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1. Line profiles

Figure S1 shows apparent height profiles in STM images recorded before and after the CO electro-

oxidation. The profiles are along the red line marked in the respective STM image. The STM images 

are identical with those shown in Figure 1. The apparent height of both the Pt steps (Figure S1a) and 

the Pt islands (Figure S1b) is 2.26 Å. For Au monolayers on Pt(111) the apparent height is 2.40 Å as 

determined from Au islands grown on a Pt(111) surface with a submonolayer coverage. The height of 

a Pt monolayer and a Au monolayer are displayed schematically in the height profiles in Figure S1 by 

blue and yellow rectangles, respectively. When comparing the height profiles of the STM images 

recorded before (Figure S1a-d) and after (Figure S1g-j) the CO electro-oxidation, one finds a more 

pronounced noise in the images recorded after the CO electro-oxidation. We suggest that the larger 

noise and the different apparent height arise from adsorbates remaining on the surface upon from 

emersion from the electrolyte.
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Figure S1: STM images shown in Figure 1 and height profiles along the red lines in the STM image. The 

blue and yellow rectangles illustrate a monolayer high Pt and Au step / island, respectively.
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2. Additional STM images

Additional STM images of the Pt/Pt(111) and Au/Pt/Pt(111) electrodes recorded before the CO 

electro-oxidation are presented in Figure S2. The island density, the number of bilayer islands and 

the step density listed in Table 1 were obtained from statistical evaluation of the images in Figure S2, 

in Figure 1 and from additional images. The STM images of Au/Pt/Pt(111) in Figure S2a and S2b are 

displayed with enhanced contrast to visualize the Au rim at the Pt island edges.

Figure S2: (a) and (b): Additional STM images of Pt/Pt(111). ( a): 200 nm x 200 nm, b): 220 nm x 220 

nm). (c) and (d): Additional STM images of Au/Pt/Pt(111). ( c): 80 nm x 80 nm, b): 100 nm x 

100 nm).
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3. Electrode surface stability

For Au/Pt(111) and Au/Pt/Pt(111) electrodes with 1 nm - 5 nm narrow stripes of Au at the Pt steps it 

was not possible to elucidate if the Au films are stable during the bulk CO electro-oxidation, since a 

chemical contrast was not accessible from STM images recorded after the electrocatalytic reaction. In 

addition, some surface spots of Au/Pt(111) exhibited bilayer structures at step sites after the CO 

electro-oxidation which could not be assigned (see Figure S3).

Figure S3: STM image of Au0.07-ML/Pt(111) recorded after the bulk CO electro-oxidation (100 nm x 100 

nm, IT = 5.0 nA, UT = 0.4 V)

In order to determine the origin of these bilayer islands we prepared Au/Pt(111) electrodes with higher 

Au coverage (θAu = 0.30 ML), as shown in representative STM images in Figure S4a and S4d. The 

stability of the Au0.30-ML/Pt(111) electrode shown in Figure S4a was probed by cyclic voltammetry in 

0.5 M H2SO4 supporting electrolyte (see  Figure S4b). Starting at 0.85 V, the upper potential limit was 

successively increased in steps of 0.05 V up to 1.10 V. The latter was also the upper potential limit 

during the bulk CO electro-oxidation. Regardless of the upper potential limit the CVs look essentially 

identical indicating that in 0.5 M H2SO4 the Au films located at the ascending Pt steps remain intact up 

to 1.10 V. This is evidenced by STM images of Au0.30-ML/Pt(111) recorded after the electrochemical 

treatment (see Figure S4c).

The stability of the Au0.30-ML/Pt(111) electrode during bulk CO electro-oxidation was probed by 

measuring three potential cycles in CO saturated 0.5 M H2SO4 (see Figure S4e). With consecutive 
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cycling the absolute current density in the potential regime above the ignition potential increases. STM 

images recorded after the CO electro-oxidation demonstrate the formation of second layer islands on 

top of the Au films of Au0.30-ML/Pt(111). As shown in the representative STM image in Figure S4f 

these second layer islands are solely formed on top of the Au film. Height profiles of the bilayer 

structures showed that they have an apparent height equivalent to a Au monolayer. Note that despite 

the formation of second layer Au islands, the ascending Pt steps remain completely modified by a Au 

film (see Figure S4f). We suggest that this is also the case for small Au coverages as in Figure S3. 

Since bilayer Au islands were only observed in the presence of CO in the electrolyte solution we 

suggest that CO might trigger to some extent the detachment of Au atoms from the Au step edge, 

followed by re-adsorption of Au atoms on top of the monolayer high Au film. A similar behavior was 

observed previously for the CO adsorption on Pt nanoparticles which are fully encapsulated by a Au 

film.1 In the latter study the presence of CO leads to the diffusion of Pt towards the surface due to the 

thermodynamically favored Pt-CO bond.1 Thus, we believe that Au atoms at the perimeter of the Au 

stripes can be forced into the next layer, with the strong Pt-CO bond providing the driving force. This 

process is however rather slow, and is likely to be inhibited for Au atoms in contact with the Pt steps. 

The Au adatoms that are forced into the second layer may diffuse on the Au monolayer areas and 

possibly nucleate 2nd layer islands. However, from the present data it is not possible to derive an exact 

mechanism. In that case, the increasing absolute current density observed in the high potential region 

might be explained by the increase in Pt terrace sites accessible for CO electro-oxidation. The results 

shown in Figure S4 indicate that the bilayer structures observed for Au0.07-ML/Pt(111) in Figure S2 are 

ascribed to Au bilayers. 

Finally, the CO oxidation traces shown in Figure S4e show a hysteresis with a width typical for Au 

modified Pt(111) electrodes, which is stable also during repeated cycles. This demonstrates that Au 

removal from the steps is either inhibited or hindered to an extent that the Pt steps are still Au 

modified. If this were not the case, we would expect that the hysteresis of the Au modified surface 

increases with increasing cycle number to the value typical for step containing Pt(111) surfaces. The 
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same observation is found for smaller Au coverages, equivalent to narrower Au decorations, shown 

below in Figure S7.

Hence, in combination, these findings (from STM and electrochemical measurements) clearly 

demonstrate that the Au modification at the Pt steps remains stable upon CO electro-oxidation. 

Figure S4: (a) STM image of Au0.30-ML/Pt(111) before EC (100 nm x 100 nm, IT = 4.5 nA, UT = 4.5 V). (b) 

CVs of the Au0.30-ML/Pt(111) shown in a) in 0.5 M H2SO4 with increasing upper potential limits 

(0.05 V to 0.85 V - 1.10 V, 50 mV/s). (c) STM image of Au0.30-ML/Pt(111) after potential 

cycling in supporting electrolyte up to 1.10 V (100 nm  100 nm, IT = 5.0 nA, UT = 0.01 V). 

(d) STM image of Au0.30-ML/Pt(111) before EC (300 nm  300 nm, IT = 4.5 nA, UT = 4.5 V). (e) 

Three consecutive potential cycles during bulk CO electro-oxidation on the Au0.30-ML/Pt(111) 

electrode shown in d) in CO saturated 0.5 M H2SO4 (0.07 V to 1.10 V, 10 mV/s). (f) STM 

image of Au0.30-ML/Pt(111) after bulk CO electro-oxidation (100 nm  100 nm, IT = 5.0 nA, UT 

= 0.01 V).
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4. CO TPD

CO TPD spectra of CO saturated Pt(111), Pt/Pt(111) and Au/Pt/Pt(111) surfaces are depicted in Figure 

S5. The small peak around 110 K is attributed to CO desorption from the sample holder. CO 

desorption from Pt(111) starts at 305 K, followed by an asymmetric peak with a peak maximum at 

around 400 K. This is in good agreement with previous results and corresponds to a saturation 

coverage of θCO = 0.68 ML.2-5 The CO desorption spectrum of Pt/Pt(111) has an almost identical shape 

as the one of Pt(111), besides the appearance of a small shoulder at 510 K for Pt/Pt(111), which is 

attributed to CO desorption from Pt steps.6 This peak is not present in the CO desorption spectrum of 

Au/Pt/Pt(111), demonstrating that the Pt steps are no more activated for CO adsorption in the presence 

of the narrow Au stripe at the ascending step edges. Furthermore, compared to the bare Pt electrodes, 

CO desorption starts at lower temperatures (280 K) for Au/Pt/Pt(111) and the absolute peak height 

decreases. Nevertheless, the integrated peak intensity varies only by 2% for the three different surfaces 

indicating that changes in the CO saturation coverage on the three surfaces are below the detection 

level. It was shown previously that Pt(111) supported Au films are not available for CO adsorption 

under these conditions.7;8 Thus, an identical CO saturation coverage for Au/Pt/Pt(111) and Pt/Pt(111) 

may at least partly be rationalized by a denser CO adlayer on the Pt terrace sites of the Au modified Pt 

surface. This would also explain the earlier onset of desorption observed for Au/Pt/Pt(111), since a 

higher coverage CO adlayer leads to increased repulsive CO – CO interactions, which facilitate the 

desorption of CO molecules at lower temperature. A higher density CO adlayer on the Pt terrace sites 

could result from a so-called spillover effect, where the Au film acts as additional channel for CO 

adsorption onto the Pt terraces, leading to higher saturation coverages on the Pt terrace sites than one 

would obtain for adsorption on the bare substrate. Based on CO TPD measurements on PtAu/Pt(111) 

surface alloys, where surface Au and Pt atoms tend to a phase separation, it was already proposed 

previously that CO molecules that reach Au adsorption sites at the surface may migrate along the 

surface until they find a Pt adsorption site.9 Such kind of spillover effect was also reported for CO 

adsorption on Pt modified Ru(0001) surfaces.10
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Figure S5: CO TPD spectra of a saturated CO adlayer from Pt(111) (solid green line), Pt/Pt(111) (black 

dotted line) and Au/Pt/Pt(111) (blue dashed line) with a nominal exposure of εCO = 10 

Langmuir (L).
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5. Peak C in the CV of Pt/Pt(111)

So far a peak at 0.31 V (peak C) was reported for electrochemically roughened Pt(111).11 In previous 

studies, a small shoulder at 0.31 V appeared also in the CVs of Pt(100) 12-16 and Pt(23,1,1) 14 single 

crystals. For Pt(100) this peak is related to the hydrogen adsorption / desorption on wide (100) 

terraces.12;15 As the Pt islands on Pt/Pt(111) grow homoepitaxial, such wide (100) terraces should, 

however, not be present on the surface of Pt/Pt(111). In CVs of shape-selected Pt nanoparticles (NPs) 

with cubic or octahedral shape a shoulder was observed at potentials between 0.30 V and 0.37 V.17;18 

Since these NPs have sizes between 8 nm and 12 nm and the number of wide terraces is low, the 

shoulder should be ascribed to Hupd on low-coordination Pt sites. Support for this assumption is the 

previously observed decrease of the shoulder in the CV of Pt(100) with increasing temperature,16 since 

an annealing process should favor larger terraces rather than new defect sites. Thus, we suggest that 

peak C in Figure 2b originates from H/OH adsorption/desorption on low-coordination sites such as 

kink sites, which have so far not been studied systematically.
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6. Hupd charges

The overall coulometric charges (QHupd) associated with Hupd are listed for all electrodes investigated 

in Table S1. The QHupd of Pt(111) is in perfect agreement with previously reported values, it 

corresponds to a Had coverage of θ(Had) = 0.66 ML.19 The Au modified electrodes exhibit similar QHupd 

values as observed for Pt(111). For Pt/Pt(111) the larger QHupd is partly caused by the additional small 

peaks A to C, related to Pt defect sites. The total charge density of the peaks A to C is ca. 5 µC·cm-2, 

which corresponds to a contribution of these peaks of approximately 3%. This value is in good 

agreement with the step density determined from STM imaging.

Table S1. Coulometric charges (QHupd) associated with Hupd.

Electrode QHupd / µC cm-2

Pt(111) 159

Pt/Pt(111) 179

Au/Pt(111) 165

Au/Pt/Pt(111) 161
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7. Monolayer high Au film on Pt(111)

A representative STM image of an almost closed monolayer high Au film supported on Pt(111) (Au1-

ML/Pt(111)) is shown in Figure S6a. In this case there is no formation of second layer Au islands and 

the fraction of holes in the Au film is less than 4%. The CV of Au1-ML/Pt(111) in 0.5 M H2SO4 

supporting electrolyte, which is shown in Figure S6b together with the CV of Pt(111), is in perfect 

agreement with previously reported CVs for a Au1-ML/Pt(111) electrode.20 Compared to Pt(111) the 

Hupd region between 0.07 V and 0.33 V almost vanishes for Au1-ML/Pt(111). Furthermore, between 

0.33 V and 0.58 V, where sulfate adsorption/desorption is observed on Pt(111), there are solely 

currents arising from charging of the double layer in the CV of Au1-ML/Pt(111). At potentials above 

0.58 V small features are observed, which are related to anion adsorption/desorption as reported for 

Au(111).21;22

Figure S6: (a) Representative STM image of Au1-ML/Pt(111) (100 nm  100 nm, IT = 1.4 nA, UT = 1.2 V). 

(b) CVs of Pt(111) (green dotted curve) and Au1-ML/Pt(111) (orange solid curve) in 0.5 M 

H2SO4 (0.07 V to 0.85 V, 50 mV/s).
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8. Bulk CO electro-oxidation

The full traces of the first and second polarization curves of the bulk CO electro-oxidation on Pt(111), 

Pt/Pt(111), Au/Pt(111) and Au/Pt/Pt(111) are shown in the left column of Figure S7. Prior to the 

ignition region a pre-oxidation feature with small current densities (< 0.05 mA cm-2) is observed in the 

first polarization curve on all electrodes. This so-called pre-ignition peak was already reported 

previously and is related to the oxidation of weakly adsorbed COad molecules present in the first 

potential cycle due to a higher density COad adlayer.23-25 The right column of Figure S7 shows the 

identical polarization curves in the high potential region. Besides negligible deviations the hysteresis 

width is identical for the first and second cycle for all electrodes.
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Figure S7: Left column: Full traces of the 1st (dashed curves) and 2nd (solid curves) current density - 

potential curves of the bulk CO electro-oxidation on (from top to bottom): Pt(111), Pt/Pt(111), 

Au/Pt(111) and Au/Pt/Pt(111) (0.07 V to 1.10 V, 10 mV/s). Right column: Identical 

polarization curves as in the left column, but in a smaller potential window (0.70 V to 1.10 V).
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9. Sulfate in the CO electro-oxidation

Even though sulfate does not participate in the CO electro-oxidation, its presence may alter the 

electrode activity due to competitive adsorption with the reactants (here primarily OHad, since CO 

binds stronger than sulfate). This has been demonstrated in previous studies, where the hysteresis 

width in the bulk CO electro-oxidation on Pt(111) was shown to decrease in the presence of strongly 

binding anions in the electrolyte solution.26-28 In sulfuric acid the competitive adsorption between OHad 

and sulfate starts with the initiation of the CO electro-oxidation.26 As a result, the OHad coverage may 

decrease resulting in lower CO oxidation rates.26 However, the almost identical shapes of the CVs in 

Figure 2b demonstrate that the influence of sulfate should be identical for all electrodes investigated 

regardless of the step density or the Au modification of steps.

10. Electrochemically restructured Pt/Pt(111)

Figure S8a shows CVs in 0.5 M H2SO4 supporting electrolyte recorded on an as-prepared Pt/Pt(111) 

electrode and a Pt/Pt(111) electrode where the surface was exposed to potentials above 1.10 V for 

several seconds. A potential induced restructuring of the latter electrode is obvious from the presence 

of distinct peaks in the Hupd region, which are ascribed to competitive adsorption / desorption of H / 

OH at defect sites.29;30 STM imaging of this restructured Pt/Pt(111) electrode after CO electro-

oxidation revealed the formation of small clusters adjacent to small holes in the surface as shown in 

the inset in Figure S8b. The CV and STM measurements thus indicate the formation of defect rich Pt 

clusters at the surface. The bulk CO electro-oxidation on the restructured Pt/Pt(111) electrode is 

shown in Figure S8b. Compared to the polarization curves of Pt/Pt(111) shown in Figure 3, we find a 

further broadening of the hysteresis width to 80 mV, which we relate to the high amount of defect sites 

at the surface.
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Figure S8: (a) CVs of intact Pt/Pt(111) (black dotted curve) and electrochemically restructured Pt/Pt(111) 

orange solid curve) in 0.5 M H2SO4 (50 mV/s, 0.05 V - 0.85 V). (b) High-potential region 

(0.70 V - 1.1 V) of the bulk CO electro-oxidation on the restructured Pt/Pt(111) electrode in 

CO saturated 0.5 M H2SO4 (10 mV/s, 0.05 V - 1.10 V). The inset shows an STM image (100 

nm  100 nm, IT = 2.5 nA, UT = 0.4 V) recorded after the CO electro-oxidation. ΔEHyst 

displays the difference between Eign and the potential in the negative-going scan at j = 

0.3 mA cm-2. The faint red bars indicate the experimental accuracy of the potential.
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11. Cyclic voltammograms in 0.5 M H2SO4

The as-measured CVs of Pt(111), Pt/Pt(111), Au/Pt(111) and Au/Pt/Pt(111) in 0.5 M H2SO4 

supporting electrolyte are depicted in Figure S9. For the main manuscript the current traces were 

smoothed by the method of 10 point moving average to lower the signal-to-noise ratio.

Figure S9: As-measured CVs of Pt(111) (green curve), Pt/Pt(111) (black), Au/Pt(111) (red) and 

Au/Pt/Pt(111) (blue) in 0.5 M H2SO4 (0.07 V to 0.85 V, 50 mV/s).

12. Tunneling parameters

Table S2. Tunneling parameters of STM images shown in Figure 1.

STM image IT / nA UT / V
Fig. 1a 1.8 1.1
Fig. 1b 1.8 1.1
Fig. 1c 7.9 1.2
Fig. 1d 3.5 1.5
Fig. 1e 3.5 1.5
Fig. 1f 3.5 1.5
Fig. 1g 1.6 0.5
Fig. 1h 7.9 1.2
Fig. 1i 2.0 0.6
Fig. 1j 0.6 1.5

IT: Tunnel current. UT: Tunnel voltage.
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