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Fig. S1: (a) Temperature ramp for the in situ TPRx measurement. Activity data for Cu4 for (b) methanol 
and (c) methane under condition A (red circles) and condition B (black squares).  

Fig. S2: XANES standards for bulk Cu, Cu2O, CuO, and Cu(OH)2 measured at the APS 12-BM beamline in 
transmission mode.
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Fig. S3: XANES fitting curve for Cu4 clusters at 25 °C (a) and 375 °C (b) under condition B. XANES raw data 
(red curve) was fitted as a linear combination of the Cu standards. The fitted curves are overlaid in 
green.

Fig. S4: Evolution in 2D GISAXS images with temperature for Cu4 clusters. Schematics of the assembly of 
clusters are provided below the images for guidance. The temperatures are written within the 2D 
images. Gas flow conditions: CO2:H2 ratio was 1:3 with 1000 ppm O2 (condition B).
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Fig. S5: GISAXS cuts fitting using a log-normal distribution for Cu4 clusters at 275 °C under condition B.

Fig. S6: GISAXS cuts fitting using a log-normal distribution for Cu4 clusters at 375 °C under condition B.
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Fig. S7: Vertical cuts from GISAXS images on the Cu4 on Al2O3 sample under condition B during heat 
up. No indication of growth in the vertical plane was observed.  

 

Fig. S8: Evolution in oxidation state of Cu4 clusters under condition A (red squares/ line) and condition B 
(black squares/ line) O2. The oxidation state of Cu changes differently under different conditions. 
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Fig. S9: Horizontal cuts for alumina blank (a), and Cu4 clusters on alumina (b) under condition A. Under 
this condition there was practically no assembly formation. 

Fig. S10: XANES data for Cu12 clusters during heat up (red lines) and cool down (blue lines) under 
condition B.

Fig. S11: Evolution in size and Cu oxidation state for the nanoassembly made of Cu12 clusters (a). 
Composition of Cu12 clusters and its evolution with temperature under condition B (b).
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Fig. S12: Single cluster structures: Starting from the bulk structure of CuO, several atomistic 
configurations were investigated. In (a) and (b) two low-energy structural models of Cu4O4 nanoclusters 
are presented. The model in (b) is the energetically favorable one.

Fig. S13: Single cluster structures: The energetically favorable relaxed atomistic configuration of 
hydrogen-terminated Cu4O4H8 cluster is shown. The bond length between the O-H atoms is ~0.96 Å, 
while between Cu-O is 1.43 Å.

Fig. S14: Interactions between pairs of clusters: Multiple structural configurations were tried in order to 
identify H…O (hydrogen bonds) between the two Cu4O4H8 clusters. Shown here are relaxed atomistic 
configurations of two identical energetically favorable Cu4O4H8 clusters (as identified in Fig. S13) forming 
either pure H…O hydrogen bonds (a) or combinations of H…O hydrogen bonds with other H-related 
interactions (b). In the former, the formation energy was found equal to 1.3 eV, which corresponds to a 
H…O hydrogen bond (it should be noted that in literature the hydrogen bond energy is reported to vary 
from 0.065 eV, for very weak bonds, to 1.74 eV for very strong bonds) [A. B. Rubin, Compendium of 
Biophysics, Wiley, 2017]. In the latter, much higher formation energies were calculated. 


