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S1: Simulated STM images of (111) surface without Cu, ions

(a) Simulated STM image of (b) Simulated STM image of
Cu,-vacant surface Cu,-vacant surface w/ 1/3 O vacancies

Cu,-vacancy O,-vacancy

Figure S1. Atomic structure and corresponding simulated STM image of the (111) surface without
surface Cu, ions (Cu,-vacant surface, see in main text). (a) Simulated STM image (+1.5 V) with the
relaxed atomic structure overlaid on top of the image. (b) Simulated STM image (+1.5 V) of the Cu,-
vacant surface with removal of 1/3 O, ions. After removing a O, ion the three saturated copper ions (Cu,)
combine together, forming a larger and much bright dot feature on the image, which is, however, not seen
in our experimental STM images. Moreover, the inter-atomic spacing between the three combined Cu,
jons is much smaller than the value of 4.65 A measured from bright triangular defect in Fig. 3a.



S2: Models of Cu,O(111) surface structures
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Figure S2. Side (left) and top (right) views of (a) unrelaxed and (b) DFT-relaxed Cu,O (111) surface

structures. After structural relaxation, the height of Cu, atoms is lower than that of Cu, atoms, and Cu,
atoms are not at the centers of the hexagons formed by surface Cu,.



S3: Simulated STM images of (111) surface with isolated O.-vacancy

Fig. S3 shows the simulated STM images of a 3X3 Cu,O (111) surface with one oxygen vacancy.
From the relaxed structure, it is obvious that three Cu, atoms surrounding the oxygen vacancy were
displaced toward the oxygen vacancy after structural relaxation. Under +1.5 V simulation voltage (Fig.
S3a), the simulated image shows similar features as the surface with a higher oxygen vacancy
concentration (Fig. 3e), and also closely resembles the experimental STM image (Fig. 3a). Under -1.5 V
bias voltage (Fig. S3b), the oxygen vacancy site appears as a large protrusion, which is also consistent
with experiment (Fig. 1d).

(b)-1.5V

Fig. S3. Atomic structures and simulated STM images of 3x3 Cu,0O (111) surface with one oxygen
vacancy under bias voltages of (a) +1.5 V and (b)-1.5V.



S4: Defect formation energies on the Cu,O (111) surface

The formation energies of Cu and O vacancies are defined as

!
Eform = <E;71ilrcf + Z ni.ui) - Escuit}n
i=Cu,0
where Eggr and EG2%" indicate the energies of defected and clean surfaces, respectively. n; (i indicates

Cu or O) is the number of missing surface Cu or O atoms, and y; represents the chemical potential of the

missing atoms, which are correlated by 2uc, + o = #25%- Under oxygen-poor condition, i, and

y’c’ﬁé’é are taken as the DFT energies of bulk Cu and Cu.,O, respectively, and py is computed accordingly.

The mixing of GGA and GGA+U energies was taken into account following the formulism proposed by
Jain et al.

The vacancy formation energies were calculated using a 2X2 Cu,O (111) surface model. Fig. S4
presents the relaxed geometries and formation energies of Cu,O (111) surface with various types of
surface vacancies. Based on the DFT calculation, Cu vacancy is the energetically favorable defect type,
with the formation energy being negative (Figs. S4b and c), while O vacancy results in highly positive
formation energies (Figs. S4e and f), indicating that it is not thermodynamically stable.
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Fig. S4. (a) Geometry of clean 2x2 Cu,O (111) surface. DFT-calculated geometries and formation
energies of defected Cu,O (111) surface with (b) single Cu vacancy, (c) single O vacancy, (d) double Cu

vacancies, (e) one Cu and one O vacancy and (f) double oxygen vacancies. Blues and red spheres
represent the surface Cu and O atoms, respectively.



S5: Autocorrelation of STM images of Cu,O (111)

In order to develop a quantitative understanding of the likelihood of O defects grouping together, we
performed an autocorrelation on the images. At V=-1.5 V (Fig. 1d), O vacancies are identified by distinct
protrusions (Fig. 1d); therefore, a simple binary threshold filter which bins the points as one or zero based
on height creates a binary map of the defects. After subtracting a plane from the data and performing
three nearest pixel averages, we performed this filter to generate a binary map of the defects as seen in
Fig. S5, left; topographic values >1.3 A above the pristine surface were converted to 1’s, below were
converted to 0’s to produce T(xi, yj). Then we performed a simple autocorrelation:

N N
AC(Ax,Ay) = ZZ[T(xi,yj) X T(xi —Ax,y; — Ay)]
i=0

Jj=0

In Fig. S5, middle, we show the autocorrelation function on the same length scale as the original binary
image. A zoom in is shown in Fig. S5, right. The self-correlation peak appears in the center. The
periodicity of the Cu,O (111) unit cell is apparent in the image. Additionally, there are clearly missing
peaks in the autocorrelation at the nearest neighbor sites and the next nearest neighbor sites along the
primary axes, indicating that these defects are unlikely to be found at these relative locations (marked in
yellow circles). In other words, these defects are more likely to be found occupy sites that are further
apart than nearby one another occupying nearest neighbor or next-nearest neighbor sites (along primary
axes).
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Fig. S5. Autocorrelation function. Left: Binary image T(xi, yj) after performing the threshold process

(same data as Fig. 1d). The autocorrelation function AC(Ax, Ay) is shown in the middle panel and
zoomed in in the right panel, where dips in the map are shown with yellow circles (scale bar 1 nm).
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