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            Abstract
The activity of heterogeneous catalystsâ€”which are involved in some 80 per cent of processes in the chemical and energy industriesâ€”is determined by the electronic structure of specific surface sites that offer optimal binding of reaction intermediates. Directly identifying and monitoring these sites during a reaction should therefore provide insight that might aid the targeted development of heterogeneous catalysts and electrocatalysts (those that participate in electrochemical reactions) for practical applications. The invention of the scanning tunnelling microscope (STM)1,2 and the electrochemical STM3,4 promised to deliver such imaging capabilities, and both have indeed contributed greatly to our atomistic understanding of heterogeneous catalysis5,6,7,8. But although the STM has been used to probe and initiate surface reactions9,10, and has even enabled local measurements of reactivity in some systems11,12,13, it is not generally thought to be suited to the direct identification of catalytically active surface sites under reaction conditions. Here we demonstrate, however, that common STMs can readily map the catalytic activity of surfaces with high spatial resolution: we show that by monitoring relative changes in the tunnelling current noise, active sites can be distinguished in an almost quantitative fashion according to their ability to catalyse the hydrogen-evolution reaction or the oxygen-reduction reaction. These data allow us to evaluate directly the importance and relative contribution to overall catalyst activity of different defects and sites at the boundaries between two materials. With its ability to deliver such information and its ready applicability to different systems, we anticipate that our method will aid the rational design of heterogeneous catalysts.
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                    Figure 1: Revealing catalytic sites under reaction conditions.[image: ]


Figure 2: STM characterization of nanostructured surfaces under HER conditions.[image: ]


Figure 3: STM characterization of polycrystalline Au, Pt and Pt(111) samples under ORR conditions in 0.1â€‰M HClO4.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Typical cyclic voltammogram for an insulated Pt/Ir STM tip.
The potentials of the working electrode were set such that no HER was taking place. The desorption peak of hydrogen at around âˆ’1.2â€‰V versus Au/AuOx (see expanded area) can be used to determine the exposed area at the apex of the tip.

                          Source data
                        


Extended Data Figure 2 Cyclic voltammograms of Pt(111) and Au(111).
a, Typical cyclic voltammogram for a Pt(111) single crystal in 0.1â€‰M HClO4 after flame-annealing, revealing an increased amount of (step-like) defects compared with a â€˜perfectâ€™ Pt(111) crystal. b, Typical cyclic voltammogram for an Au(111) single crystal in 1â€‰M HClO4 after annealing.

                          Source data
                        


Extended Data Figure 3 Pt deposition on Au.
a, Linear sweep voltammetry scan of a test Au sample, for determining the deposition potential in 0.5â€‰M NaCl and 3â€‰mM K2PtCl6 at a scan rate of 10â€‰mV sâˆ’1. The arrow indicates the scan direction. b, Deposition-current transients on a fresh, annealed Au sample. c, Resulting cyclic voltammogram for Pt/Au in 0.5â€‰M H2SO4 solution at a scan rate of 20â€‰mV sâˆ’1.

                          Source data
                        


Extended Data Figure 4 XPS data for an Au sample that is half covered by Pt.
a, Pt 4d 5/2 XPS peaks for the Pt-covered half of the sample (â€˜Pt positionâ€™) and the uncovered half (â€˜Au positionâ€™). b, Pt 4f 5/2 and 7/2 peaks for both halves of the sample.

                          Source data
                        


Extended Data Figure 5 EC-STM images of Pt and Au electrode surfaces in 0.1â€‰M HClO4.
aâ€“f, Sequential EC-STM images (constant-current mode) of roughly the same Pt electrode area; the electrode potential was initially kept to a value at which no hydrogen evolution was thermodynamically possible (â€˜OFFâ€™), and then changed to enable HER on Pt (â€˜ONâ€™). gâˆ’j, Electrochemical STM images for the Au electrode, obtained as for the Pt sample; the strong features of tunnelling current noise do not appear here, because the reaction is not catalysed by Au at this electrode potential.


Extended Data Figure 6 EC-STM images of Pt, obtained with HER ON or OFF.
aâ€“f, Three-dimensional representations of a series of images recorded successively (following the blue arrows) over Pt deposited on an Au substrate (in 0.1â€‰M HClO4) while switching the working-electrode potentials (halfway through each image) such that no hydrogen evolves (OFF) or hydrogen evolution takes place (ON). Alternating scanning directions are indicated by black arrows, starting with a downward scan in a, c, e, and an upward scan in b, d, f. Substantial increases in tunnelling noise are observed when the working-electrode potential enables HER (ON); no such noise features are visible for the OFF regions.


Extended Data Figure 7 EC-STM images of Au at different potentials.
aâ€“d, Three-dimensional representations of images recorded successively over Au. Black arrows show scanning directions. The sample under investigation is an Au substrate, with one half of its surface covered with Pt and the other half left uncovered (see Extended Data Figs 5aâ€“f and 6 for measurements on the Pt region). The sample potentials were switched (halfway through each image) such that no hydrogen evolves (OFF) or hydrogen evolution begins (ON) on the Pt side. Given that the required overpotential for the HER on Au is larger than that on Pt, there should be no hydrogen evolution at all on the Au side, leading to no notable change in tunnelling noise (in contrast with the situation in Extended Data Figs 5aâ€“f and 6). Indeed, variations in tunnelling noise could not be detected in either direction (going from OFF to ON and vice versa). This also shows that the changed bias potential between ON and OFF does not substantially impact the recorded measurement noise.


Extended Data Figure 8 Potentiodynamic cyclic voltammogram for a Pt(111) single crystal.
This cyclic voltammogram was measured in air-saturated 0.1â€‰M HClO4 electrolyte using a Pt pseudo-reference electrode. Scan rate, 20â€‰mV sâ€“1.

                          Source data
                        


Extended Data Figure 9 Deposition of Pt nanoparticles and selectivity measurements.
a, Current transient taken during the deposition of Pt nanoparticles on an Au substrate. b, Cyclic voltammogram, measured after deposition, in 0.1â€‰M HClO4 and at a scan rate of 20â€‰mV sâˆ’1. c, EC-STM image of Pt nanoparticles on an Au substrate. The yellow parts are likely to be Pt nanoparticles, on top of protruding Au. d, Results of tip retraction during HER over Pt/Au, confirming the yellow parts in c to be the more-active Pt (compared with the less-active Au).

                          Source data
                        


Extended Data Figure 10 Cu underpotential deposition.
a, Cyclic voltammogram for a thin film of quasi-Au(111) in a solution of 0.05â€‰mM CuSO4 and 0.5â€‰M H2SO4 at a scan rate of 20â€‰mV sâˆ’1. b, Current transient taken during Cu UPD at âˆ’0.32 V versus MMS for 4â€‰s.

                          Source data
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        Editorial Summary
Identifying active catalyst sites
Heterogeneous catalysts are crucial in the chemical and energy industries. Their activity is determined by specific sites that control the conversion of reactant molecules into product molecules. But the direct identification and monitoring of these sites during reactions is challenging. Jonas Pfisterer et al. now show that this is readily achieved using widely available scanning tunnelling microscopes by monitoring changes in the noise level during measurement. The data they collect enables the authors to distinguish between active sites, such as different defect sites and sites at the boundary between different materials comprising the catalyst, in an almost quantitative fashion. This information makes it possible to directly evaluate the importance and relative contribution of different sites to overall catalyst activity, which can directly feed into the rational design and optimization of heterogeneous catalysts targeted for a wide range of practical applications.
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