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1  Further Computational Details 
For all DFT1,2 calculations the plane wave cutoff was set to 400 eV and geometric 

convergence criterion was less than 0.02 eV/Å. The surfaces were modeled using a 

(5 × 5 × 4) unit cell. A Monkhorst-Pack k-point mesh 7 × 7 × 1 was chosen for Brillouin-

zone integration. The top two layers are allowed to relax and the bottom two layers were 

fixed at the positions of the bulk host. The following optimized lattice constants of the pure 

host bulk metals were used: 3.60Å for Cu and Cu-based SAAs, 4.09 Å for Ag and Ag-based 

SAAs, and 4.13 Å for Au and Au-based SAAs. A ~15 Å vacuum layer separated the surface 

slabs. Spin unrestricted calculations were performed for Fe, Co, and Ni containing SAA 

slabs. 

Density of states were calculated with the lobster code (version 3.1.0)3–6. We calculated the 

d-band center as the first moment of the d-band.
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2  Convergence Tests 
To make sure the new physical effect reported in the main text is independent of specific 

computational settings, we have performed several tests which validate that the weakening of 

adsorption energy on the n-sites is reproduced under various conditions. First, we show k-

point convergence tests. Then, we focus on O adsorption on 5d metal dopants in Ag-based 

host SAAs and present that the destabilization of adsorption energy on the n-site is 

independent of specific computational settings such as functionals and cell sizes. 

 

2.1 k-point convergence test 

In our simulations, we use a 4-layer, 5x5 unit cell with a Monkhorst-Pack k-point mesh of 

7 × 7 × 1. These settings ensure a convergence of the total DFT energy of the SAA slab 

within 0.01 eV as shown in Fig. S1a. Furthermore, the periodic trend of n-site adsorption 

stays the same while varying k-points settings in Fig.S1b.  

 

 
Fig. S1 a) Total DFT energy of n-site adsorption on an IrAg-SAA 5x5x4 slab with increasing k-point 

density. b) Relative oxygen n-site adsorption energies of 5d metal dopants on Ag-based host SAAs 5x5x4 

unit cell with three k-points settings 

 

2.2 Functional choice 

The observed trends are independent of the functional choice. We compare PBE7 and 

PBE+D38 with the optB86b-vdW functional as shown in the following Figure. A 4-layer 

(5×5) slab was used for all calculations, with k-points 3×3 ×1 for PBE, k-points 3×3 ×1 for 

PBE+D3 and k-points 7×7×1 for optB86b-vdW. The following optimized lattice constants of 
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the pure Ag bulk metal and Ag-based SAAs were used: 4.14Å for PBE, 4.07Å for PBE+D3 

and 4.09Å for optB86b-vdW. 
 

 
Fig. S2 Relative oxygen n-site adsorption energies of 5d metal dopants on Ag-based SAAs 5x5x4 unit cell 

with three functionals (PBE, PBE+D3, optB86b-vdW) 

 

2.3 Number of surface layers and system sizes 

 

We used a 5x5x4 unit cell as a compromise between modelling a reasonably low dopant 

concentration and computational cost. To ensure the observed trends and our conclusions are 

independent of the unit cell choice we tested three different unit cell sizes, a (3 × 3)		unit cell 

with 5 layers, a (5 × 5) unit cell with 5 layers and a (5 × 5)	unit cell with 4 layers for a 

subset of three 5d dopants in Ag: PtAg, IrAg, OsAg. The K-points were chosen to ensure a 

constant k-point density for the different unit cells, that means a k-point mesh of 15 × 15 × 1 

for the small unit cell and a k-point mesh of 9 × 9 × 1 for the two larger unit cells.  

 
Fig. S3 Relative oxygen n-site adsorption energies of 5d dopants in Ag-based SAAs with three different 

unit cell sizes (3x3x5, 5x5x4, 5x5x4). 
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2.4 Comparison of the trend between two unit cell sizes 

The observed trends can also be observed for the more commonly used smaller unit cell 

setup. In previous work from our group9 we used a 3 × 3 × 5	unit cell with a 13 × 13 × 1 k-

point mesh. In Fig. S5 we show a comparison of our previous setup with the larger slab used 

in this study (a 7 × 7 × 1 k-point mesh for a 5 × 5 × 4 unit cell). We notice a difference in 

the values of the relative O adsorption energies, but the same trend with respect to n- vs. d-

site adsorption energy.   

 

 
Fig. S4 Relative oxygen n-site adsorption energies on Ag-based SAAs with different unit cell sizes. 
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3.  Strain Effect on pure Cu(111) 

 
Fig. S5 a) O adsorption energy and b) d-band center as a function of strain on a pure Cu(111) surface.  
 

The strain effect we describe is the relative change in surface lattice constant (d – deq)/deq. 

Lattice constant (d) is varied to visualize the effect of strain on O adsorption energies. deq is 

the optimized value of the bulk lattice constant. Fig. S5a indicates that about 0.2 eV 

weakening of O adsorption energy as lattice constant decrease by 3%. Besides, there is a 

considerable variation in d-band center with strain (Fig. S5b), in agreement with previous 

literature.10
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4. Density of States Analysis 
4.1 Clean Cu-based SAAs 
 
The further left from the Cu-host the dopant is situated in the periodic table, the more 

pronounced is the depletion of states at the upper d-band edge of the Cu-n d-states. Depletion 

of d-states at the upper band edge of Cu-n atoms is visualized via difference of Cu-n atoms 

and rest of surface atoms. 

 

 
Fig. S6: d-band DOS of surface atoms of clean Cu-SAA.  
 
 
 
 
The d-band center of the Cu-atoms at the n-site is almost constant, irrespective of the 

neighboring dopant. Fig. S7 shows the d-band center of the Cu-based SAA, and in 

comparison the d-band center of a uniformly strained pure Cu(111) surface. Despite similar 

changes in O adsorption energies for compressed Cu(111) surfaces and n-sites in SAAs, the 

shift of the d-band center is different. 
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Fig. S7: The relationship between d-band center and relative oxygen n-site adsorption energies. Round 
symbols describe d-band center of Cu-host surface atoms on SAAs and diamond symbols show relative 
oxygen adsorption energies of pure and strained Cu. 
 
4.2 Oxygen adsorption on Cu and OsCu 
 
To assess the participation of the upper band edge in adsorbate binding, we looked at the 

changes to the d-band upon adsorption of an oxygen atom. As can be seen in Fig. S8b and c, 

upon adsorption of O on Cu, the DOS of these Cu atoms is reduced compared to the rest of 

the surface. This indicates that these d-states are involved in O binding and can explain the 

reduced adsorption energy of SAA surfaces with reduced d-band intensity at the upper d-

band edge. 

 

  
Fig. S8: (a-c) D-band DOS of surface atoms and (d-e) corresponding structures of Cu with an oxygen atom 
(a,d) 7.5 Å above a clean Cu surface, (b,e) adsorbed on the Cu surface and (c,f) of oxygen adsorbed on the 
n-site of OsCu-SAA.  
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5. Dopant Size and Strain 
 
The d-band center of the nearest neighbor Cu-host surface atoms is almost unchanged for 

different SAAs. (Fig. S7) As comparison the d-band center and relative oxygen adsorption 

energies of the pure and strained Cu-surfaces are plotted (diamond shape symbols). Fig. 

S9(left) shows the relative oxygen adsorption energy on the n-site as a function of dopant 

atom size. 

 

 
Fig. S9 Relative oxygen n-site adsorption energies as a function of (left) dopant atom size, (middle) Cu-Cu 

distance within the 1st shell around the dopant and (right) Cu-Cu distances between Cu atoms in 1st and 2nd 

shell.
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6. KMC model for CO diffusion on RhCu 
Different estimates for CO adsorption on the RhCu surface have been tested and confirmed to 

yield consistent qualitative results with the values used in the main manuscript. Table S1 

contains adsorption energies for 3 different estimates and mean first passage times to reach 

the dopant (a-site) from the host at 2 different temperatures, 125 K and 200 K. 
 CO 

adsorption 

on Cu host 

(eV) 

CO 

adsorption on 

Cu n-site 

(eV) 

CO 

adsorption 

on Rh 

(eV) 

Diffusion 

barrierfwd 

(eV) 

𝑡̅125K (s) 𝑡̅125K (no 

n-site) 

(s) 

𝑡̅200K (s) 𝑡̅200K (no 

n-site)  

(s) 

1 -0.8 -0.73 -2.04 0.15 0.00110 4.53E-06 3.71E-07 1.97E-08 

2 -0.5 -0.43 -1.5 0.1 1.09E-05 4.37E-08 
 

1.34E-08 1.08E-09 
 

3 -0.5 -0.44 -1.5 0.06 2.37E-07 1.07E-09 2.44E-09 1.06E-10 

 

7. Experimental Details 
Temperature programmed desorption (TPD) and reflection absorption infrared spectroscopy 

(RAIRS) experiments were conducted in a home-built ultra-high vacuum (UHV) chamber 

equipped with a Cu(111) crystal (Princeton Scientific) which could be cooled to 90 K with 

liquid nitrogen cryostat (PSP) and heated resistively to 720 K with tungsten wires. A base 

pressure of <1 x 10-10 mbar was achieved by a combination of a turbomolecular pump and a 

titanium sublimation pump. The crystal was cleaned using repeated cycles of argon ion 

bombardment and thermal annealing (RBD sputter gun, 5 x 10-5 mbar argon, ~2 µA drain 

current, 1.5 KeV beam energy, 720 K final anneal). RhCu(111) SAAs were prepared via 

deposition of high purity Rh (>99%, Goodfellow) onto Cu with an electron beam evaporator 

(EFM 3, Scienta Omicron) as previously reported.11 To increase the step density of the 

crystal (and thus promote the dispersion of the Rh sites11), we sputter the crystal for an 

additional 20 mins at room temperature before heating to ~420 K to make the alloy. For 

experiments without Rh, the crystal was still annealed to ~420 K to ensure the step density 

was comparable in both instances. All CO exposures were done at 90 K. TPD experiments 

were done by advancing a Hiden mass spectrometer (HAL 201) to within 1 mm of the crystal 

face, heating the crystal with a 2 K/s heating rate, and monitoring m/z 28 to track CO 

desorption. RAIRS experiments were conducted by taking a background spectrum (1000 

scans) at 90 K and then exposing the crystal to CO. After heating the sample to the desired 
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temperature, a spectrum (1000 scans) was collected at that temperature. This was continued 

in ~10 K increments from 90 K to 250 K. To account for slanting of the background with 

increasing temperature, the spectra were background subtracted post data collection in 

OriginPro. The fit line in Figure 3C is intended to guide the eye and was generated by taking 

a 2-point adjacent average of the individual data points. The IR beam was generated by a 

Bruker (Tensor II) spectrometer outside of the UHV chamber and directed into the chamber 

by a series of gold coated mirrors at grazing incidence. The beam was reflected off the crystal 

and was collected outside of the chamber by another series of gold coated mirrors and 

directed into a mercury cadmium tellurium (MCT) detector. All external portions are covered 

by dry air purge and we used ZnSe windows to prevent loss of IR radiation. 

 

 
 

 
Fig. S10 RAIRS of saturation CO on sputtered Cu(111), 0.2% RhCu(111), and 9.9% RhCu(111) surfaces. 
Exposures were done at 250 K to populate only the stronger binding Rh sites. Inset displays an STM image 
of isolated Rh atoms in Cu(111). 
 

Fig. S10 shows STM and IR data to support the successful formation of an atomically 

dispersed SAA. Specifically, STM allows us to visualize the isolated Rh atoms, and the IR 

spectroscopy confirms the sites are in the surface (as they are accessible to CO) and uniform 

(as CO has a narrow 13 cm-1 full width at half max) as would be expected for a SAA. The 

0.2% RhCu surface displays a narrow peak at ~2000 cm-1. Importantly, there is no signal for 

CO in bridge-configurations at ~1900 cm-1. This is in contrast to the 9.9% RhCu surface with 

a higher Rh coverage where ensembles are present and we see a broad signal at ~ 1900 cm-1 

corresponding to CO bound to Rh ensembles in a bridge-bound configuration. For a more 

detailed discussion of these results, see ref 11.   
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Fig. S11 RAIRS spectra of Cu(111) (left) and RhCu(111) SAA (right) collected after dosing ~2% 
monolayer CO at 90 K and heating in increments of ~10 K from 90 to 244 K. 
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