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S1: Atomic structure and coordinates of the rutile c(4×2) TiO2(110) substrate 
with a surface oxygen vacancy. 

Fig. S1 (Color online) Optimized structure of rutile TiO2(110) substrate with surface 
oxygen vacancy (VO) site: (a) top view and (b) side view. Black circle represents the 
surface oxygen vacancy site.

Atomic coordinates of the rutile c(4×2) TiO2(110) substrate with a surface oxygen 
vacancy.
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S2: Optimized structures for single Au atom deposited on the rutile TiO2(110) 
surface.

Fig. S2 (Color online) Optimized structure of a Au monomer adsorption on the 
surface oxygen vacancy (VO) site of rutile TiO2(110) substrate which is denoted as 
Au@TiO2(110). Red, blue, and yellow spheres represent the O, Ti, and Au atoms, 
respectively.

As shown in Fig. S2, the optimized Au single atom prefers to locate at the surface 
oxygen vacancy (VO) site on TiO2(110) surface. Note that if we manually put the Au 
atom slightly away from the VO site, the Au monomer will automatically relax back to 
the VO site, which is in accordance with the experimental observation that surface VO 
sites play a dominant role in stabilizing gold monomers.1 The binding energy of the 
Au monomer is: Eb(Au)=2.136 eV. Here, the Eb(Au) is defined as: Eb(Au)=-
(E(Au@TiO2(110))-E(Auatom)-E(TiO2(110))), wherein the terms of E(Auatom), 
E(TiO2(110))，and E(Au@TiO2(110)) represent the total energy of the isolated gas 
phase Au atom, the total energy of defective TiO2(110) substrate, and that of the 
Au@TiO2(110) complex, respectively. The average bond length between the Au and 
nearby Ti atoms d(Au-Ti) is 2.651 Å. 

S3: Optimized structure for O2 adsorption on the Au@TiO2(110) SAC.

Fig. S3 (Color online) Local configuration of the optimized structure for O2 
adsorption on the Au@TiO2(110) complex. Red, blue, and yellow spheres represent 
the O, Ti, and Au atoms, respectively.

As shown in Fig. S3, our calculated results show that the O2 molecule can only very 
weakly adsorb on the supported Au monomer with a d(Au-O)=2.792 Å and an 
exothermic adsorption energy of 0.053 eV. Note that the bond length of the adsorbed 
O2 molecule keeps almost intact as compared to that in its gas phase, 1.24 Å, 
indicating that the Au SAC is highly inert to active O2. For clarity purpose, here we 



only show the top-most surface atoms of the TiO2(110) substrate.

S4: Optimized structure for nickel-doped the Au@TiO2(110) complex, i.e., 
Au@(Ni) TiO2(110).

     
Fig. S4 (Color online) Local configuration of the optimized geometric structure of 
nickel-doped Au@TiO2(110) complex.

As illustrated in Fig. S4, it is found that the Ni dopant favors to substitute the Ti atom 
nearby the VO site. Note that our calculations show that if the Ni atom is located in 
other site away from the present location, the total energy significantly increases. For 
example, when the Ni atom is located at the subsurface Ti site, it is about 0.14 eV 
higher in energy. In the preferred Ni-doped Au@TiO2(110) complex shown in Fig. S4, 
the Au monomer is slightly oxidized and positively charged by about 0.03 e, which is 
confirmed by Bader charge analysis. 

Here, we also calculated the formation energies (Ef) of the Ni dopants, which is 
defined as 

Ef = E(Au@(Ni)TiO2(110)) − E(Au@TiO2(110)) + μ(Ti) −μ(Ni)
Where E(Au@(Ni)TiO2(110)), E(Au@TiO2(110)), μ(Ti), and μ(Ni) are the total energies 
of Ni substitutional doped Au@TiO2(110), pristine Au@TiO2(110), chemical potential of 
Ti, and Ni atom, respectively. The calculated Ef is 1.96 eV.

S5: Optimized geometric configuration of the O2 molecule adsorption on the Ni 
doped Au@TiO2(110) system and the associated orbital analysis.

Fig. S5 (Color online) Local configuration of the optimized geometric structure of O2 
adsorption on Ni-doped Au@TiO2(110) complex, (A); the initial stages of an O2 
molecule approaching toward (B) Au, (B) and upon O2 adsorption, (C).



Based on our extensive calculations, we identify the most stable adsorption 
configuration of the O2 molecule on the slightly oxidized Au monomer in the Ni-
doped Au@TiO2(110) complex, as shown in Fig. S5(A). Specifically, the O2 

molecule prefers an end-on structure, forming an angle ∠O-O-Au=107.63°. In 

addition, the binding of the O2 molecule with the Au SAC is mainly accompanied 
with the hybridization of the oxygen 2pπ* orbital with the HOMO of Au. Particularly, 
part of the antibonding 2pπ* electronic state of O2 are now shifted downward below 
the EF, see Fig. S5(B), confirming the occurrence of charge transfer from the Au SAC 
to the O2 molecule, which results in an enlarged O-O bond length (1.31 Å) and leads 
to an exothermic adsorption energy of 1.012 eV. Furthermore, the stretching 
vibrational frequency of the adsorbed O2 species has been red-shifted to 1158.87 cm-1 
from the calculated value of 1560.83 cm-1 for the case of gas phase.

S6: Electronic charge density analysis for CO and O2 co-adsorption on 
Au@(Ni)TiO2(110).

Fig. S6 (Color online) Electronic charge density analysis for CO and O2 co-
adsorption on Au@(Ni)TiO2(110). Here, charge difference is presented: Δρ=ρ(CO-
O2-Au@(Ni)TiO2(110) )-ρ(CO)-ρ(O2-Au@(Ni)TiO2(110) ). 

we have performed additional electronic analysis for CO co-adsorption and provided 
the charge difference, Δρ, which is defined as: Δρ=ρ(CO-O2-Au@(Ni)TiO2(110) )-
ρ(CO)-ρ(O2-Au@(Ni)TiO2(110) ). In the above formula, the first, second and the 
third terms correspond to the optimized electronic charges of the CO and O2 co-
adsorbed structure on Ni-doped Au@TiO2(110), i.e., CO-O2-Au@(Ni)TiO2(110), the 
adsorbed CO species, and the O2-Au@(Ni)TiO2(110) component, respectively. Note 
that for the latter two terms, the CO and O2-Au@(Ni)TiO2(110) maintain exactly the 
same configuration as that in the first term, i.e., CO-O2-Au@(Ni)TiO2(110). In Fig. 
S6, we present such a Δρ with the isosurface of 0.005 e/Å3. 

One can see that, from Fig. S6, the classic back-donation interaction mechanism is 
well exhibited for CO adsorption: CO donates 5σ electrons to the Au@(Ni)TiO2(110)  
substrate and back-donates from the Au@(Ni)TiO2(110) substrate into the unoccupied 
π* orbital of the CO species, as confirmed by the electron depletion (in red) and 
electron accumulation (in green) highlighted by the dashed circle, respectively.



S7: The optimized configuration of O2 adsorption on the bow-shaped O-Au-O 
complex resulted by the first round of CO oxidation.

Fig. S7 (Color online) Optimized geometric configurations of the O-Au-O SAC 
generated by finishing the first round of CO oxidation, as shown in Fig. 2 of the main 
text, (A); O2 adsorption on the structure shown in Fig. S7(A), (B). The energetic 
diagram of structure (A) and the one generated by removing the adsorbed O2 species, 
(C).

In Fig. S7(A), we show the optimized geometric structure of the O-Au-O SAC 
complex obtained by releasing the CO2 molecule in the first round of CO oxidation 
shown in Fig. 2 of the main text. Upon the reaction of COad+O-Oad→CO2+ Oad, when 
the first CO molecule is oxidized and the generated CO2 molecule is released, there is 
still one O atom left from the dissociated O2 molecule, which prefers to readily heal 
the oxygen vacancy site of Au@TiO2(110) complex. After such a healing process, a 
novel bow-shaped O-Au-O structure is formed, as shown in Fig. S7(A). Notably, the 
Au monomer forms strong chemical bonds with two neighboring O atoms, with an 
exothermic energy of 3.101 eV and a bond length d(Au-Ni) of 2.568 Å, respectively. 
Furthermore, we confirmed that the Au atom is now highly oxidized (probably due to 
the larger electronegativity of the Ni atom), i.e., Q(Au)=+0.64 e, which is obtained by 
Bader charge analysis. 

Note that in the present bow-shaped O-Au-O structure, the O2 molecule can be 
significantly activated on the Au monomer, with an exothermic energy of 0.751 eV. 
Specifically, in contrast to the above cases wherein the O2 molecule only bind with 
the Au atom with one O atom directly contacting with the Au atom, now both O 
atoms bind with the Au monomer, and the O-O bond length of the adsorbed O2 
species has been enlarged to 1.320 Å, and the average bond length of the two Au-O 
bonds is 2.089 Å, respectively, see structure shown in Fig. S7(B). 

Note that as shown in Fig. S7(B), a relatively smaller binding energy of the O2 
molecule on the Au monomer in the bow-shaped O-Au-O complex is obtained, as 



compared to that when the O2 molecule is adsorbed on the structure shown in Fig. 
S5(A). However, we claim that in Fig. S7(B), the O2 molecule is more strongly 
activated, as reflected by the enlarged O-O bond length (1.320 Å) and further red-
shifted O-O vibrational frequency (ν(O2)=1128.6 cm-1), as compared to that (1158.9 
cm-1) shown in Fig. S5(A). Additional calculations show that it is due to the energy 
cost compensating (Fig. S7(C)) the local structural O-Au-Ni-O reconstruction upon 
O2 adsorption as shown in Fig. S7(B).

S8: Optimized structures and formation energies for the TM doped 
Au@TiO2(110) complexes (TM = Co, Pt, Ru, Rh, Cu, Ni and Al).

Fig. S8 (Color online) Optimized geometric structures of TM atom doped 
Au@TiO2(110) complexes (TM = Ni, Ru, Rh, Pt, Cu). In the structures presented in 
the left column, the dopant metal atoms are located in the first layer, and in the right 
column, the dopants are in the subsurface layer. 

Here, four additional transition mental (TM) elements (Ru, Rh, Pt, and Cu) with 
different values of the electronegativity are considered as the dopants. As shown in 
Fig. S8, the structures are similar to the Ni doped structure presented in Fig. S4, and 
all these elements are identified to prefer the same site to stabilize the Au atom. 



Fig. S9 Formation energy of TM and metal atoms (TM=Co, Pt, Ru, Rh, Cu, Ni and Al) 
in TiO2(110).
Furthermore, we also calculated the formation energies (Ef) of the above dopants, 
which is defined as 

Ef = E(Au@(TM)TiO2(110)) − E(Au@TiO2(110)) + μ(Ti) −μ(TM)
Where E(Au@(TM)TiO2(110)), E(Au@TiO2(110)), μ(Ti), and μ(TM) are the total 
energies of TM substitutional doped Au@TiO2(110), pristine Au@TiO2(110), chemical 
potential of Ti, and TM atoms, respectively. As shown in Fig. S9, the calculated 
values of the Ef are 4.50, 2.82, 2.77, 2.60, 2.26, 1.96 and -0.31 eV for Co, Pt, Ru, Rh, 
Cu, Ni, and Al respectively. Significantly, the Ef of Pt, Ru, Rh, Cu, and Ni are lying 
between that of Co and Al which have been demonstrated to be readily doped in both 
anatase and rutile TiO2.
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