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            Abstract
Heterogeneous catalysts often undergo structural transformations when they operate under thermal reaction conditions. These transformations are reflected in their evolving catalytic activity, and a fundamental understanding of the changing nature of active sites is vital for the rational design of solid materials for applications. Beyond thermal catalysis, both photocatalysis and electrocatalysis are topical because they can harness renewable energy to drive uphill reactions that afford commodity chemicals and fuels. Although structural transformations of photocatalysts and electrocatalysts have been observed in operando, the resulting implications for catalytic behaviour are not fully understood. In this Review, we summarize and compare the structural evolution of solid thermal catalysts, electrocatalysts and photocatalysts. We suggest that well-established knowledge of thermal catalysis offers a good basis to understand emerging photocatalysis and electrocatalysis research.
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                    Fig. 1: Structural transformation of solids during thermal catalysis.[image: ]


Fig. 2: Structural changes of supported metal catalysts during CO oxidation.[image: ]


Fig. 3: Changes in morphology and surface structure of metal nanoparticles.[image: ]


Fig. 4: Structural transformation of perovskite catalysts during the OER.[image: ]


Fig. 5: Structure evolution of Co(2-methylimidazolate)2 during electrocatalytic oxygen evolution.[image: ]


Fig. 6: Cooperative photoactivation cycle of a Cuâ€“TiO2 catalyst featuring isolated Cu sites.[image: ]


Fig. 7: Structural evolution of solid photocatalysts.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Current understanding and challenges of solar-driven hydrogen generation using polymeric photocatalysts
                                        
                                    

                                    
                                        Article
                                        
                                         09 September 2019
                                    

                                

                                Yiou Wang, Anastasia Vogel, â€¦ Junwang Tang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Energy- and atom-efficient chemical synthesis with endergonic photocatalysis
                                        
                                    

                                    
                                        Article
                                        
                                         23 September 2022
                                    

                                

                                Huaiju Wang, Ya-Ming Tian & Burkhard KÃ¶nig

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Dynamic transformation of cubic copper catalysts during CO2 electroreduction and its impact on catalytic selectivity
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 November 2021
                                    

                                

                                Philipp Grosse, Aram Yoon, â€¦ Beatriz Roldan Cuenya

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Taylor, H. S. A theory of the catalytic surface. Proc. R. Soc. Lond. A 108, 105â€“111 (1925).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Newton, M. A. Dynamic adsorbate/reaction induced structural change of supported metal nanoparticles: heterogeneous catalysis and beyond. Chem. Soc. Rev. 37, 2644â€“2657 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Imbihl, R. & Ertl, G. Oscillatory kinetics in heterogeneous catalysis. Chem. Rev. 95, 697â€“733 (1995). This review summarizes the dynamic structural changes on model solid surfaces with atomic and molecular insights.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, L. & Corma, A. Metal catalysts for heterogeneous catalysis: from single atoms to nanoclusters and nanoparticles. Chem. Rev. 118, 4981â€“5079 (2018). This review summarizes the different catalytic behaviours of supported metal catalysts comprising single atoms, nanoclusters and nanoparticles, discussing size effects in heterogeneous catalysis.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Liu, L. & Corma, A. Evolution of isolated atoms and clusters in catalysis. Trends Chem. 2, 383â€“400 (2020). This review summarizes the structural evolution of molecular metal catalysts and supported catalysts in thermal catalysis.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Corma, A. Heterogeneous catalysis: understanding for designing, and designing for applications. Angew. Chem. Int. Ed. 55, 6112â€“6113 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Eyring, H. The activated complex in chemical reactions. J. Chem. Phys. 3, 107â€“115 (1935).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gounder, R. & Iglesia, E. The roles of entropy and enthalpy in stabilizing ion-pairs at transition states in zeolite acid catalysis. Acc. Chem. Res. 45, 229â€“238 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Yang, F., Deng, D., Pan, X., Fu, Q. & Bao, X. Understanding nano effects in catalysis. Natl Sci. Rev. 2, 183â€“201 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Somorjai, G. A. & Park, J. Y. Evolution of the surface science of catalysis from single crystals to metal nanoparticles under pressure. J. Chem. Phys. 128, 182504 (2008).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	De Luna, P. et al. What would it take for renewably powered electrosynthesis to displace petrochemical processes? Science 364, eaav3506 (2019).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kondratenko, E. V., Mul, G., Baltrusaitis, J., LarrazÃ¡bal, G. O. & PÃ©rez-RamÃrez, J. Status and perspectives of CO2 conversion into fuels and chemicals by catalytic, photocatalytic and electrocatalytic processes. Energy Environ. Sci. 6, 3112â€“3135 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Stamenkovic, V. R., Strmcnik, D., Lopes, P. P. & Markovic, N. M. Energy and fuels from electrochemical interfaces. Nat. Mater. 16, 57â€“69 (2016).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Montoya, J. H. et al. Materials for solar fuels and chemicals. Nat. Mater. 16, 70â€“81 (2016).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Banerjee, S. et al. New insights into the mechanism of visible light photocatalysis. J. Phys. Chem. Lett. 5, 2543â€“2554 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Eiswirth, M. & Ertl, G. Kinetic oscillations in the catalytic CO oxidation on a Pt(110) surface. Surf. Sci. 177, 90â€“100 (1986).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ertl, G. Reactions at surfaces: from atoms to complexity (Nobel Lecture). Angew. Chem. Int. Ed. 47, 3524â€“3535 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bergmann, A. & Roldan Cuenya, B. Operando insights into nanoparticle transformations during catalysis. ACS Catal. 9, 10020â€“10043 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tao, F. et al. Break-up of stepped platinum catalyst surfaces by high CO coverage. Science 327, 850â€“853 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Avanesian, T. et al. Quantitative and atomic-scale view of CO-induced Pt nanoparticle surface reconstruction at saturation coverage via DFT calculations coupled with in situ TEM and IR. J. Am. Chem. Soc. 139, 4551â€“4558 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hansen, P. L. et al. Atom-resolved imaging of dynamic shape changes in supported copper nanocrystals. Science 295, 2053â€“2055 (2002).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zou, W. et al. Crystal-plane effects on surface and catalytic properties of Cu2O nanocrystals for NO reduction by CO. Appl. Catal. A 505, 334â€“343 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, Z. et al. The most active Cu facet for low-temperature water gas shift reaction. Nat. Commun. 8, 488 (2017).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	van Hoof, A. J. F., Filot, I. A. W., Friedrich, H. & Hensen, E. J. M. Reversible restructuring of silver particles during ethylene epoxidation. ACS Catal. 8, 11794â€“11800 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tao, F. et al. Reaction-driven restructuring of Rhâ€“Pd and Ptâ€“Pd coreâ€“shell nanoparticles. Science 322, 932â€“934 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zou, L. et al. Dislocation nucleation facilitated by atomic segregation. Nat. Mater. 17, 56â€“63 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zugic, B. et al. Dynamic restructuring drives catalytic activity on nanoporous goldâ€“silver alloy catalysts. Nat. Mater. 16, 558â€“564 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Divins, N. J., Angurell, I., Escudero, C., Perez-Dieste, V. & Llorca, J. Influence of the support on surface rearrangements of bimetallic nanoparticles in real catalysts. Science 346, 620â€“623 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Xin, H. L. et al. Revealing the atomic restructuring of Ptâ€“Co nanoparticles. Nano Lett. 14, 3203â€“3207 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, X. et al. Reversible loss of coreâ€“shell structure for Niâ€“Au bimetallic nanoparticles during CO2 hydrogenation. Nat. Catal. 3, 411â€“417 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Davis, B. H. Fischerâ€“Tropsch synthesis: reaction mechanisms for iron catalysts. Catal. Today 141, 25â€“33 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tsakoumis, N. E., RÃ¸nning, M., Borg, Ã˜., Rytter, E. & Holmen, A. Deactivation of cobalt based Fischerâ€“Tropsch catalysts: a review. Catal. Today 154, 162â€“182 (2010).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhong, L. et al. Cobalt carbide nanoprisms for direct production of lower olefins from syngas. Nature 538, 84â€“87 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Li, Z. et al. Effects of sodium on the catalytic performance of CoMn catalysts for Fischerâ€“Tropsch to olefin reactions. ACS Catal. 7, 3622â€“3631 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Z. et al. Mechanism of the Mn promoter via CoMn spinel for morphology control: formation of Co2C nanoprisms for Fischerâ€“Tropsch to olefins reaction. ACS Catal. 7, 8023â€“8032 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Malta, G. et al. Deactivation of a single-site gold-on-carbon acetylene hydrochlorination catalyst: an X-ray absorption and inelastic neutron scattering study. ACS Catal. 8, 8493â€“8505 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, L. et al. Determination of the evolution of heterogeneous single metal atoms and nanoclusters under reaction conditions: which are the working catalytic sites? ACS Catal. 9, 10626â€“10639 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Corma, A. et al. Exceptional oxidation activity with size-controlled supported gold clusters of low atomicity. Nat. Chem. 5, 775â€“781 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Goodman, E. D. et al. Catalyst deactivation via decomposition into single atoms and the role of metal loading. Nat. Catal. 2, 748â€“755 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Campbell, C. T. The energetics of supported metal nanoparticles: relationships to sintering rates and catalytic activity. Acc. Chem. Res. 46, 1712â€“1719 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	SÃ¡daba, I., LÃ³pez Granados, M., Riisager, A. & Taarning, E. Deactivation of solid catalysts in liquid media: the case of leaching of active sites in biomass conversion reactions. Green Chem. 17, 4133â€“4145 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Phan, N. T. S., Van Der Sluys, M. & Jones, C. W. On the nature of the active species in palladium catalyzed Mizorokiâ€“Heck and Suzukiâ€“Miyaura couplings â€” homogeneous or heterogeneous catalysis, a critical review. Adv. Syn. Catal. 348, 609â€“679 (2006).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Deng, Y. et al. Molybdenum carbide: controlling the geometric and electronic structure of noble metals for the activation of Oâ€“H and Câ€“H bonds. Acc. Chem. Res. 52, 3372â€“3383 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fu, Q. & Wagner, T. Interaction of nanostructured metal overlayers with oxide surfaces. Surf. Sci. Rep. 62, 431â€“498 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Corma, A., Serna, P., Concepcion, P. & Calvino, J. J. Transforming nonselective into chemoselective metal catalysts for the hydrogenation of substituted nitroaromatics. J. Am. Chem. Soc. 130, 8748â€“8753 (2008).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	van Deelen, T. W., HernÃ¡ndez MejÃa, C. & de Jong, K. P. Control of metalâ€“support interactions in heterogeneous catalysts to enhance activity and selectivity. Nat. Catal. 2, 955â€“970 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Willinger, M. G. et al. A case of strong metalâ€“support interactions: combining advanced microscopy and model systems to elucidate the atomic structure of interfaces. Angew. Chem. Int. Ed. 53, 5998â€“6001 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Qiao, B. et al. Single-atom catalysis of CO oxidation using Pt1/FeOx. Nat. Chem. 3, 634â€“641 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Parkinson, G. S. et al. Carbon monoxide-induced adatom sintering in a Pdâ€“Fe3O4 model catalyst. Nat. Mater. 12, 724â€“728 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Aydin, C. et al. Tracking iridium atoms with electron microscopy: first steps of metal nanocluster formation in one-dimensional zeolite channels. Nano Lett. 11, 5537â€“5541 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	DeRita, L. et al. Structural evolution of atomically dispersed Pt catalysts dictates reactivity. Nat. Mater. 18, 746â€“751 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jakub, Z. et al. Local structure and coordination define adsorption in a model Ir1/Fe3O4 single-atom catalyst. Angew. Chem. Int. Ed. 58, 13961â€“13968 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yoshida, H. et al. Visualizing gas molecules interacting with supported nanoparticulate catalysts at reaction conditions. Science 335, 317â€“319 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	He, Y. et al. Size-dependent dynamic structures of supported gold nanoparticles in CO oxidation reaction condition. Proc. Natl Acad. Sci. USA 115, 7700â€“7705 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Matsubu, J. C. et al. Adsorbate-mediated strong metalâ€“support interactions in oxide-supported Rh catalysts. Nat. Chem. 9, 120â€“127 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ferreira, P. J. et al. Instability of Pt/C electrocatalysts in proton exchange membrane fuel cells. J. Electrochem. Soc. 152, A2256 (2005). This paper shows the dissolution of a Pt catalyst at both the anode and the cathode of a working proton-exchange membrane fuel cell.
ArticleÂ 
    
                    Google ScholarÂ 
                

	Yu, Y. et al. Three-dimensional tracking and visualization of hundreds of Ptâ€“Co fuel cell nanocatalysts during electrochemical aging. Nano Lett. 12, 4417â€“4423 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Shi, F. et al. Strain-induced corrosion kinetics at nanoscale are revealed in liquid: enabling control of corrosion dynamics of electrocatalysis. Chem 6, 2257â€“2271 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lopes, P. P. et al. Eliminating dissolution of platinum-based electrocatalysts at the atomic scale. Nat. Mater. 19, 1207â€“1214 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tang, L. et al. Electrochemical stability of nanometer-scale Pt particles in acidic environments. J. Am. Chem. Soc. 132, 596â€“600 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, L., Gao, F., ConcepciÃ³n, P. & Corma, A. A new strategy to transform mono and bimetallic non-noble metal nanoparticles into highly active and chemoselective hydrogenation catalysts. J. Catal. 350, 218â€“225 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xiong, H., Schwartz, T. J., Andersen, N. I., Dumesic, J. A. & Datye, A. K. Graphitic-carbon layers on oxides: toward stable heterogeneous catalysts for biomass conversion reactions. Angew. Chem. Int. Ed. 54, 7939â€“7943 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cui, X. et al. Robust interface Ru centers for high-performance acidic oxygen evolution. Adv. Mater. 32, e1908126 (2020).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chung, D. Y. et al. Highly durable and active PtFe nanocatalyst for electrochemical oxygen reduction reaction. J. Am. Chem. Soc. 137, 15478â€“15485 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, L. et al. Generation of subnanometric platinum with high stability during transformation of a 2D zeolite into 3D. Nat. Mater. 16, 132â€“138 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Jones, J. et al. Thermally stable single-atom platinum-on-ceria catalysts via atom trapping. Science 353, 150â€“154 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Brummel, O. et al. Stabilization of small platinum nanoparticles on Ptâ€“CeO2 thin film electrocatalysts during methanol oxidation. J. Phys. Chem. C 120, 19723â€“19736 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Galeano, C. et al. Toward highly stable electrocatalysts via nanoparticle pore confinement. J. Am. Chem. Soc. 134, 20457â€“20465 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Bing, Y., Liu, H., Zhang, L., Ghosh, D. & Zhang, J. Nanostructured Pt-alloy electrocatalysts for PEM fuel cell oxygen reduction reaction. Chem. Soc. Rev. 39, 2184â€“2202 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Strasser, P. & KÃ¼hl, S. Dealloyed Pt-based coreâ€“shell oxygen reduction electrocatalysts. Nano Energy 29, 166â€“177 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xin, H. L. et al. Atomic-resolution spectroscopic imaging of ensembles of nanocatalyst particles across the life of a fuel cell. Nano Lett. 12, 490â€“497 (2012). This study shows the structural transformation of PtCo bimetallic nanoparticles into coreâ€“shell structures with Pt skins after ageing treatment in a proton-exchange membrane fuel cell.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Strasser, P. et al. Lattice-strain control of the activity in dealloyed coreâ€“shell fuel cell catalysts. Nat. Chem. 2, 454â€“460 (2010). This paper implicates lattice strain in the dealloying of Pt-based bimetallic nanoparticles for oxygen reduction in fuel cells.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cui, C., Gan, L., Heggen, M., Rudi, S. & Strasser, P. Compositional segregation in shaped Pt alloy nanoparticles and their structural behaviour during electrocatalysis. Nat. Mater. 12, 765â€“771 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Huang, M. H. et al. Room-temperature ultraviolet nanowire nanolasers. Science 292, 1897â€“1899 (2001).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tian, X. et al. Engineering bunched Ptâ€“Ni alloy nanocages for efficient oxygen reduction in practical fuel cells. Science 366, 850â€“856 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ahmadi, M., Behafarid, F., Cui, C., Strasser, P. & Cuenya, B. R. Long-range segregation phenomena in shape-selected bimetallic nanoparticles: chemical state effects. ACS Nano 7, 9195â€“9204 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stamenkovic, V. R., Mun, B. S., Mayrhofer, K. J., Ross, P. N. & Markovic, N. M. Effect of surface composition on electronic structure, stability, and electrocatalytic properties of Ptâ€“transition metal alloys: Pt-skin versus Pt-skeleton surfaces. J. Am. Chem. Soc. 128, 8813â€“8819 (2006).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chen, H.-S. et al. Preserving the exposed facets of Pt3Sn intermetallic nanocubes during an order to disorder transition allows the elucidation of the effect of the degree of alloy ordering on electrocatalysis. J. Am. Chem. Soc. 142, 3231â€“3239 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Schouten, K. J. P., PÃ©rez Gallent, E. & Koper, M. T. M. Structure sensitivity of the electrochemical reduction of carbon monoxide on copper single crystals. ACS Catal. 3, 1292â€“1295 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	De Gregorio, G. L. et al. Facet-dependent selectivity of Cu catalysts in electrochemical CO2 reduction at commercially viable current densities. ACS Catal. 10, 4854â€“4862 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huang, J. et al. Potential-induced nanoclustering of metallic catalysts during electrochemical CO2 reduction. Nat. Commun. 9, 3117 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kim, D., Kley, C. S., Li, Y. & Yang, P. Copper nanoparticle ensembles for selective electroreduction of CO2 to C2â€“C3 products. Proc. Natl Acad. Sci. USA 114, 10560â€“10565 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, Y. et al. Electrochemically scrambled nanocrystals are catalytically active for CO2-to-multicarbons. Proc. Natl Acad. Sci. USA 117, 9194â€“9201 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	van den Berg, R. et al. Structure sensitivity of Cu and CuZn catalysts relevant to industrial methanol synthesis. Nat. Commun. 7, 13057 (2016).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Behrens, M. et al. The active site of methanol synthesis over Cu/ZnO/Al2O3 industrial catalysts. Science 336, 893â€“897 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kasatkin, I., Kurr, P., Kniep, B., Trunschke, A. & SchlÃ¶gl, R. Role of lattice strain and defects in copper particles on the activity of Cu/ZnO/Al2O3 catalysts for methanol synthesis. Angew. Chem. Int. Ed. 46, 7324â€“7327 (2007).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, C. W., Ciston, J. & Kanan, M. W. Electroreduction of carbon monoxide to liquid fuel on oxide-derived nanocrystalline copper. Nature 508, 504â€“507 (2014). This paper demonstrates the important role of grain boundaries in Cu nanoparticles for electroreduction of CO into EtOH by Câ€“C coupling.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mariano, R. G., McKelvey, K., White, H. S. & Kanan, M. W. Selective increase in CO2 electroreduction activity at grain-boundary surface terminations. Science 358, 1187â€“1192 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chen, Z. et al. Grain-boundary-rich copper for efficient solar-driven electrochemical CO2 reduction to ethylene and ethanol. J. Am. Chem. Soc. 142, 6878â€“6883 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hu, F. et al. Quantifying electrocatalytic reduction of CO2 on twin boundaries. Chem 6, 3007â€“3021 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Devivaraprasad, R., Kar, T., Chakraborty, A., Singh, R. K. & Neergat, M. Reconstruction and dissolution of shape-controlled Pt nanoparticles in acidic electrolytes. Phys. Chem. Chem. Phys. 18, 11220â€“11232 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Pulido, A., ConcepciÃ³n, P., Boronat, M. & Corma, A. Aerobic epoxidation of propene over silver (111) and (100) facet catalysts. J. Catal. 292, 138â€“147 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chattot, R. et al. Surface distortion as a unifying concept and descriptor in oxygen reduction reaction electrocatalysis. Nat. Mater. 17, 827â€“833 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, L., Shao, Q. & Huang, X. Amorphous oxide nanostructures for advanced electrocatalysis. Chem. Eur. J. 26, 3943â€“3960 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Li, M. et al. Ultrafine jagged platinum nanowires enable ultrahigh mass activity for the oxygen reduction reaction. Science 354, 1414â€“1419 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Farmand, M. et al. Electrochemical flow cell enabling operando probing of electrocatalyst surfaces by X-ray spectroscopy and diffraction. Phys. Chem. Chem. Phys. 21, 5402â€“5408 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Velasco-Velez, J.-J. et al. Revealing the active phase of copper during the electroreduction of CO2 in aqueous electrolyte by correlating in situ X-ray spectroscopy and in situ electron microscopy. ACS Energy Lett. 5, 2106â€“2111 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Chou, T. C. et al. Controlling the oxidation state of the Cu electrode and reaction intermediates for electrochemical CO2 reduction to ethylene. J. Am. Chem. Soc. 142, 2857â€“2867 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gong, J. et al. Synthesis of ethanol via syngas on Cu/SiO2 catalysts with balanced Cu0â€“Cu+ sites. J. Am. Chem. Soc. 134, 13922â€“13925 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Yin, A., Guo, X., Dai, W.-L. & Fan, K. The nature of active copper species in Cuâ€“HMS catalyst for hydrogenation of dimethyl oxalate to ethylene glycol: new insights on the synergetic effect between Cu0 and Cu+. J. Phys. Chem. C 113, 11003â€“11013 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	DavÃ³-QuiÃ±onero, A. et al. Insights into the oxygen vacancy filling mechanism in CuO/CeO2 catalysts: a key step toward high selectivity in preferential CO oxidation. ACS Catal. 10, 6532â€“6545 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Beale, A. M., Gao, F., Lezcano-Gonzalez, I., Peden, C. H. & Szanyi, J. Recent advances in automotive catalysis for NOx emission control by small-pore microporous materials. Chem. Soc. Rev. 44, 7371â€“7405 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Xu, Z. J. Transition metal oxides for water oxidation: all about oxyhydroxides? Sci. China Mater. 63, 3â€“7 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, Y. et al. Recent progress on surface reconstruction of earth-abundant electrocatalysts for water oxidation. Small 15, e1901980 (2019).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chung, D. Y. et al. Dynamic stability of active sites in hydr(oxy)oxides for the oxygen evolution reaction. Nat. Energy 5, 222â€“230 (2020).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fabbri, E. et al. Dynamic surface self-reconstruction is the key of highly active perovskite nano-electrocatalysts for water splitting. Nat. Mater. 16, 925â€“931 (2017). This paper shows the formation of amorphous oxyhydroxide layers on perovskite nanoparticles during electrocatalytic oxygen evolution.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Guan, D. et al. Utilizing ion leaching effects for achieving high oxygen-evolving performance on hybrid nanocomposite with self-optimized behaviors. Nat. Commun. 11, 3376 (2020).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huang, J. et al. Identification of key reversible intermediates in self-reconstructed nickel-based hybrid electrocatalysts for oxygen evolution. Angew. Chem. Int. Ed. 58, 17458â€“17464 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schwarz, M. et al. Structure-dependent dissociation of water on cobalt oxide. J. Phys. Chem. Lett. 9, 2763â€“2769 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Dionigi, F. et al. In-situ structure and catalytic mechanism of NiFe and CoFe layered double hydroxides during oxygen evolution. Nat. Commun. 11, 2522 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Saavedra, J., Doan, H. A., Pursell, C. J., Grabow, L. C. & Chandler, B. D. The critical role of water at the goldâ€“titania interface in catalytic CO oxidation. Science 345, 1599â€“1602 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Nie, L. et al. Activation of surface lattice oxygen in single-atom Pt/CeO2 for low-temperature CO oxidation. Science 358, 1419â€“1423 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Oliver-Meseguer, J., Cabrero-Antonino, J. R., Dominguez, I., Leyva-Perez, A. & Corma, A. Small gold clusters formed in solution give reaction turnover numbers of 107 at room temperature. Science 338, 1452â€“1455 (2012).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Cherevko, S. et al. Oxygen and hydrogen evolution reactions on Ru, RuO2, Ir, and IrO2 thin film electrodes in acidic and alkaline electrolytes: a comparative study on activity and stability. Catal. Today 262, 170â€“180 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tan, X., Shen, J., Semagina, N. & Secanell, M. Decoupling structure-sensitive deactivation mechanisms of Ir/IrOx electrocatalysts toward oxygen evolution reaction. J. Catal. 371, 57â€“70 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fan, K. et al. Direct observation of structural evolution of metal chalcogenide in electrocatalytic water oxidation. ACS Nano 12, 12369â€“12379 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Han, B. et al. Nanoscale structural oscillations in perovskite oxides induced by oxygen evolution. Nat. Mater. 16, 121â€“126 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Xu, X., Zhong, Y. & Shao, Z. Double perovskites in catalysis, electrocatalysis, and photo(electro)catalysis. Trends Chem. 1, 410â€“424 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhu, L. et al. Investigation on a novel composite solid oxide fuel cell anode with La0.6Sr0.4Co0.2Fe0.8O3âˆ’Î´ derived phases. Electrochim. Acta 160, 89â€“93 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lv, H. et al. Atomic-scale insight into exsolution of CoFe alloy nanoparticles in La0.4Sr0.6Co0.2Fe0.7Mo0.1O3âˆ’Î´ with efficient CO2 electrolysis. Angew. Chem. Int. Ed. 59, 15968â€“15973 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, J., Gao, M.-R. & Luo, J.-L. In situ exsolved metal nanoparticles: a smart approach for optimization of catalysts. Chem. Mater. 32, 5424â€“5441 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kou, Z. et al. Potential-dependent phase transition and Mo-enriched surface reconstruction of Î³-CoOOH in a heterostructured Co-Mo2C precatalyst enable water oxidation. ACS Catal. 10, 4411â€“4419 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, Y. et al. Synergistic Mnâ€“Co catalyst outperforms Pt on high-rate oxygen reduction for alkaline polymer electrolyte fuel cells. Nat. Commun. 10, 1506 (2019).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liang, Y., Zhou, W., Shi, Y., Liu, C. & Zhang, B. Unveiling in situ evolved In/In2O3âˆ’x heterostructure as the active phase of In2O3 toward efficient electroreduction of CO2 to formate. Sci. Bull. 65, 1547â€“1554 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gao, P. et al. Direct conversion of CO2 into liquid fuels with high selectivity over a bifunctional catalyst. Nat. Chem. 9, 1019â€“1024 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Frei, M. S. et al. Role of zirconia in indium oxide-catalyzed CO2 hydrogenation to methanol. ACS Catal. 10, 1133â€“1145 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zheng, X. et al. Theory-driven design of high-valence metal sites for water oxidation confirmed using in situ soft X-ray absorption. Nat. Chem. 10, 149â€“154 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhou, J. et al. Voltage- and time-dependent valence state transition in cobalt oxide catalysts during the oxygen evolution reaction. Nat. Commun. 11, 1984 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Pearce, P. E. et al. Revealing the reactivity of the iridium trioxide intermediate for the oxygen evolution reaction in acidic media. Chem. Mater. 31, 5845â€“5855 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Amin, H. M. A., Konigshoven, P., Hegemann, M. & Baltruschat, H. Role of lattice oxygen in the oxygen evolution reaction on Co3O4: isotope exchange determined using a small-volume differential electrochemical mass spectrometry cell design. Anal. Chem. 91, 12653â€“12660 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Koroidov, S., Anderlund, M. F., Styring, S., Thapper, A. & Messinger, J. First turnover analysis of water-oxidation catalyzed by Co-oxide nanoparticles. Energy Environ. Sci. 8, 2492â€“2503 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yang, C. et al. Cation insertion to break the activity/stability relationship for highly active oxygen evolution reaction catalyst. Nat. Commun. 11, 1378 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Kornienko, N. et al. Metalâ€“organic frameworks for electrocatalytic reduction of carbon dioxide. J. Am. Chem. Soc. 137, 14129â€“14135 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhu, Y. Y. et al. Merging photoredox and organometallic catalysts in a metalâ€“organic framework significantly boosts photocatalytic activities. Angew. Chem. Int. Ed. 57, 14090â€“14094 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Aiyappa, H. B. et al. MOFs for electrocatalysis: from serendipity to design strategies. Small Methods 3, 1800415 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	GarcÃa-GarcÃa, P., MÃ¼ller, M. & Corma, A. MOF catalysis in relation to their homogeneous counterparts and conventional solid catalysts. Chem. Sci. 5, 2979â€“3007 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hu, C. et al. In situ electrochemical production of ultrathin nickel nanosheets for hydrogen evolution electrocatalysis. Chem 3, 122â€“133 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zheng, W., Liu, M. & Lee, L. Y. S. Electrochemical instability of metalâ€“organic frameworks: in situ spectroelectrochemical investigation of the real active sites. ACS Catal. 10, 81â€“92 (2019). This study focuses on the structural transformation of MOFs into oxides and oxyhydroxides during electrocatalytic oxygen evolution.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Beermann, V. et al. Real-time imaging of activation and degradation of carbon supported octahedral Ptâ€“Ni alloy fuel cell catalysts at the nanoscale using in situ electrochemical liquid cell STEM. Energy Environ. Sci. 12, 2476â€“2485 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Maass, S., Finsterwalder, F., Frank, G., Hartmann, R. & Merten, C. Carbon support oxidation in PEM fuel cell cathodes. J. Power Sources 176, 444â€“451 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tang, H., Qi, Z., Ramani, M. & Elter, J. F. PEM fuel cell cathode carbon corrosion due to the formation of air/fuel boundary at the anode. J. Power Sources 158, 1306â€“1312 (2006). This study describes how a C support for a fuel cell catalyst can undergo corrosion.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Speck, F. D. et al. Atomistic insights into the stability of Pt single-atom electrocatalysts. J. Am. Chem. Soc. 142, 15496â€“15504 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Maillard, F., Silva, W. O., Castanheira, L., Dubau, L. & Lima, F. H. B. Carbon corrosion in proton-exchange membrane fuel cells: spectrometric evidence for Pt-catalysed decarboxylation at anode-relevant potentials. ChemPhysChem 20, 3106â€“3111 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Qiao, Z. et al. 3D porous graphitic nanocarbon for enhancing the performance and durability of Pt catalysts: a balance between graphitization and hierarchical porosity. Energy Environ. Sci. 12, 2830â€“2841 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Varandili, S. B. et al. Synthesis of Cu/CeO2âˆ’x nanocrystalline heterodimers with interfacial active sites to promote CO2 electroreduction. ACS Catal. 9, 5035â€“5046 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lykhach, Y. et al. Oxide-based nanomaterials for fuel cell catalysis: the interplay between supported single Pt atoms and particles. Catal. Sci. Technol. 7, 4315â€“4345 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Brummel, O. et al. Redox behavior of Pt/Co3O4(111) model electrocatalyst studied by X-ray photoelectron spectroscopy coupled with an electrochemical cell. J. Phys. Chem. C 123, 8746â€“8758 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yang, J., Wang, D., Han, H. & Li, C. Roles of cocatalysts in photocatalysis and photoelectrocatalysis. Acc. Chem. Res. 46, 1900â€“1909 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Mei, B., Han, K. & Mul, G. Driving surface redox reactions in heterogeneous photocatalysis: the active state of illuminated semiconductor-supported nanoparticles during overall water-splitting. ACS Catal. 8, 9154â€“9164 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Townsend, T. K., Browning, N. D. & Osterloh, F. E. Overall photocatalytic water splitting with NiOxâ€“SrTiO3 â€” a revised mechanism. Energy Environ. Sci. 5, 9546â€“9550 (2012).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, L. et al. In situ loading transition metal oxide clusters on TiO2 nanosheets as Co-catalysts for exceptional high photoactivity. ACS Catal. 3, 2052â€“2061 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, L., Liu, Q., Aoki, T. & Crozier, P. A. Structural evolution during photocorrosion of Ni/NiO core/shell cocatalyst on TiO2. J. Phys. Chem. C 119, 7207â€“7214 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Sun, C. et al. Enhanced activity of visible-light photocatalytic H2 evolution of sulfur-doped g-C3N4 photocatalyst via nanoparticle metal Ni as cocatalyst. Appl. Catal. B 235, 66â€“74 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Han, K., Kreuger, T., Mei, B. & Mul, G. Transient behavior of Ni@NiOx functionalized SrTiO3 in overall water splitting. ACS Catal. 7, 1610â€“1614 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Li, Y. H., Li, C. & Yang, H. G. Quantitative analysis of the PtO structure during photocatalytic water splitting by operando XAFS. J. Mater. Chem. A 5, 20631â€“20634 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lee, B. H. et al. Reversible and cooperative photoactivation of single-atom Cu/TiO2 photocatalysts. Nat. Mater. 18, 620â€“626 (2019). This shows the reversible changes in the coordination environment of isolated Cu atoms supported on TiO2 during photocatalytic H2 evolution.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, L. et al. Direct observation of dynamic bond evolution in single-atom Pt/C3N4 catalysts. Angew. Chem. Int. Ed. 59, 6224â€“6229 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, X. et al. Platinumâ€“copper single atom alloy catalysts with high performance towards glycerol hydrogenolysis. Nat. Commun. 10, 5812 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zhang, L., Liu, Q. & Crozier, P. A. Light induced coarsening of metal nanoparticles. J. Mater. Chem. A 7, 11756â€“11763 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, X. et al. Single-atom Pt as Co-catalyst for enhanced photocatalytic H2 evolution. Adv. Mater. 28, 2427â€“2431 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fang, X. et al. Single Pt atoms confined into a metalâ€“organic framework for efficient photocatalysis. Adv. Mater. 30, 1705112 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Berr, M. et al. Colloidal CdS nanorods decorated with subnanometer sized Pt clusters for photocatalytic hydrogen generation. Appl. Phys. Lett. 97, 093108 (2010).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Resasco, J. et al. Relationship between atomic scale structure and reactivity of Pt catalysts: hydrodeoxygenation of m-cresol over isolated Pt cations and clusters. ACS Catal. 10, 595â€“603 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dessal, C. et al. Influence of Pt particle size and reaction phase on the photocatalytic performances of ultradispersed Pt/TiO2 catalysts for hydrogen evolution. J. Catal. 375, 155â€“163 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Boronat, M., Leyva-Perez, A. & Corma, A. Theoretical and experimental insights into the origin of the catalytic activity of subnanometric gold clusters: attempts to predict reactivity with clusters and nanoparticles of gold. Acc. Chem. Res. 47, 834â€“844 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Qureshi, M. et al. Catalytic consequences of ultrafine Pt clusters supported on SrTiO3 for photocatalytic overall water splitting. J. Catal. 376, 180â€“190 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Haselmann, G. M. & Eder, D. Early-stage deactivation of platinum-loaded TiO2 using in situ photodeposition during photocatalytic hydrogen evolution. ACS Catal. 7, 4668â€“4675 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tauster, S. J. Strong metalâ€“support interactions. Acc. Chem. Res. 20, 389â€“394 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Weng, B., Qi, M.-Y., Han, C., Tang, Z.-R. & Xu, Y.-J. Photocorrosion inhibition of semiconductor-based photocatalysts: basic principle, current development, and future perspective. ACS Catal. 9, 4642â€“4687 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, C. et al. Probing effective photocorrosion inhibition and highly improved photocatalytic hydrogen production on monodisperse PANI@CdS coreâ€“shell nanospheres. Appl. Catal. B 188, 351â€“359 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Teng, W., Li, X., Zhao, Q. & Chen, G. Fabrication of Ag/Ag3PO4/TiO2 heterostructure photoelectrodes for efficient decomposition of 2-chlorophenol under visible light irradiation. J. Mater. Chem. A 1, 9060â€“9068 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Weng, S., Chen, B., Xie, L., Zheng, Z. & Liu, P. Facile in situ synthesis of a Bi/BiOCl nanocomposite with high photocatalytic activity. J. Mater. Chem. A 1, 3068â€“3075 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Toe, C. Y. et al. Photocorrosion of cuprous oxide in hydrogen production: rationalising self-oxidation or self-reduction. Angew. Chem. Int. Ed. 57, 13613â€“13617 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yu, X. et al. Site-selective alkene borylation enabled by synergistic hydrometallation and borometallation. Nat. Catal. 3, 585â€“592 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, L. et al. Black indium oxide a photothermal CO2 hydrogenation catalyst. Nat. Commun. 11, 2432 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Liao, L. et al. Efficient solar water-splitting using a nanocrystalline CoO photocatalyst. Nat. Nanotechnol. 9, 69â€“73 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Joo, S. H. et al. Thermally stable Pt/mesoporous silica coreâ€“shell nanocatalysts for high-temperature reactions. Nat. Mater. 8, 126â€“131 (2009).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Liu, L., ConcepciÃ³n, P. & Corma, A. Non-noble metal catalysts for hydrogenation: a facile method for preparing Co nanoparticles covered with thin layered carbon. J. Catal. 340, 1â€“9 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Deng, X., Albero, J., Xu, L., Garcia, H. & Li, Z. Construction of a stable Ruâ€“Re hybrid system based on multifunctional MOF-253 for efficient photocatalytic CO2 reduction. Inorg. Chem. 57, 8276â€“8286 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Lee, H. S. et al. A highly active, robust photocatalyst heterogenized in discrete cages of metalâ€“organic polyhedra for CO2 reduction. Energy Environ. Sci. 13, 519â€“526 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dhakshinamoorthy, A., Asiri, A. M. & Garcia, H. Metalâ€“organic framework (MOF) compounds: photocatalysts for redox reactions and solar fuel production. Angew. Chem. Int. Ed. 55, 5414â€“5445 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, S., Li, L., Zhao, S., Sun, Z. & Luo, J. Construction of interpenetrated ruthenium metalâ€“organic frameworks as stable photocatalysts for CO2 reduction. Inorg. Chem. 54, 8375â€“8379 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Aslam, U., Rao, V. G., Chavez, S. & Linic, S. Catalytic conversion of solar to chemical energy on plasmonic metal nanostructures. Nat. Catal. 1, 656â€“665 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Marimuthu, A., Zhang, J. & Linic, S. Tuning selectivity in propylene epoxidation by plasmon mediated photo-switching of Cu oxidation state. Science 339, 1590â€“1593 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Sytwu, K., Vadai, M. & Dionne, J. A. Bimetallic nanostructures: combining plasmonic and catalytic metals for photocatalysis. Adv. Phys. X 4, 1619480 (2019).
CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, Q. et al. Reconstruction of silver nanoplates by UV irradiation: tailored optical properties and enhanced stability. Angew. Chem. Int. Ed. 48, 3516â€“3519 (2009).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jin, R. et al. Controlling anisotropic nanoparticle growth through plasmon excitation. Nature 425, 487â€“490 (2003).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gisbertz, S., Reischauer, S. & Pieber, B. Overcoming limitations in dual photoredox/nickel-catalysed Câ€“N cross-couplings due to catalyst deactivation. Nat. Catal. 3, 611â€“620 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kawamata, Y. et al. Electrochemically driven, Ni-catalyzed aryl amination: scope, mechanism, and applications. J. Am. Chem. Soc. 141, 6392â€“6402 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Elhage, A., Lanterna, A. E. & Scaiano, J. C. Catalytic farming: reaction rotation extends catalyst performance. Chem. Sci. 10, 1419â€“1425 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Costa, P., Sandrin, D. & Scaiano, J. C. Real-time fluorescence imaging of a heterogeneously catalysed Suzukiâ€“Miyaura reaction. Nat. Catal. 3, 427â€“437 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yuan, W. et al. Visualizing H2O molecules reacting at TiO2 active sites with transmission electron microscopy. Science 367, 428â€“430 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Fujishima, A., Zhang, X. & Tryk, D. TiO2 photocatalysis and related surface phenomena. Surf. Sci. Rep. 63, 515â€“582 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, L., Miller, B. K. & Crozier, P. A. Atomic level in situ observation of surface amorphization in anatase nanocrystals during light irradiation in water vapor. Nano Lett. 13, 679â€“684 (2013). This study shows the formation of amorphous thin layers on crystalline TiO2 nanocrystals using in situ TEM.
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lu, Y. et al. Self-hydrogenated shell promoting photocatalytic H2 evolution on anatase TiO2. Nat. Commun. 9, 2752 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, X., Liu, L., Yu, P. Y. & Mao, S. S. Increasing solar absorption for photocatalysis with black hydrogenated titanium dioxide nanocrystals. Science 331, 746â€“750 (2011).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Tao, X. et al. Photoinduced surface activation of semiconductor photocatalysts under reaction conditions: a commonly overlooked phenomenon in photocatalysis. ACS Catal. 10, 5941â€“5948 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, R. et al. Spatial separation of photogenerated electrons and holes among {010} and {110} crystal facets of BiVO4. Nat. Commun. 4, 1432 (2013).
ArticleÂ 
    PubMedÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yin, Z.-W. et al. Visualization of facet-dependent pseudo-photocatalytic behavior of TiO2 nanorods for water splitting using In situ liquid cell TEM. Nano Energy 62, 507â€“512 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Huang, H. et al. Molecular-level understanding of the deactivation pathways during methanol photo-reforming on Pt-decorated TiO2. Appl. Catal. B 272, 118990 (2020).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Bi, W. et al. Molecular co-catalyst accelerating hole transfer for enhanced photocatalytic H2 evolution. Nat. Commun. 6, 8647 (2015).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hu, J. et al. Interesting molecule adsorption strategy induced energy band tuning: boosts 43 times photocatalytic water splitting ability for commercial TiO2. Appl. Catal. B 268, 118753 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Chen, Y. et al. A robust fuel cell operated on nearly dry methane at 500 Â°C enabled by synergistic thermal catalysis and electrocatalysis. Nat. Energy 3, 1042â€“1050 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Skafte, T. L. et al. Selective high-temperature CO2 electrolysis enabled by oxidized carbon intermediates. Nat. Energy 4, 846â€“855 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Muhich, C. L. et al. Efficient generation of H2 by splitting water with an isothermal redox cycle. Science 341, 540â€“542 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chueh, W. C. et al. High-flux solar-driven thermochemical dissociation of CO2 and H2O using nonstoichiometric ceria. Science 330, 1797â€“1801 (2010).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Luo, Y., Estudillo-Wong, L. A. & Alonso-Vante, N. Carbon supported Pt-Y2O3 and Pt-Gd2O3 nanoparticles prepared via carbonyl chemical route towards oxygen reduction reaction: kinetics and stability. Int. J. Hydrog. Energy 41, 19601â€“19609 (2016).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ichihashi, K. et al. Oxygen reduction reaction performance tuning on Pt nanoparticle/MWCNT catalysts by Gd species. J. Phys. Chem. C 124, 26925â€“26936 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, L. et al. Engineering the TiO2â€“graphene interface to enhance photocatalytic H2 production. ChemSusChem 7, 618â€“626 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Wang, M. et al. Graphene-draped semiconductors for enhanced photocorrosion resistance and photocatalytic properties. J. Am. Chem. Soc. 139, 4144â€“4151 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Ouyang, R., Liu, J. X. & Li, W. X. Atomistic theory of Ostwald ripening and disintegration of supported metal particles under reaction conditions. J. Am. Chem. Soc. 135, 1760â€“1771 (2013).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Goldsmith, B. R., Sanderson, E. D., Ouyang, R. & Li, W.-X. CO- and NO-induced disintegration and redispersion of three-way catalysts rhodium, palladium, and platinum: an ab initio thermodynamics study. J. Phys. Chem. C 118, 9588â€“9597 (2014).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cheula, R., Maestri, M. & Mpourmpakis, G. Modeling morphology and catalytic activity of nanoparticle ensembles under reaction conditions. ACS Catal. 10, 6149â€“6158 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rousseau, R., Glezakou, V.-A. & Selloni, A. Theoretical insights into the surface physics and chemistry of redox-active oxides. Nat. Rev. Mater. 5, 460â€“475 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rebollar, L. et al. â€œBeyond adsorptionâ€� descriptors in hydrogen electrocatalysis. ACS Catal. 10, 147479â€“14762 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Berger, T. et al. Light-induced charge separation in anatase TiO2 particles. J. Phys. Chem. B 109, 6061â€“6068 (2005).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	George, E. P., Raabe, D. & Ritchie, R. O. High-entropy alloys. Nat. Rev. Mater. 4, 515â€“534 (2019). A review on the concepts, basic principles and key applications of high-entropy alloys.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Yao, Y. et al. Carbothermal shock synthesis of high-entropy-alloy nanoparticles. Science 359, 1489â€“1494 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Qiu, H.-J. et al. Noble metal-free nanoporous high-entropy alloys as highly efficient electrocatalysts for oxygen evolution reaction. ACS Mater. Lett. 1, 526â€“533 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lei, Z. et al. Enhanced strength and ductility in a high-entropy alloy via ordered oxygen complexes. Nature 563, 546â€“550 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Pradeep, K. G. et al. Atomic-scale compositional characterization of a nanocrystalline AlCrCuFeNiZn high-entropy alloy using atom probe tomography. Acta Mater. 61, 4696â€“4706 (2013).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Peng, Z. et al. Reversibly switching the charge state and adsorption location of single potassium atom on ultrathin CuO film. Angew. Chem. Int. Ed. 59, 14321â€“14325 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, L. et al. Sunlight-assisted hydrogenation of CO2 into ethanol and C2+ hydrocarbons by sodium-promoted Co@C nanocomposites. Appl. Catal. B 235, 186â€“196 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dinh, C. T. et al. CO2 electroreduction to ethylene via hydroxide-mediated copper catalysis at an abrupt interface. Science 360, 783â€“787 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Hsieh, Y.-C. et al. Modification of CO2 reduction activity of nanostructured silver electrocatalysts by surface halide anions. ACS Appl. Energy Mater. 2, 102â€“109 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hsieh, Y.-C., Senanayake, S. D., Zhang, Y., Xu, W. & Polyansky, D. E. Effect of chloride anions on the synthesis and enhanced catalytic activity of silver nanocoral electrodes for CO2 electroreduction. ACS Catal. 5, 5349â€“5356 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ma, W. et al. Electrocatalytic reduction of CO2 to ethylene and ethanol through hydrogen-assisted Câ€“C coupling over fluorine-modified copper. Nat. Catal. 3, 478â€“487 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tan, Y. C., Lee, K. B., Song, H. & Oh, J. Modulating local CO2 concentration as a general strategy for enhancing Câ€“C coupling in CO2 electroreduction. Joule 4, 1104â€“1120 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Burdyny, T. & Smith, W. A. CO2 reduction on gas-diffusion electrodes and why catalytic performance must be assessed at commercially-relevant conditions. Energy Environ. Sci. 12, 1442â€“1453 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhou, Y.-G., Kang, Y. & Huang, J. Fluidized electrocatalysis. CCS Chem. 2, 31â€“41 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cheng, L. et al. Mapping of heterogeneous catalyst degradation in polymer electrolyte fuel cells. Adv. Energy Mater. 10, 2000623 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Angulo, A., van der Linde, P., Gardeniers, H., Modestino, M. & FernÃ¡ndez Rivas, D. Influence of bubbles on the energy conversion efficiency of electrochemical reactors. Joule 4, 555â€“579 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xu, W., Lu, Z., Sun, X., Jiang, L. & Duan, X. Superwetting electrodes for gas-involving electrocatalysis. Acc. Chem. Res. 51, 1590â€“1598 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kim, Y. J. et al. Highly efficient oxygen evolution reaction via facile bubble transport realized by three-dimensionally stack-printed catalysts. Nat. Commun. 11, 4921 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sahki, R. et al. Effect of pressure on the mechanisms of the CO2/H2 reaction on a CO-precipitated CuO/ZnO/Al2O3 catalyst. React. Kinet. Mech. Catal. 103, 391â€“403 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, J. et al. Electroreduction of CO2 to formate on a copper-based electrocatalyst at high pressures with high energy conversion efficiency. J. Am. Chem. Soc. 142, 7276â€“7282 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	MavriÄ�, A., Fanetti, M., Lin, Y., Valant, M. & Cui, C. Spectroelectrochemical tracking of nickel hydroxide reveals its irreversible redox states upon operation at high current density. ACS Catal. 10, 9451â€“9457 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dubi, Y., Un, I. W. & Sivan, Y. Thermal effects â€” an alternative mechanism for plasmon-assisted photocatalysis. Chem. Sci. 11, 5017â€“5027 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Wang, X., Xu, C., Jaroniec, M., Zheng, Y. & Qiao, S. Z. Anomalous hydrogen evolution behavior in high-pH environment induced by locally generated hydronium ions. Nat. Commun. 10, 4876 (2019).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhu, Z., Liu, Q., Liu, X. & Shui, J. Temperature impacts on oxygen reduction reaction measured by the rotating disk electrode technique. J. Phys. Chem. C 124, 3069â€“3079 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Martens, I. et al. Imaging reactivity of the Ptâ€“ionomer interface in fuel-cell catalyst layers. ACS Catal. 10, 8285â€“8292 (2020). A study on the structure and the local degradation of the Ptâ€“ionomer interface due to the formation of oxidative radicals in fuel cell catalyst layers.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Peng, X. et al. Using operando techniques to understand and design high performance and stable alkaline membrane fuel cells. Nat. Commun. 11, 3561 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Ding, M. et al. On-chip in situ monitoring of competitive interfacial anionic chemisorption as a descriptor for oxygen reduction kinetics. ACS Cent. Sci. 4, 590â€“599 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Yang, H. et al. On-chip electrocatalytic microdevice: an emerging platform for expanding the insight into electrochemical processes. Chem. Soc. Rev. 49, 2916â€“2936 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Petrov, L. A., Alhamed, Y., Al-Zahrani, A. & Daous, M. Role of chemical kinetics in the heterogeneous catalysis studies. Chin. J. Catal. 32, 1085â€“1112 (2011).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bond, G. C. The use of kinetics in evaluating mechanisms in heterogeneous catalysis. Catal. Rev. 50, 532â€“567 (2008).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shannon, S. L. & Goodwin, J. G. Characterization of catalytic surfaces by isotopic-transient kinetics during steady-state reaction. Chem. Rev. 95, 677â€“695 (1995). A review of the applications of kinetic studies for identifying catalytic reaction mechanisms.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lum, Y. & Ager, J. W. Evidence for product-specific active sites on oxide-derived Cu catalysts for electrochemical CO2 reduction. Nat. Catal. 2, 86â€“93 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, X. et al. Mechanistic reaction pathways of enhanced ethylene yields during electroreduction of CO2â€“CO co-feeds on Cu and Cu-tandem electrocatalysts. Nat. Nanotechnol. 14, 1063â€“1070 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Strasser, P., Eiswirth, M. & Koper, M. T. M. Mechanistic classification of electrochemical oscillators â€” an operational experimental strategy. J. Electroanal. Chem. 478, 50â€“66 (1999).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ardagh, M. A., Abdelrahman, O. A. & Dauenhauer, P. J. Principles of dynamic heterogeneous catalysis: surface resonance and turnover frequency response. ACS Catal. 9, 6929â€“6937 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ardagh, M. A., Birol, T., Zhang, Q., Abdelrahman, O. A. & Dauenhauer, P. J. Catalytic resonance theory: superVolcanoes, catalytic molecular pumps, and oscillatory steady state. Catal. Sci. Technol. 9, 5058â€“5076 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Gopeesingh, J. et al. Resonance-promoted formic acid oxidation via dynamic electrocatalytic modulation. ACS Catal. 10, 9932â€“9942 (2020). A study that shows the influence of oscillatory potential on the electrocatalytic performance of a Pt catalyst for formic acid oxidation.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	ArÃ¡n-Ais, R. M., Scholten, F., Kunze, S., Rizo, R. & Roldan Cuenya, B. The role of in situ generated morphological motifs and Cu(i) species in C2+ product selectivity during CO2 pulsed electroreduction. Nat. Energy 5, 317â€“325 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vendelbo, S. B. et al. Visualization of oscillatory behaviour of Pt nanoparticles catalysing CO oxidation. Nat. Mater. 13, 884â€“890 (2014).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Zhang, S., Fan, Q., Xia, R. & Meyer, T. J. CO2 reduction: from homogeneous to heterogeneous electrocatalysis. Acc. Chem. Res. 53, 255â€“264 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Chen, Y. et al. Single-atom catalysts: synthetic strategies and electrochemical applications. Joule 2, 1242â€“1264 (2018). A comprehensive review of the synthetic methods and electrocatalytic applications of solid catalysts comprising single metal atoms.
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Xu, H. et al. Highly selective electrocatalytic CO2 reduction to ethanol by metallic clusters dynamically formed from atomically dispersed copper. Nat. Energy 5, 623â€“632 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Karapinar, D. et al. Electroreduction of CO2 on single-site copper-nitrogen-doped carbon material: selective formation of ethanol and reversible restructuration of the metal sites. Angew. Chem. Int. Ed. 58, 15098â€“15103 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Liu, L. et al. Evolution and stabilization of subnanometric metal species in confined space by in situ TEM. Nat. Commun. 9, 574 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Su, H. et al. Dynamic evolution of solidâ€“liquid electrochemical Interfaces over single-atom active sites. J. Am. Chem. Soc. 142, 12306â€“12313 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Li, X. et al. Identification of the electronic and structural dynamics of catalytic centers in single-Fe-atom material. Chem 6, 3440â€“3454 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Heidary, N. et al. Electrochemically triggered dynamics within a hybrid metalâ€“organic electrocatalyst. J. Am. Chem. Soc. 142, 12382â€“12393 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Han, L. et al. Modulating single-atom palladium sites with copper for enhanced ambient ammonia electrosynthesis. Angew. Chem. Int. Ed. 60, 345â€“350 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Li, J. et al. Identification of durable and non-durable FeNx sites in Feâ€“Nâ€“C materials for proton exchange membrane fuel cells. Nat. Catal. 4, 10â€“19 (2021).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Weng, Z. et al. Active sites of copper-complex catalytic materials for electrochemical carbon dioxide reduction. Nat. Commun. 9, 415 (2018).
ArticleÂ 
    PubMedÂ 
    PubMed CentralÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Martin, D. J., McCarthy, B. D., Donley, C. L. & Dempsey, J. L. Electrochemical hydrogenation of a homogeneous nickel complex to form a surface adsorbed hydrogen-evolving species. Chem. Commun. 51, 5290â€“5293 (2015).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wu, Y., Jiang, Z., Lu, X., Liang, Y. & Wang, H. Domino electroreduction of CO2 to methanol on a molecular catalyst. Nature 575, 639â€“642 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Daniel, Q. et al. Re-investigation of cobalt porphyrin for electrochemical water oxidation on FTO surface: formation of CoOx as active species. ACS Catal. 7, 1143â€“1149 (2017).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wang, X., Cai, Z. F., Wang, D. & Wan, L. J. Molecular evidence for the catalytic process of cobalt porphyrin catalyzed oxygen evolution reaction in alkaline solution. J. Am. Chem. Soc. 141, 7665â€“7669 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Stracke, J. J. & Finke, R. G. Electrocatalytic water oxidation beginning with the cobalt polyoxometalate [Co4(H2O)2(PW9O34)2]10âˆ’: identification of heterogeneous CoOx as the dominant catalyst. J. Am. Chem. Soc. 133, 14872â€“14875 (2011). A mechanistic study showing the transformation of a molecular Co catalyst into CoOx nanoparticles as working active sites during electrocatalytic water oxidation.
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Kashin, A. S. & Ananikov, V. P. Monitoring chemical reactions in liquid media using electron microscopy. Nat. Rev. Chem. 3, 624â€“637 (2019).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	de Jonge, N., Houben, L., Dunin-Borkowski, R. E. & Ross, F. M. Resolution and aberration correction in liquid cell transmission electron microscopy. Nat. Rev. Mater. 4, 61â€“78 (2018).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Kelly, D. J. et al. Nanometer resolution elemental mapping in graphene-based TEM liquid cells. Nano Lett. 18, 1168â€“1174 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Zhu, Y., Wang, J., Chu, H., Chu, Y.-C. & Chen, H. M. In situ/operando studies for designing next-generation electrocatalysts. ACS Energy Lett. 5, 1281â€“1291 (2020).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Zhang, H., Duan, S., Radjenovic, P. M., Tian, Z. Q. & Li, J. F. Coreâ€“shell nanostructure-enhanced Raman spectroscopy for surface catalysis. Acc. Chem. Res. 53, 729â€“739 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Garlyyev, B. et al. Revealing the nature of active sites in electrocatalysis. Chem. Sci. 10, 8060â€“8075 (2019).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Faisal, F. et al. Electrifying model catalysts for understanding electrocatalytic reactions in liquid electrolytes. Nat. Mater. 17, 592â€“598 (2018).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Choi, M. et al. Probing single-particle electrocatalytic activity at facet-controlled gold nanocrystals. Nano Lett. 20, 1233â€“1239 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    PubMed CentralÂ 
    
                    Google ScholarÂ 
                

	Sambur, J. B. et al. Sub-particle reaction and photocurrent mapping to optimize catalyst-modified photoanodes. Nature 530, 77â€“80 (2016).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Gallego, E. M. et al. â€œAb initioâ€� synthesis of zeolites for preestablished catalytic reactions. Science 355, 1051â€“1054 (2017).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                

	Li, C. et al. Synthesis of reaction-adapted zeolites as methanol-to-olefins catalysts with mimics of reaction intermediates as organic structure-directing agents. Nat. Catal. 1, 547â€“554 (2018).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Ji, S. et al. Chemical synthesis of single atomic site catalysts. Chem. Rev. 120, 11900â€“11955 (2020).
ArticleÂ 
    CASÂ 
    PubMedÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We are grateful for the financial supports from the European Union through the European Research Council (grant ERC-AdG-2014-671093, SynCatMatch) and the Spanish government through the â€˜Severo Ochoa Programâ€™ (SEV-2016-0683).


Author information
Author notes	Lichen Liu
Present address: Department of Chemistry, Tsinghua University, Beijing, China


Authors and Affiliations
	Instituto de TecnologÃa QuÃmica, Universitat PolitÃ¨cnica de ValÃ¨ncia-Consejo Superior de Investigaciones CientÃficas (UPV-CSIC), Valencia, Spain
Lichen LiuÂ &Â Avelino Corma


Authors	Lichen LiuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Avelino CormaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
A.C. conceived the structure of this Review. L.L. and A.C. wrote this Review together.
Corresponding author
Correspondence to
                Avelino Corma.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Publisherâ€™s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Rights and permissions
Reprints and permissions


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



Cite this article
Liu, L., Corma, A. Structural transformations of solid electrocatalysts and photocatalysts.
                    Nat Rev Chem 5, 256â€“276 (2021). https://doi.org/10.1038/s41570-021-00255-8
Download citation
	Accepted: 15 January 2021

	Published: 18 February 2021

	Issue Date: April 2021

	DOI: https://doi.org/10.1038/s41570-021-00255-8


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

                
                    	
                            
                                
                                    
                                        Dynamic coordination engineering of 2D PhenPtCl2 nanosheets for superior hydrogen evolution
                                    
                                

                            
                                
                                    	Gonglei Shao
	Changfei Jing
	Zhen Zhou


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Electric double layer-mediated polarization field for optimizing photogenerated carrier dynamics and thermodynamics
                                    
                                

                            
                                
                                    	Chengxin Zhou
	Jian Gao
	Chuan Xia


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Time-resolved transmission electron microscopy for nanoscale chemical dynamics
                                    
                                

                            
                                
                                    	Francis M. Alcorn
	Prashant K. Jain
	Renske M. van der Veen


                                
                                Nature Reviews Chemistry (2023)

                            
	
                            
                                
                                    
                                        A review on the green synthesis of nanoparticles, their biological applications, and photocatalytic efficiency against environmental toxins
                                    
                                

                            
                                
                                    	Azad Qayoom Malik
	Tahir ul Gani Mir
	Saurabh Shukla


                                
                                Environmental Science and Pollution Research (2023)

                            
	
                            
                                
                                    
                                        The concept of active site in heterogeneous catalysis
                                    
                                

                            
                                
                                    	Charlotte Vogt
	Bert M. Weckhuysen


                                
                                Nature Reviews Chemistry (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Guidelines for authors
                                
                            
	
                                
                                    Editorial input and checks
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Publishing model
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Journal Credits
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                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 Reviews Chemistry (Nat Rev Chem)
                
                
    
    
        ISSN 2397-3358 (online)
    
    


                
    

            

        

    




    
        
    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: ]
