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Abstract 

The electrochemical reduction of CO2 (CO2RR) into multicarbon compounds is a promising pathway 

towards renewable chemicals.  Structure-product selectivity studies highlight that copper (100) facets 

favour C2+ product formation. However, the atomic processes leading to the formation of (100)-rich 

Cu cubes remains elusive. Herein, we use Cu and graphene-protected Cu surfaces to reveal the 

differences in structure and composition of common Cu-based electrocatalysts, from nano to 

micrometer scales. We show that stripping/electrodeposition cycles lead to thermodynamically-

controlled growth of Cu2O micro/nanocubes, while multi-layered Cu nanocuboids form universally 

during CO2RR upon polarization-driven re-organization of Cu0 atoms. A synergy of electrochemical 

characterization by scanning tunnelling microscopy (EC-STM), operando EC-Raman and quasi-

operando X-Ray Photoemission spectroscopy (XPS) allows us to shed light on the role of oxygen on 

the dynamic interfacial processes of Cu, and to demonstrate that chloride is not needed for the 

stabilization of cubic Cu nanostructures.  
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Introduction 

The electrochemical reduction of carbon dioxide (CO2RR) holds promise for the production of 

renewable fuels and chemicals1. Extensive material screening conducted over the last three decades 

reveals that copper is the best suited element capable of converting CO2 to hydrocarbons2–4. Single 

crystal studies established the relationship between the structure and CO2RR product selectivity 

showing that Cu(100) facets are selective towards ethylene production5. Similar product selectivity 

was found for cube-shaped Cu nanoparticles, i.e., nanocubes with lateral size dimensions between 

several dozens of nanometres up to several micrometers6. The geometry of {100} planes and {110} 

edges greatly facilitates C─C bond formation towards C2+ products6,7. This structure-product 

selectivity relationship is especially viable for ethylene used as a precursor for plastics and ethylene 

glycol1, both yet to be produced through a carbon-neutral pathway. 

One of the main obstacles towards economically feasible CO2RR is the poor understanding of the 

reaction steps and complex processes occurring at the electrochemical interfaces during CO2RR. In a 

simple picture, both the electrode and the electrical double layer (EDL) are considered static; 

however, the latest literature reports that dynamic rearrangements of the electrode surface8 and 

EDL9,10 significantly change local reaction environments11. Such surface processes significantly change 

the initial morphologies of both Cu surfaces and Cu-based nanoparticles (NP). Operando 

electrochemical scanning tunnelling microscopy (EC-STM) studies reveal that Cu-based catalysts 

enrich in Cu(100) facets (multi-layered nanocuboids or mounds) during CO2RR/HER, both in the 

absence12,14 and the presence12,13,14 of CO2. Simultaneously, NPs undergo structural evolutions at the 

micrometre scale: shape transformations15 and degradation through a combination of nanoclustering 

and coalescence16. 

Structural evolutions occurring over both atomistic and micrometre scales17 underline the 

importance of tackling the open questions on Cu electro-catalysis through a combination of surface 

science techniques. A synergy of electrochemical characterization, operando spectroscopies and 
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microscopies thus provides an insight into the complex interfacial processes over different lateral and 

depth scales, while simultaneously overcoming resolution and detection limits inherent to each 

individual technique18. In-situ characterization is especially important for Cu catalysts due to their 

tendency to undergo rapid oxidation. The direct visualization of structural transformations at the 

atomic scale is possible by using scanning probe microscopies (SPM)19. High lateral resolution 

characteristic for SPM is compromised by the fact that only local reaction environments (surface 

areas < 5 μm at reasonable scan rates) can be imaged. Alternatively, scanning electron microscopy 

(SEM) and Transmission electron microscopy (TEM) is greatly used for NP characterization, but suffer 

from beam-induced damage, and NP shape loss due to oxidation processes. 

Cu catalysts rich in (100) facets can be prepared upon nanostructuring polycrystalline Cu surfaces: 

either through in situ emergence of nanocuboids during CO2RR12 or through oxidative-reductive 

cycling20,21. While nanocuboid formation has recently been reported as the main morphological 

evolution during CO2RR12,22, micro/nanocubes prepared upon cycling have been widely employed as 

CO2RR catalysts23,21,24,25. The cycling protocols employ chloride-containing electrolytes, assuming that 

the cube precursor is CuCl. Cubic CuCl, presumed to be formed during the anodic scan, converts to 

Cu2O NCs20,21. This hypothesis on CuCl-to-Cu2O NC transformation, while being valid for CuCl NP 

precipitation in liquid-phase Cu2O NCs synthesis based on a hydrolysis approach26, disagrees with the 

fact that chloride anions enhance anodic Cu dissolution during cycling.  

Here, we report on the differences between micro/nanocubes and nanocuboids formed in situ during 

CO2RR upon surface nanostructuring. To gain information on their morphologies and chemical 

compositions, we use a combination of microscopies (SEM, AFM, EC-STM) with operando EC-Raman 

(deep-surface sensitive) and X-ray photoelectron (near-surface sensitive) spectroscopy studies. Our 

results establish that the emergence of nanocuboids during CO2RR is a general phenomenon on Cu 

catalysts due to the potential-driven re-organization of metallic Cu atoms. Moreover, we show that 

the cubic morphology is inherent to cycling protocols that lead to Cu dissolution in the anodic scan 
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and subsequent electrodeposition in the cathodic scan. Our findings clarify the role of oxygen for 

stabilization of the microscopic cubic morphology and discard the hypothesis that chloride is needed 

as a precursor. This study highlights the importance of combined surface science studies for 

detangling the complex interfacial processes occurring on Cu during CO2RR and thus, offers a novel 

outlook for synthesis optimization and stability issues related to Cu(100)-rich catalysts. 

Results 

Morphology of nanocuboids versus micro/nanocubes 
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Figure 1. Morphology of Cu-based nanocuboids and micro/nanocubes prepared by 
electrosynthesis: nanostructuring versus electrochemical cycling. a, Constant-potential polarization 
of g-Cu at -1 V vs Pt pseudo-reference electrode and electrochemical cycling of g-Cu between -0.6 V 
and +0.6 V vs RHE in 0.1 M CO2 saturated KHCO3. b, AFM and EC-STM images of the nanocuboids 
prepared upon surface reconstruction on g-Cu together with the corresponding schemes. c, Top 
panel: AFM height image of Cu2O nanocubes formed upon cycling. The white arrows denote the scan 
lines in which NCs were picked up by the AFM tip. Bottom panel: STM image showing the 
polycrystalline Cu underneath G- after cycling up to +0.9 V vs RHE in 0.1 M CO2 saturated KHCO3. The 
regions marked on AFM images with the squares are superimposed to highlight the size differences 
between AFM and STM images. 
 

To study the early stages of the Cu cubic feature formation, we used both polycrystalline pristine Cu 

foils (Cu), and Cu covered by a monolayer of graphene (g-Cu, see Methods for details) that have a 
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similar product selectivity for CO2RR. 12  As the role of oxides on Cu during CO2RR is under debate12,27–

31,  g-Cu was chosen because graphene acts as a protection layer towards air oxidation32 allowing us 

to spectroscopically distinguish the differences in chemical composition between the Cu 

micro/nanocubes on top of graphene and the underlying Cu substrate, which remains mostly metallic 

upon electrochemical/air oxidation. Moreover, its flatness and well-defined electronic structure 

facilitates high-resolution SPM characterization (Supplementary Fig. 1). In the case of EC-STM, we 

have recently shown that one can scan preferentially the same region either on top or underneath 

graphene, by finding the bias conditions where graphene is transparent to STM12. 

Figure 1 compares the morphologies of the nanocuboids synthetized on g-Cu upon constant-

potential polarization and the micro/nanocubes prepared upon cycling. Nanocuboids were formed 

upon constant-potential polarization of g-Cu in 0.1 M CO2 saturated KHCO3 (Figure 1.b)12.  AFM 

images of as-treated g-Cu show that the initial flat Cu surface (Supplementary Fig. 1) became 

‘granular’, similar to the uncovered Cu surfaces reported by Arán-Ais et al33. High-resolution EC-STM 

images of the Cu surface underneath graphene reveal that the nanocuboids are (100) facet 

multilayers. For g-Cu, graphene remained intact during surface evolution (Supplementary Fig. 2). As a 

result, nanocuboids were covered by graphene, and no nanoparticles are found on top of graphene 

(Figure 1.a). 
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Figure 2. Micro/nanocube clusters prepared upon electrochemical cycling on g-Cu.  a, AFM image of 
micro/nanocube clusters on a wrinkled graphene area together with STM image showing the area of 
the exposed Cu surface and unfolded graphene on pristine g-Cu. Graphene wrinkles over the shallow 
etch pit formed upon local dissolution of the Cu surface (see scheme). b, SEM image showing the 
micro/nanocube clusters and the etch pits on g-Cu cycled for 101 cycles. c, AFM images showing 
micro/nanocube formed on top of graphene and close to the graphene defects (here, close to the 
graphene edge).  

When turning to the electrochemical cycling protocol, micro/nanocubes were synthesized by cycling 

of g-Cu in 0.1 M CO2 saturated KHCO3 (Figure 1.c). The protocol was modified from the methods24 

reported previously in order to prepare small NCs suitable for AFM/STM studies. After five cycles, the 

surface was sparsely populated with nanocubes (edge length≈ 25 nm3). These nanocubes are on top 

and weakly attached to graphene; their high mobility thus challenges AFM imaging. STM reveals that 
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the Cu surface underneath graphene remains flat and polycrystalline (Supplementary Figs. 3 and 4). 

Any changes in the cycling protocol affect micro/nanocube size and coverage, both increasing with 

the number of cycles (Figure 2). Also, the well-defined etch pits on the Cu surface formed after 101 

cycles suggest that micro/nanocube formation is closely associated with Cu dissolution of uncovered 

areas and through graphene defects. Furthermore, the increase in the oxidation vertex potentials to 

the potentials higher than +0.6 V vs RHE resulted in the formation of micro/nanocube clusters rather 

than stand-alone cubes. The clusters are situated around the areas of wrinkled graphene, likely 

formed upon relaxation of graphene over the shallow Cu etch pit (Figure 2.b). Additional AFM images 

of cube clusters confirm that cubes preferentially form close to the graphene defects (Figure 2.c). 

Finally, no micro/nanocubes were formed when restricting the cycling potential window below the 

Cu dissolution potential; as in, e.g., an attempt to prepare micro/nanocubes through electrochemical 

cycling between -0.7 and -0.2 V vs RHE (Supplementary Fig. 5). Taken together, these results show 

that cycling leads to Cu dissolution in the anodic sweep and electrodeposition of as-dissolved Cu 

species on top of graphene in the cathodic sweep. 

Chemical composition of cuboids vs micro/nanocubes 

The chemical composition of pristine Cu, g-Cu before and after in contact with the electrolyte, and 

nanocuboids and micro/nanocubes prepared upon constant-potential polarization and cycling were 

studied by quasi-operando XPS (Figure 3.a). The UHV-electrochemistry set-up34 allows control over 

the atmosphere conditions during the sample preparation (conducted inside the UHV-compatible EC 

cell saturated with CO2), direct sample transfer to the UHV environment, and air-free transfer to the 

XPS set-up.   

Cu LMM Auger spectra are used to determine the occurrence of Cu2+/Cu+ species (predominant peaks 

at 918.4 eV, 916.5 eV, and 917.8 eV are related to metallic Cu, Cu+ and Cu2+, respectively), while the 

O1s spectra are employed to assess the presence of the oxygen-containing surface species. The O1s 

peak component centred at 532 eV (marked in grey) remained constant for all treatments; we 
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associate it with adsorbed H2O/OH species35 and surface adsorbates36 (see AFM image in 

Supplementary Fig. 6) with a minor contribution from graphene defects37,38 (consistent with the C1s 

spectra in Supplementary Fig. 7, showing a dominant C sp2 peak and minor contributions from C=O 

and C-O). On the other hand, the O1s peaks at 530.2 eV and 529.7 eV are attributed to the presence 

of Cu2O and CuO, respectively37,39. 

The pristine g-Cu sample was slightly oxidized with a dominant Cu LMM signal from metallic Cu and a 

minor amount of Cu2O and CuO (Figure 3.a, red panel). Both Cu2O and CuO components are due to 

CuxO formed upon the unavoidable local ambient oxidation of Cu, proceeded by intercalation of 

oxygen and water through the graphene defects, as suggested by Kwak et al32. Furthermore, the 

CuLMM spectrum of the g-Cu after the formation of the nanocuboids during CO2RR displays metallic 

Cu with a small amount of Cu2O (Figure 3.a, green panel). As the initial oxidation state can vary from 

sample to sample and we cannot fully discard the presence of oxygen traces during the transfer, it is 

important to point out that XPS/Auger analysis shows only qualitative trends, even when the 

measurements were performed in the exact same samples before and after the EC treatments to do 

meaningful comparisons. These results, together with the operando EC-Raman spectra discussed 

below, indicate that the surface remains metallic during CO2RR but Cu2O is rapidly formed once the 

sample is at open circuit potential. In agreement with AFM (Figure 1.b), STM results (Supplementary 

Fig. 2) and Raman spectra12, the C1s spectrum obtained on the g-Cu sample with nanocuboids 

(Supplementary Fig. 7) confirms that the emergence of nanocuboids creates no additional defects in 

graphene and that they are fully covered by graphene. In contrast, micro/nanocubes prepared upon 

electrochemical cycling are mostly composed of CuxO (Figure 3.a, blue panel). Deconvolution of 

CuLMM spectrum reveals that micro/nanocubes on top of g-Cu have 38% Cu0, 58% Cu2O, and 4% 

CuO. Therefore, a simultaneous increase in the CuO and Cu2O O1s components after the cycling 

protocol confirms the formation of CuxO micro/nanocubes. 
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Figure 3 (Quasi-) operando spectroscopy of Cu nanocubes. a, Quasi-operando XPS spectra of 
as-received g-Cu, nanocuboids, and nanocubes. b, Operando EC Raman spectroscopy of g-Cu 
recorded at different potentials during cycling. (i) Cyclic voltammogram of g-Cu in 0.1 M CO2 

saturated KHCO3 (pH=6.8) recorded at a scan rate of 5 mV/s. The arrow denotes the scanning 
direction. Different colors denote the potential ranges over which operando Raman spectra, in (ii), 
were recorded. 
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As a control experiment aiming to test the role of graphene on the chemical identity of nanocuboids 

vs micro/nanocubes, we performed the same experiments on polycrystalline Cu foil (Supplementary 

Fig. 9). The Cu surface remains mostly metallic upon in situ emergence of the nanocuboids during 

CO2RR, while similar trends in the increase of the Cu2O component in the O1s spectra and a decrease 

in the Cu/Cu+ ratio observed after electrochemical cycling confirm differences between the chemical 

composition of nanocuboids vs micro/nanocubes. 

We remark that quasi-operando XPS measurements were conducted under open circuit potential 

(OCP) conditions, i.e. rapid local oxidation through the graphene defects occurs.  To gain further 

insights into the micro/nanocube formation during cycling, we tracked the changes in the chemical 

state of g-Cu during the first cycle using operando Raman spectroscopy. Characteristic Raman 

signatures of CuxO and graphene allow us to investigate simultaneously the oxidation state of Cu and 

the stability of graphene. Raman spectra were recorded at different potentials as g-Cu electrode was 

cycled in 0.1 M CO2 saturated KHCO3 between -0.6 V and +0.9 V vs RHE. The spectra acquired at OCP 

reveal the presence of the Cu2O band (645 cm-1)40,41 and the characteristic graphene G band (1585 

cm-1)41. This result, together with quasi-operando XPS results for the g-Cu before and after the 

electrolyte contact (Supplementary Fig. 8−9), suggests that pristine g-Cu is slightly oxidized due to air 

oxidation. The reduction of the native oxide starts at the potential of ≈ 0 V vs RHE, while it gets fully 

reduced at potentials less negative than -0.2 V vs RHE. In the anodic scan, Cu under graphene 

remains metallic for potentials up to +0.9 V vs RHE. Simultaneous appearance of the Cu oxidation 

peaks (denoted as AI and AII in Figure 3.b and assigned to oxidation) suggests oxidation of Cu surface 

exposed through graphene defects. We also tested the oxidation behaviour of g-Cu over the wide 

potential range (Supplementary Fig. 10). The Cu surface under high-quality graphene remains 

metallic after the potential sweeps up to +1.1 V vs RHE. 

Effect of chloride on the Cu micro/nanocube morphology  
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To investigate the role of additives on the Cu2O micro/nanocube growth, we examined the effect of 

chloride. CuxO micro/nanocubes were prepared upon electrochemical cycling between -0.6 V and 

+0.9 V vs RHE in chloride-free 0.1 M CO2 saturated KHCO3 (Figure 4.a) and in 4 mM KCl + 0.1 M CO2 

saturated KHCO3 (Figure 4.b). SEM was used to characterize the micro/nanocubes prepared on 

polycrystalline Cu foil after 100 cycles, AFM was used to visualize the micro/nanocubes prepared on 

g-Cu after five cycles. Cubic contours are discernable on both Cu foil and g-Cu cycled in the chloride-

free electrolyte. On g-Cu, AFM reveals the smooth morphology of the underlying g-Cu and 

micro/nanocube clusters randomly distributed along the g-Cu substrate. 
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Figure 4. Effect of chloride on the CuxO micro/nanocube formation. a, Cu micro/nanocubes 
synthesized in a chloride-free electrolyte. (i) SEM image of CuxO micro/nanocubes prepared upon 
cycling of a polycrystalline Cu foil in a chloride-free electrolyte together with the corresponding size 
distribution. (ii) AFM image of Cu micro/nanocubes on graphene upon cycling of g-Cu. b, CuxO 
micro/nanocubes synthesized in a chloride-containing electrolyte. (i) SEM image of the CuxO 
micro/nanocubes prepared upon electrochemical cycling of polycrystalline Cu foil in a 
chloride-containing electrolyte together with the corresponding size distribution. (ii) AFM image of 
Cu xO micro/nanocubes on g-Cu synthesized upon electrochemical cycling. 

The stripping/redeposition cycling method gradually stabilizes a cubic morphology and selectively 

exposes the (100) facets of Cu2O24,42. NP prepared in chloride-containing electrolytes exhibit similar 

structures as the ones prepared without chloride, but are six times larger. The most likely mechanism 

involves chloride enhancing the local dissolution of Cu, leading to the high concentration of the Cu 

ions close to the surface, which get electrodeposited in the cathodic scan on the graphene. 

Discussion 
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The combination of electron and scanning probe microscopies characterization with operando 

spectroscopies highlights the morphological and compositional differences between Cu nanocuboids 

formed during CO2RR and CuxO micro/nanocubes prepared upon electrochemical cycling. Moreover, 

we employ g-Cu as a model system that allows us to distinguish the differences in surface processes 

leading to the formation of metallic Cu nanocuboids underneath graphene vs the ones resulting in 

Cu2O micro/nanocube formation on top of graphene. This approach gives an unprecedented insight 

into their formation mechanisms. 

Cu-based CO2RR catalysts undergo nanostructuration during CO2RR (Figure 5, top panel). We 

highlight that nanocuboids are (100) facet multilayers (mounds) with lateral dimensions less than 100 

nm. Their heights are determined by the number of the surface layers per mound, strongly 

dependant on the conditions of the surface prior to CO2RR and CO2RR conditions (electrolyte, 

potential, polarization time). Nanocuboids are imperceptible by SEM43. Moreover, they lose their 

square contours upon ambient oxidation and thus, appear as granular structures in post-mortem 

AFM and STM studies. This highlights the importance of operando surface-sensitive studies for 

understanding the in situ surface physics processes during CO2RR, including nanocuboid formation as 

a morphological evolution occurring on all Cu electrocatalysts during CO2RR, regardless of their 

microscopic precursor morphology12,22. 
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Figure 5. Formation mechanisms of the nanocuboids and micro/nanocubes. Top panel: Scheme 
showing the formation of the Cu nanocuboids upon potential-driven re-organization of the metallic 
Cu atoms during CO2RR. Bottom panel: Scheme showing the formation of Cu2O micro/nanocubes 
through sequential dissolution/electrodeposition cycles. 

EC-STM, quasi-operando XPS (near-surface sensitive) and operando EC-Raman spectroscopy (deep-

surface sensitive) confirm that the nanocuboids are metallic Cu(100) mounds. The native oxide, if 

present, is fully reduced at potentials more negative than 0 V vs RHE, i.e., at low CO2RR potentials27,31. 

Furthermore, our spectroscopic data allow us to discard the role of Cu+ species on the nanocuboid 

formation that occurs via the re-organization of metallic Cu atoms in the top-most surface layers 

(Figure 5, top panel).12 

When turning to the electrochemical cycling protocol, we demonstrate that the preparation of Cu2O 

micro/nanocubes occurs through electrochemical cycling both in chloride-free and chloride-

containing electrolytes. The observation of micro/nanocube formation in chloride-free electrolytes, 

together with the absence of CuCl intermediates upon cycling reported by Eilert et al. in chloride-

containing electrolytes44, disproves the hypothesis that CuCl determines the cubic morphology of the 

as-formed micro/nanocubes20,21.  
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From the above results, we propose the formation mechanism of micro/nanocubes upon 

electrochemical cycling of Cu surfaces in Cu-ion free electrolytes (Figure 5, bottom panel). In the 

anodic sweep, the Cu surface exposed to the electrolyte through graphene defects dissolves, while 

Cu surface underneath graphene remains metallic. This suggests that the exposed Cu areas act as 

local Cu ions sources, while both graphene and Cu underneath it are electrochemically inactive. 

These Cu ions in the solution then get reduced and electrodeposited on top of graphene in the 

cathodic sweep. As-formed nuclei transform into the Cu2O micro/nanocubes in the consecutive 

stripping/deposition cycles46. Cube morphology is thus a direct consequence of the thermodynamic 

stability of the Cu2O (100) facets, where the surface energies of Cu2O increase in the following order: 

γ(100) < γ(111) < γ(110)47. 

Cu dissolution at such low potentials is rather surprising. One should bear in mind that corresponding 

CVs appear featureless, which might be misinterpreted as if neither surface morphology nor the 

chemical state is changing. However, the corrosive properties of KHCO3 electrolyte have been 

suggested earlier48, and only a recent study shows that dissolution to Cu+ starts at +0.5 V vs RHE45. 

Interestingly, dissolution occurs regardless of the local pH.  

This mechanism also describes well Cu2O micro/nanocube formation on a Cu foil. Our results suggest 

that the stabilization of Cu2O(100) facets upon dissolution/electrodeposition cycles seems more likely 

than the direct oxidation to Cu(ll) carbonate-hydroxide micro/nanocubes, which occurs upon 

prolonged polarization at +0.7 V vs RHE 44, rather than upon cycling. The same mechanism also 

explains the formation of CuxO NCs prepared upon cycling to high oxidation potentials (e.g., > +0.8 V 

vs RHE in reference 45 and 49), where Cu dissolution to Cu2+ ions leads to the electrodeposition in the 

cathodic sweeps. 

Our observations rule out the need of chloride in the CuxO micro/nanocube formation. Chloride, 

often added as an additive in electrochemical cycling25, changes the oxidation mechanism and 

enhances the local dissolution50. This strategy allows control over the CuxO (micro/nano)cube size 
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and coverage: high concentration of Cu species, here formed upon anodic dissolution of Cu surface, 

leads to the formation of larger cubes densely populating the substrate. However, the cubic 

morphology is inherent to the cycling protocols. 

Conclusions 

In summary, we have revealed the mechanisms of formation of Cu2O micro/nanocubes and Cu (100)  

nanocuboids through two distinct in-situ electrosynthesis methods, namely electrochemical cycling 

and potential driven nanostructuration.  Electrosynthesis protocols relying on cycling originate from 

the stripping/electrodeposition cycles, which lead to the growth of the Cu2O nanocrystals and their 

evolution to micro/nanocubes. The cube morphology is a result of the thermodynamics of the crystal 

Cu2O growth in the absence of any additives. Chloride anions, often added during electrosynthesis, 

enhance Cu dissolution in the stripping cycle, but have no role in the stabilization of the NCs. 

Regardless of the inital micro/nanocubic structure, under CO2RR conditions, the oxide layer is 

removed and a polarization-driven nanostructuration of the surface takes place, resulting in the re-

organization of the metallic Cu atoms into few nanometer-sized metallic nanocuboids. Our results 

highlight that a combination of the complex surface processes and electrochemical reactions 

occurring in the presumably safe electrochemical windows drastically change the morphologies of 

Cu-based catalysts. These morphological changes are imperceptible for both post-mortem and 

surface-insensitive spectroscopic studies, but are key to explain the trends observed in CO2RR 

product selectivity that are ultimately the result of processes occurring at the atomic scale.  
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Methods 

Samples. All experiments were performed on bare, polycrystalline Cu foils or on graphene-covered 
polycrystalline Cu foils (g-Cu). More details can be found in Supplementary Information.  

Sample preparation: nanocuboids. Cu nanocuboids form during CO2RR: the samples with Cu 
nanocuboids were thus prepared following the reference 12, i.e., upon chronoamperometric 
polarization at -1 V vs Pt pseudo-reference electrode (-0.03 vs RHE) in 0.1 M CO2 sat. KHCO3 for 4 
hours. 

Sample preparation: micro/nanocubes. Cu2O micro/nanocubes were prepared on g-Cu and bare Cu 
foils upon electrochemical cycling in 0.1 M CO2 sat. KHCO3 or 4 mM KCl/0.1 M CO2 sat. KHCO3 in a 
potential window between -0.6 V and +0.6 V vs RHE or up to +0.9 V vs RHE at a sweep rate of 
50 mV/s for five, twenty or 101 cycles.  

Morphological characterization. SEM images were acquired on Zeiss Gemini SEM using an 
accelerating voltage of 3 kV. AFM images were acquired in Peak Force mapping mode on Fast Scan 
Bio AFM (Bruker) coupled with Nanoscope Controller V and Nanoscope Software 8.15. We use 
FastScan-B tips (Bruker, radius of 5 nm, nominal k values of 1.8 N/m). STM characterization was 
carried out on the Dimension Icon STM (Bruker) coupled with the Nanoscope Controller V and 
Nanoscope Software 8.15 in a constant-current mode. STM and EC-STM characterization was carried 
out on freshly-prepared samples at room temperature. 

Quasi-operando XPS. To minimize oxidation of the sample after electrochemical treatments, the 
samples characterized by XPS were prepared in the controlled environment and transferred to XPS 
chamber through an air-free transfer system. A home-built sample transfer system between UHV and 
electrochemical environment was implemented34. The samples were then transferred to the XPS 
using a vacuum suitcase (Ferrovac).  The XPS measurement was conducted on a commercial Kratos 
AXIS Ultra system with a monochromatized Al Kα source with a base pressure in the lower range. The 
fitting procedure is described in the Supplementary information. 

Raman spectroscopy. 

Operando Raman studies were performed on an inVia Raman spectrometer (Renishaw) coupled with 
a confocal microscope, VersaSTAT 4 Potentiostat (Ametek), and a home-built electrochemical cell 
made of polytetrafluoroethylene. Raman spectra were collected using a water-immersion objective 
(Leica, 64×), 488 nm laser in line illumination mode, and 2400 lines/mm gratings. Line length was ≈ 
12 μm; eight spectra were collected over 74.4 μm2 area. Exposure time was 35 seconds per four 
spectra. The cell was equipped with a silver/silver chloride (Ag/AgCl) reference electrode immersed 
in 3 M NaCl solution (ProSense) and a coiled gold wire as a counter electrode. Cyclic voltammetry and 
linear sweep voltammetry were carried out on g-Cu samples as working electrodes (Ageo≈0.28cm2). 
The cell was equipped with a silver/silver chloride (Ag/AgCl) reference electrode immersed in 3 M 
NaCl solution (ProSense) and a coiled gold wire as a counter electrode.  
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