of the anode after reduction under hydrogen at 600 °C for 50 h. Nickel nanoparticles begin to form on the triple junction points and grain boundaries. e, f, BZY20 phase of the anode after reduction under hydrogen at 600 °C for 100 h. More Ni nanoparticles begin to form along grain surfaces and boundaries. The size of exsolved Ni nanoparticles is less than 100 nm.


Extended Data Fig. 9 Evolution of the AP-XPS elemental survey spectrum of Ni/BaZr0.9Y0.1O3-δ (BZY) and Ni/Zr0.92Y0.08O2−δ (8YSZ) patterned microelectrodes.
a, Ni/BZY-based microelectrode, b, Ni/YSZ-based microelectrode.


Extended Data Table 1 Performance comparison of SOFCs with PCFCsFull size table





Supplementary information
Video 1: Direct flame protonic ceramic fuel cell
This video shows a direct flame protonic ceramic fuel cell.





Rights and permissions
Reprints and permissions


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



Cite this article
Duan, C., Kee, R.J., Zhu, H. et al. Highly durable, coking and sulfur tolerant, fuel-flexible protonic ceramic fuel cells.
                    Nature 557, 217–222 (2018). https://doi.org/10.1038/s41586-018-0082-6
Download citation
	Received: 12 June 2017

	Accepted: 05 March 2018

	Published: 09 May 2018

	Issue Date: 10 May 2018

	DOI: https://doi.org/10.1038/s41586-018-0082-6


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

                
                    	
                            
                                
                                    
                                        Space charge governs the kinetics of metal exsolution
                                    
                                

                            
                                
                                    	Moritz L. Weber
	Břetislav Šmíd
	Christian Lenser


                                
                                Nature Materials (2024)

                            
	
                            
                                
                                    
                                        Recent progress in oxygen electrodes for protonic ceramic electrochemical cells
                                    
                                

                            
                                
                                    	Seeun Oh
	Hyeonggeun Kim
	Kang Taek Lee


                                
                                Journal of the Korean Ceramic Society (2024)

                            
	
                            
                                
                                    
                                        Development of photoelectrochemical water splitting photoanode: bibliometric analysis and artificial intelligence advancement
                                    
                                

                            
                                
                                    	Hadiyawarman
	Nick Wisely
	Deni Shidqi Khaerudini


                                
                                Clean Technologies and Environmental Policy (2024)

                            
	
                            
                                
                                    
                                        Nanoparticle Exsolution on Perovskite Oxides: Insights into Mechanism, Characteristics and Novel Strategies
                                    
                                

                            
                                
                                    	Yo Han Kim
	Hyeongwon Jeong
	Jae-ha Myung


                                
                                Nano-Micro Letters (2024)

                            
	
                            
                                
                                    
                                        Direct methane protonic ceramic fuel cells with self-assembled Ni-Rh bimetallic catalyst
                                    
                                

                            
                                
                                    	Kyungpyo Hong
	Mingi Choi
	Jongsup Hong


                                
                                Nature Communications (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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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
	protocols.io
	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 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 — 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: ]
