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Figure S1. Possible adsorption sites on (a) Al(111), (b) (001), and (c) (110) surface, indicated by the smaller light-blue spheres. The first (Al(1)), second (Al(2)), and third (Al(3)) Al layer atoms are in dark blue, light blue and grey color. And the atomic Al distances between neighboring surface Al atoms are indicated in the figures. 
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[bookmark: _Hlk89973267]Figure S2. Optimized configurations for O adsorption on Al(001) surface, the number of O atoms of  = 2-8 are given in (a)~(g) in top-view. The 8th O moves from the surface to subsurface, binds to three surface Al atoms and one Al atom at the second Al layer.
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Figure S3. The optimized adsorption configurations of O atoms on Al(110) surface with O coverage of (a) 1/2 ML, (b) 3/4 ML, (c) 1 ML, (d) 5/4 ML. 


To study the effect of O adsorption on the mechanical properties of Al surfaces, the total energy () of clean Al(111), (001), (110) without and with 1 ML-O adsorption is calculated with different applied strains. Here, a bi-axial strain is applied in the xy plane of the calculation cell, meanwhile the z value is fixed at its optimized value. The applied strain () is calculated by  or , where  () and  () are the optimized lattice constant without and with applied strain on the Al slab.  ranges from -5% to +5%, where negative and positive  correspond to compressive and tensile strain, respectively. No strain rate was considered in our model. 
Results are plotted in Fig. S4. Under each , a corresponding cell volume (V) and a total energy can be achieved. Based on the -V data, bulk modulus for each orientation is derived based on Birch-Murnaghan 3rd-order equation of state (EOS) 2. Such approach is verified by estimation of the mechanical parameters of unit bulk Al in this work, which gives 78, 28, and 76 GPa for the bulk modulus, shear modulus and Young’s Modulus, respectively, in accordance with reported experimental values 3. 
Based on the calculation setup, only the xy-plane is deformed. Thus, the calculated bulk modulus is actually “directional bulk modulus” reflecting the resistance to the planar deformations. As expected, the bulk modulus of clean surfaces is lower than that of bulk Al (see Fig. S4). Al(111) has the lowest bulk modulus (17 GPa), only half of that for other two surface orientations. However, 1 ML O adsorption raises the modulus of Al(111) to 53 GPa. The huge increase in the Young's modulus in contrast to (001) or (110) can be attributed to the dense monolayer oxide film on Al(111), which resembles the structure of α-Al2O3. On the other hand, the adsorption of O reduces the bulk modulus of Al(110), which may be attributed to the less dense oxide structure.
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Figure S4. Total energy versus applied in-plane strain for clean and 1ML-O covered Al(111), (001), (110). Directional bulk modulus value for each surface system is given at the bottom right corner. 
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