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Supplementary Note 1. Cu,O thin film preparation by oxidation of Cu

Our experiments were performed in a dedicated field-emission environmental TEM (FEI Titan
80-300) equipped with an objective-lens aberration corrector. Thin films of single crystal Cu with
~500 A thickness were grown on NaCl(100) by e-beam evaporation. The Cu films were removed from
the substrate by floatation in deionized water, washed, and mounted on a TEM specimen holder. Any
native Cu oxide was removed in the TEM by in situ annealing the Cu films at ~600°C and 1x10-3 Torr
of H, flow. Tears and holes with faceted edges developed in the thin film during the annealing (Fig.
sl(a)). The Cu film was then oxidized at ~350°C and 5x10-2 Torr of O,, which resulted in the growth
of a free-standing Cu,O thin film along the faceted edges of the Cu film (Fig. s1(b)). Figs. sl(c, d)
are diffractograms obtained from the Cu substrate and the Cu,O film as marked by the blue
dashed squares, respectively, in Fig. s1(b). The diffractograms can be indexed well with Cu,O and
Cu and their orientation relation can be identified as having cube-on-cube epitaxy, i.e.,

Cu,0(200)//Cu(200) and Cu,O[100]//Cu[100].

Fig. s1: Formation of Cu,O thin films via the oxidation of Cu. (a) TEM image of faceted edges by
annealing a Cu film at 600 °C and 1x10- Torr of H, gas flow. (b) HRTEM image showing the formation
of a Cu,O thin film by the oxidation of the Cu film at 350°C and 5x103 Torr of O, flow. (c, d)

diffractograms obtained from the Cu,O and Cu regions marked by the blue dashed squares in (b).



Supplementary Note 2. DFT computational detail

The density-functional theory (DFT) calculations were performed using the Vienna ab-initio
simulation package (VASP)!? with the PW91 generalized gradient approximation (GGA) and projector
augmented wave (PAW) potentials.>* Our previous works have confirmed that a cutoff energy of 400 eV
is sufficient for a well converged system energy.>¢ The k-point sampling is based on the Monkhorst-Pack
grids, and we employed 4 x 4 x 1 and 1 x 4 x 1 k-grid for surface and atomic steps, respectively.>>

We modeled the adsorption of Cu adatoms on the Cu,O(100) and Cu(100) surface and the
diffusion of Cu adatoms on the Cu,O(100) surface. The surface atomic steps were modeled by 5 layers
with the bottom two layers fixed, while the other three top layers were free to relax until all force
components acting on the atoms converged to be within 0.02 eV.”# A vacuum spacing of 12 A has been
used to separate the slabs along the z-axis direction, as confirmed in our previous study.*® The lattice
parameters of Cu and Cu,O have been calculated to be 3.64 A and 4.31 A, respectively, which have been
confirmed by our previous study.'® All the atomic structures were visualized by using the Visualization

for Electronic and Structure Analysis (VESTA) program.



2.1 Energetics of Cu adatoms on Cu(100) and Cu,0(100)

Fig. s2(a) shows one Cu adatom adsorbed at a hollow site of the Cu(100) surface. Fig. s2(b)
shows the adsorption of a Cu adatom at a hollow site of the Cu,O(100) surface. Our DFT calculations
show that the adsorption energies for the Cu adatom at the Cu(100) and Cu,O(100) surface are 0.52 eV

and Cu,0 0.54 eV, respectively.

Fig. s2: DFT modeling of the adsorption of a Cu adatom at a hollow site of the Cu(100) surface (a)

and Cu,0(100) surface (b). Blue and red spheres represent Cu, and O atoms, respectively.



2.2 Energy barriers for the surface diffusion of Cu adatoms on Cu,0(100)
Fig. s3 illustrates the positions of a Cu adatom for the diffusion along the [011] and [011]
directions of the Cu,0(100) surface. Our DFT calculations indicate that the energy barriers for the surface

diffusion of a Cu adatom along the [011] and [011] directions are 0.52 eV and 0.33 eV, respectively.
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Fig. s3: DFT modeling of the surface diffusion of Cu adatoms on Cu,0(100). (a-g) snapshot of the Cu

atom positions during its diffusion along the [110] direction. (h) [011] and [011] directions for surface

diffusion of a Cu adatom on Cu,O(100).



2.3. DFT calculation for hydrogen adsorption at a perfect Cu,O(100) surface.
Hydrogen adsorption at a perfect Cu,O(100) surface was also modeled, as shown in Fig. s4. Our
DFT calculations indicate that the hydrogen adsorption energy for the perfect Cu,O surface is ~1.22 eV

higher than that at surface step sites.

Fig. s4: DFT modeling for the hydrogen adsorption at a perfect Cu,O(100) surface.
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