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Table 1S: Reaction barriers, pre-exponential factors and rate constants at 298K for all elementary steps in all possible 

arrangements of the reactants 

Reaction 
Type 

Description ID Elementary reaction Barrier 
[kcal/mol] 

A0 [1/s] 
k [1/s]  

(at 298K) 

(1) βCO + αO2 → αOOβCO 0.75 9.76 x 1010 2.77 x 1010 

(2) αOOβCO → βCO + αO2
 3.46 9.76 x 1012 2.86 x 1010 

(3) αOOβCO → CO2 + αO + β 12.25 1.28 x 1013 1.34 x 104 

(4) CO2 + αO + β 
→ αOOβCO 37.08 6.51 x 105 4.34 x 10-22 

(5) βCO + γO2 → γOOβCO 1.96 3.30 x 1011 1.22 x 1010 

(6) γOOβCO → βCO + γO2
 5.45 4.16 x 1013 4.25 x 109 

(7) γOOβCO → CO2 + γO + β 15.60 3.82 x 1013 1.42 x 102 

(8) CO2 + γO + β 
→ γOOβCO 43.63 1.22 x 107 1.28 x 10-25 

(9) γCO + βO2 → βOO γCO 0.47 4.26 x 1011 1.92 x 1011 

(10) βOO γCO → γCO + βO2
 5.25 3.51 x 1013 4.99 x 109 

(11) βOO γCO → CO2 + βO + γ 17.05 3.51 x 1013 1.12 x 101 

(12) CO2 + βO + γ → βOO γCO 43.26 5.93 x 106 1.15 x 10-25 

(13) αCO + βO2 → βOO αCO 2.66 1.22 x 1011 1.37 x 109 

(14) βOO αCO → αCO + βO2
 1.66 3.58 x 1012 2.19 x 1011 

(15) βOO αCO → CO2 + βO + α 13.16 2.93 x 1012 6.67 x 102 

a. CO2 
formation 
involving the 4-
center 
intermediate 
(R1a) 

(16) CO2 + βO + α 
→ βOO αCO 43.87 3.51 x 106 2.43 x 10-26 

(1) β1CO + αβ2O2 → CO2 + β2O + αβ1 * 43.78 9.51 x 1011 7.75 x 10-21 

(2) CO2 + β2O + αβ1 → β1CO + αβ2O2 *
 69.21 1.36 x 108 2.54 x 10-43 

(3) β1CO + β2γO2 + α → β1COαO + β2γO * 51.59 5.00 x 1012 7.68 x 10-26 

(4) β1COαO + β2γO → β1CO + β2γO2 + α * 79.88 3.98 x 1012 1.11 x 10-46 

(5) β1COαO + β2γO → CO2 + αβ2O + β1γ * 0.28 3.89 x 1012 2.43 x 1012 

(6) CO2 + αβ2O + β1γ → β1COαO + β2γO * 6.19 2.21 x 108 6.47 x 103 

(7) αCO + βγO2 → αCO + βO + γO 46.43 4.77 x 1012 4.44 x 10-22 

b. CO2 
formation after 
direct [O-O] 
bond-breaking 
(R1b) 

(8) αCO + βO + γO → αCO + βγO2 11.38 6.97 x 1011 3.17 x 103 

(1) β1CO + γγO2 + β2
→ β1COγO + β2 γO 49.71 2.13 x 1011 7.70 x 10-26 

(2) β1COγO + β2γO → β1CO + γγO2 + β2 86.06 5.48 x 1014 4.54 x 10-49 

(3) β1COγO + β2γO → CO2 + β1O + β1+ γ 5.49 1.87 x 1013 1.76 x 109 

(4) CO2 + β1O + β1+ γ → β1COγO + β2γO 1.79 5.86 x 106 2.86 x 105 

(5) γCO + ββO2 + α → γCO + αβO + βγO 49.52 4.00 x 1012 2.01 x 10-24 

c. CO2 
formation after 
direct [O-O] 
bond-breaking 
(R1c)  

(6) γCO + αβO + βγO → γCO + ββO2 + α 65.70 2.32 x 1014 1.61 x 10-34 

(1) βCO + γO → βCOγO 1.25 9.20 x 1011 1.11 x 1011 

(2) βCOγO → βCO + γO 43.88 3.41 x 1013 2.34 x 10-19 

(3) βCOγO → CO2 + β + γ 1.08 5.97 x 1012 9.69 x 1011 

(4) CO2 + β + γ → βCOγO 5.33 4.74 x 10-1 5.85 x 10-5 

(5) αCO + βO → CO2 + α + β 2.22 2.12 x 1013 5.00 x 1011 

(6) CO2 + α + β 
→

 αCO + βO 5.70 3.92 x 100 2.58 x 10-4 

(7) βCO + αO → CO2 + β + α 2.93 2.48 x 1013 1.76 x 1011 

(8) CO2 + β + α 
→

 βCO + αO 3.90 1.14 x 100 1.57 x 10-3 

(9) γCO + βO → γCOβO 0.95 1.88 x 1011 3.77 x 1010 

(10) γCOβO → γCO + βO 45.88 9.44 x 1012 2.20 x 10-21 

(11) γCOβO → CO2 + γ + β 3.06 2.92 x 1014 1.66 x 1012 
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d. CO2 
formation 
involving 
atomic oxygen 
and adsorbed 
carbon 
monoxide (R2) 

(12) CO2 + γ + β 
→

 γCOβO 4.18 5.77 x 100 5.01 x 10-3 
* β1 and β2 denote that different β-sites are involved in the reaction 

 

 



Reaction 
Type 

Description ID Elementary reaction Barrier 
[kcal/mol] 

A0 [1/s] 
k [1/s]  

(at 298K) 

(1) βγO2 → β + γO2
 7.81 5.62 x 1013 1.06 x 108 

(2) β + γO2 → βγO2 
 0.44 5.55 x 1011 2.64 x 1011 

(3) αβO2 → β + αO2
 11.17 8.50 x 1012 5.56 x 104 

(4) β + αO2→ αβO2 
 0.33 4.06 x 1011 2.33 x 1011 

(5) βγO2 → γ + βO2
 7.46 1.87 x 1013 6.38 x 107 

(6) γ + βO2 → βγO2
 0.53 4.28 x 1011 1.76 x 1011 

(7) αβO2 → α + βO2
 10.69 2.57 x 1013 3.76 x 105 

a. O2 from 
bridge to top 
configuration 

(8) α + βO2→ αβO2
 1.27 1.02 x 1012 1.20 x 1011 

(1) β1CO + β2γO2 → β1CO + β2 + γO2 (inactive) 6.58 2.77 x 1013 4.15 x 108 

(2) β1CO + β2 + γO2 (inactive) → β1CO + β2γO2  0.37 1.96 x 1011 1.05 x 1011 

(3) β1CO + β2 + γO2 (inactive) → β1CO + β2 + γO2 0.55 7.11 x 1010 2.80 x 1010 

(4) β1CO + β2 + γO2 →
 β1CO + β2 + γO2 (inactive) 0.67 4.27 x 1012 1.37 x 1012 

(5) β1CO + αβ2O2 → β1CO + β2 + αO2 (inactive) * 8.48 2.15 x 1012 1.31 x 106 

(6) β1CO + β2 + αO2 (inactive) → β1CO + αβ2O2  * 2.37 1.48 x 1013 2.74 x 1011 

(7) β1CO + β2 + αO2 (inactive) → β1CO + β2 + αO2 * 2.19 1.00 x 1013 2.50 x 1011 

(8) β1CO + β2 + αO2 →
 β1CO + β2 + αO2 (inactive) * 4.29 1.04 x 1013 7.40 x 109 

(9) αCO + βγO2 → αCO + γ + βO2 8.28 5.72 x 1013 4.90 x 107 

(10) αCO + γ + βO2 → αCO + βγO2 4.80 1.72 x 1013 5.25 x 109 

(11) γCO + αβO2 → γCO + βO2 + α (deformed) 9.21 5.79 x 1012 1.03 x 106 

b. O2 from 
bridge to top 
configuration  
(CO present) 

(12) γCO + βO2 + α (deformed) → γCO + αβO2 0.68 6.34 x 1011 2.00 x 1011 

(1) βγO → β + γO 27.52 1.83 x 1013 1.23 x 10-7 

(2) β + γO 
→ βγO 20.09 3.89 x 1012 7.32 x 10-3 

(3) αβO → α + βO 13.55 6.78 x 1011 7.90 x 101 

(4) α + βO → αβO 4.69 3.91 x 1011 1.43 x 108 

(5) βγO → γ + βO 10.34 1.82 x 1012 4.82 x 104 

(6) γ + βO → βγO 3.21 7.19 x 1011 3.18 x 109 

(7) αβO → β + αO 10.78 3.99 x 1012 5.02 x 104 

c. O from 
bridge to top 
configuration 

(8) β + αO → αβO  0.24 2.37 x 1011 1.57 x 1011 

(1) β1CO + β2γO → β1CO + β2 + γO * 6.25 1.30 x 1012 3.42 x 107 

(2) β1CO + β2 + γO 
→ β1CO + β2γO * 3.50 7.60 x 1011 2.08 x 109 

(3) γCO + αβO → γCO + α + βO 5.34 4.15 x 1011 5.08 x 107 

(4) γCO + α + βO → γCO + αβO 0.05 7.13 x 1011 6.55 x 1011 

(5) αCO + βγO → αCOβO + γ 10.24 5.53 x 1013 1.73 x 106 

(6) αCOβO + γ → αCO + βγO 49.49 6.24 x 1012 3.32 x 10-24 

(7) β1CO + αβ2O → β1COαO + β2 10.45 2.09 x 1012 4.53 x 104 

d. O from 
bridge to top 
configuration  
(CO present) 

(8) β1COαO + β2 → β1CO + αβ2O  48.83 9.33 x 1013 1.51 x 10-22 

(1) αβO + δ → αβδO 12.77 3.10 x 1012 1.35 x 103 e. O to crystal 
plane (2) αβδO → αβO + δ 0.82 2.18 x 1012 5.47 x 1011 

(1) αβ1O2 +
 β2 → β1O + αβ2O 47.56 3.69 x 1012 5.10 x 10-23 

(2) β1O + αβ2O 
→ αβ1O2 +

 β2 23.04 1.45 x 1012 1.87 x 10-5 

(3) βγO2 → βO + γO 45.89 9.29 x 1012 2.16 x 10-21 

f. Dissociation 
of O2 

(4) βO + γO 
→ βγO2 6.97 7.60 x 1011 5.91 x 106 

(1) βCO + γ → βγCO 4.71 1.94 x 1011 6.82 x 107 

(2) βγCO 
→

 βCO + γ 0.81 1.87 x 1012 4.74 x 1011 

(3) βCO + α → αβCO 5.80 5.18 x 1011 2.89 x 107 

(4) αβCO → βCO + α 5.92 5.52 x 1012 2.54 x 108 

(5) γCO + β → βγCO 6.17 4.48 x 1010 1.35 x 106 

(6) βγCO 
→

 γCO + β 1.78 2.82 x 1012 1.40 x 1011 

(7) αCO + β → αβCO 0.47 1.95 x 1011 8.78 x 1010 
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g. CO from 
top to bridge 
configuration 

(8) αβCO → αCO + β 2.36 2.20 x 1012 4.11 x 1010 
* β1 and β2 denote that different β-sites are involved in the reaction 



 

Reaction 
Type 

Description ID Elementary reaction Barrier [kcal/mol] A0 [1/s] 
k [1/s]  

(at 298K) 

(1) βO + α + CO2 → αβCO3 0.33 1.05 x 1011 6.02 x 1010 

(2) αβCO3 → βO + α + CO2 27.22 2.62 x 1014 2.93 x 10-6 

(3) βO + γ + CO2 → βγCO3 0.11 1.19 x 1011 9.94 x 1010 

(4) βγCO3 → βO + γ + CO2 24.32 4.29 x 1014 6.42 x 10-4 

(5) γO + β + CO2 → βγCO3 0.67 8.94 x 1011 2.87 x 1011 

a. CO2 
adsorption near 
O in top 
position (R3) 

(6) βγCO3 → γO + β + CO2 23.05 1.25 x 1015 1.60 x 10-2 

(1) αβO + CO2 → αβCO3 0.50 1.69 x 1010 7.34 x 109 

(2) αβCO3 →
 αβO + CO2 18.53 1.10 x 1014 2.88 x 100 

(3) βγO + CO2 → βγCO3 0.38 2.61 x 1011 1.38 x 1011 3.
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b. CO2 
adsorption near 
O in bridge 
configuration 
(R3) (4) βγCO3 →

 βγO + CO2 17.42 2.97 x 1014 5.05 x 101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2S: Schematic pictures of elementary steps of Table 1S 

Reaction 
Type  Description  

a. CO2 formation involving the 4-center intermediate (R1a) 
 

b. CO2 formation after direct [O-O] bond-breaking (R1b) 
 

c. CO2 formation after direct [O-O] bond-breaking (R1c)  
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d. CO2 formation involving atomic oxygen and adsorbed carbon 
monoxide (R2) 

 

a. & b. O2 from bridge to top configuration 
 

c. & d. O from bridge to top configuration 
 

e. O to crystal plane 
 

f. Dissociation of O2 
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g. CO from top to bridge configuration 

 

a. CO2 adsorption near O in top position (R3) 
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b. CO2 adsorption near O in bridge configuration (R3) 
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Figure 3S: The binding energy (BE) in adsorption of multiple CO is additive regardless of relative location of adsorbates to each 

other.  
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Figure 4S: Binding energy of O2 vs. number of O2 molecules for adsorption in top configuration (O2 in bridge configuration was 

also considered but not shown here). The adsorption of a second O2 is unlikely. The scatter in the energies for different 

configurations of two adsorbed O2 indicates a dependence on the relative location of adsorbates to each other. 

 

 



Figure 5S: Chemisorption energies of multiple O2 are not additive. The further the adsorbed O2 molecules from each other the 

more additive the chemisorption energies. The results suggest that when 6 Au atoms are between two adsorbed O2 molecules, 

their binding energies become additive. Thus, on small clusters (exhibiting not the necessary size) only one O2 can absorb. 
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Figure 6S: Geometric parameters for selected transition states for a) Reaction 1.a.-(1) in Table 1S, 
βCO + αO2 → αOOβCO, b) 

Reaction 1.a.-(3) in Table 1S, 
αOOβCO → CO2 + αO + β, c) Reaction 1.b.-(1) in Table 1S, 

β1CO + αβ2O2 → CO2 + β2O + αβ1 *, 

d) Reaction 1.d.-(5) in Table 1S, 
αCO + βO → CO2 + α + β, e) Reaction 3.a.-(5) in Table 1S, 

γO + β + CO2 → βγCO3, f) 

Reaction 3.b.-(3) in Table 1S, 
βγO + CO2 → βγCO3. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 7S: xyz-coordinates of selected transition states given in Figure 6S 

a) Reaction 1.a.-(1) in Table 1S, βCO + αO2 → αOOβCO  b) Reaction 1.a.-(3) in Table 1S, αOOβCO → CO2 + αO + β 

Au 0.009997 -0.034399 0.007569  Au 0.030701 -0.029064 0.013199 

Au 0.071846 0.049869 2.844969  Au 0.018544 -0.021900 2.833965 

Au 0.704359 0.010426 5.731400  Au 0.151403 -0.005820 5.659038 

Au 0.824957 2.541106 6.917972  Au 1.557702 2.093814 6.914938 

Au 0.614306 2.473009 4.217390  Au 1.512245 2.015704 4.178978 

Au 0.518348 2.379584 1.469211  Au 1.470639 1.926561 1.456605 

Au 0.426632 2.327394 -1.353114  Au 1.436824 1.945982 -1.348072 

Au 0.866101 4.744660 -0.032902  Au 2.861341 3.940309 -0.021224 

Au 0.974429 4.937726 2.749422  Au 2.917929 4.044526 2.763924 

Au 1.130803 5.056745 5.464628  Au 2.944137 4.139954 5.528324 

C 0.881714 -2.051020 5.586257  C -0.923202 -1.877589 5.790575 

O 1.524690 -2.863345 6.219050  O -0.876224 -2.245093 6.991389 

O -0.649864 -1.988353 3.506104  O -1.423716 -2.430069 4.750675 

O 0.088632 -2.780985 4.390446  O -1.366807 -1.560114 3.136571 

         

c) Reaction 1.b.-(1) in Table 1S, β1CO + αβ2O2 → CO2 + β2O + αβ1 * d) Reaction 1.d.-(5) in Table 1S, αCO + βO → CO2 + α + β 

Au 0.091947 -0.166479 0.003936  Au 0.162633 -0.057865 0.104430 

Au -0.131243 0.251371 2.976207  Au 0.227766 -0.104599 2.912382 

Au 0.098600 -0.038571 5.769138  Au 0.151374 -0.065362 5.706600 

Au 2.394980 1.029051 7.126547  Au 2.425794 -1.315248 6.990705 

Au 2.228489 0.938141 4.336502  Au 2.383572 -1.285756 4.273051 

Au 2.256833 0.902980 1.587366  Au 2.330664 -1.260223 1.490516 

Au 2.274841 0.936390 -1.209212  Au 2.253819 -1.217021 -1.332155 

Au 4.562926 1.816726 0.154865  Au 4.400895 -2.407248 0.029414 

Au 4.602385 1.878815 2.939753  Au 4.583631 -2.497057 2.821829 

Au 4.619739 1.897938 5.670136  Au 4.611573 -2.506523 5.554384 

C -1.341467 -0.823410 6.890644  C -1.849063 1.057738 5.722682 

O -2.195969 -1.258887 7.559279  O -2.114463 1.225132 6.922983 

O -1.686318 -1.061860 0.443656  O -2.233006 1.255832 4.559217 

O -2.113030 -0.154761 2.656816      

         

e) Reaction 3.a.-(5) in Table 1S, γO + β + CO2 → βγCO3  f) Reaction 3.b.-(3) in Table 1S, βγO + CO2 → βγCO3 

Au -3.166210 -4.720920 1.335960  Au -1.405090 0.481635 -1.137170 

Au -2.966097 -4.304583 4.086728  Au -1.627945 -0.992515 1.232770 

Au -2.750008 -3.883388 6.832524  Au -1.813648 -2.502309 3.611828 

Au -3.805722 -1.479164 8.101264  Au -2.151548 -1.259456 6.033922 

Au -4.065639 -1.981661 5.374948  Au -1.933573 0.344803 3.700356 

Au -4.268067 -2.476496 2.426558  Au -1.729183 1.845531 1.267038 

Au -4.439977 -2.943823 -0.474777  Au -1.508056 3.262260 -1.189711 

Au -5.533772 -0.670032 0.821104  Au -1.852214 4.621779 1.263474 

Au -5.378160 -0.180437 3.562911  Au -2.017623 3.199097 3.725864 

Au -5.187621 0.331346 6.300203  Au -2.241780 1.816730 6.070917 

O -3.556241 -1.154896 10.120594  O -2.281889 0.247150 7.491304 

C -2.363817 0.359208 10.929328  C -0.887201 0.243015 9.009114 

O -3.179322 1.250180 10.997346  O -0.906582 1.405599 9.354135 

O -1.307049 -0.217051 11.044322  O -0.552126 -0.922327 9.051205 

 

 

 

 

 



 

 

 

 

 

a) βγO-Au-βO2 b) βO-Au-βO2 c) αβO-Au-βO2 d) αβO-Au-βO2 

 
   

Figure 9S: O2 adsorption on the corner site of Au10-O
- structures. 

 

Table 10S: Binding energy (BE) of O2 on the corner of Au10O
- structure (see structures in Figure 9S). O2 BE on Au10

- is -15.37 

kcal/mol. Adsorption of O2 on Au10O
-1 is not energetically favorable. All energies are given in kcal/mol. 

 

Structure O BE on Au10
- O+O2 BE on 

Au10
- O2 BE on Au10O

-1 

a) βγO-Au-βO2 -56.69 -60.82 -4.13 

b) βO-Au-βO2 -48.65 -48.21 1.56 

c) αβO-Au-βO2 -58.41 -55.63 2.79 

d) αβO-Au-βO2 -58.41 -60.17 -1.76 

 

 

 

 

 


