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Electroreduction of CO2 into useful fuels, especially if driven 
by renewable energy, represents a potentially ‘clean’ strategy for 
replacing fossil feedstocks and dealing with increasing CO2 emissions 
and their adverse effects on climate1–4. The critical bottleneck lies in 
activating CO2 into the CO2

•− radical anion or other intermediates 
that can be converted further, as the activation usually requires 
impractically high overpotentials. Recently, electrocatalysts based 
on oxide-derived metal nanostructures have been shown5–8 to enable 
CO2 reduction at low overpotentials. However, it remains unclear 
how the electrocatalytic activity of these metals is influenced by 
their native oxides, mainly because microstructural features such 
as interfaces and defects9 influence CO2 reduction activity yet 
are difficult to control. To evaluate the role of the two different 
catalytic sites, here we fabricate two kinds of four-atom-thick layers: 
pure cobalt metal, and co-existing domains of cobalt metal and 
cobalt oxide. Cobalt mainly produces formate (HCOO−) during 
CO2 electroreduction; we find that surface cobalt atoms of the 
atomically thin layers have higher intrinsic activity and selectivity 
towards formate production, at lower overpotentials, than do surface 
cobalt atoms on bulk samples. Partial oxidation of the atomic layers 
further increases their intrinsic activity, allowing us to realize stable 
current densities of about 10 milliamperes per square centimetre 
over 40 hours, with approximately 90 per cent formate selectivity at 
an overpotential of only 0.24 volts, which outperforms previously 
reported metal or metal oxide electrodes evaluated under comparable 
conditions1,2,6,7,10. The correct morphology and oxidation state can 
thus transform a material from one considered nearly non-catalytic 
for the CO2 electroreduction reaction into an active catalyst. These 
findings point to new opportunities for manipulating and improving 
the CO2 electroreduction properties of metal systems, especially once 
the influence of both the atomic-scale structure and the presence of 
oxide are mechanistically better understood.

To explore the catalytic role of metal sites and metal oxide sites, we 
first construct a system containing a 4-atom-thick metal layer and then 
create the corresponding metal oxide on its surface. The atomic thick-
ness of this model system ensures that most of the metal atoms are 
present as either surface atoms or surface ions11,12, so we can explore 
how the presence of a surface oxide influences the catalytic activity 
of the corresponding metal. We focus on cobalt (Co) because metals 
with loosely bonded d electrons and the resulting high electrical con-
ductivity are promising for CO2 reduction13, and because both Co and 
its oxide are widely used catalysts14–16. Importantly, the spontaneous 
oxidation of Co nanostructures in air is relatively slow17, and the use of 
other gases makes it possible to manipulate and control the oxidation 
process18. However, strong in-plane bonds and the lack of an intrinsic 
driving force for two-dimensional anisotropic growth make the syn-
thesis of Co atomic layers and the controlled conversion of such layers 
into partially oxidized atomic layers very challenging.

We produced freestanding 4-atom-thick Co sheets with and without 
surface Co oxide using a ligand-confined growth strategy, in which 

the use of dimethylformamide and n-butylamine proved crucial for 
reducing the metal ions and enforcing a sheet-like morphology, respec-
tively (Extended Data Fig. 1). The starting reagent cobalt(III) acetylac-
etonate, Co(acac)3, initially hydrolyses into [Co(H2O)6]3+, on which  
n-butylamine is adsorbed to reduce surface energy and avoid aggrega-
tion (Fig. 1a and Extended Data Fig. 2a) until sheet-like products grad-
ually appear during the subsequent condensation process (Extended 
Data Fig. 2b). Controlled fabrication of either partially oxidized or pure 
Co atomic layers is achieved by using dimethylformamide to gradually 
reduce the cobalt ions19 (Fig. 1a), illustrated by the products obtained 
at 220 °C after reaction times of either 3 h or 48 h.

Transmission electron microscope (TEM) images of the product 
obtained after 3 h reveal a sheet-like morphology, while the powder 
X-ray diffraction (XRD) pattern can be readily indexed to hexagonal 
Co (Extended Data Fig. 3a, b). High-resolution TEM images demon-
strate that the majority of these two-dimensional sheets correspond to 
the [001]-oriented hexagonal Co (Fig. 2a, b and Extended Data Fig. 3c), 
with average sheet thickness of 0.84 nm determined with atomic force 
microscopy (Fig. 1b, c), close to the 0.82-nm thickness of a 4-atom-thick 
Co slab along the [001] direction. Lateral high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) imaging 
confirms the 4-atom layer thickness (Fig. 1d–g).

However, the high-resolution TEM images in Fig. 2a and c also reveal 
the presence of another distinct structural domain with an interplanar  
spacing of 0.205 nm and dihedral angle of 90°. This domain cor-
responds to the (400) plane of cubic Co3O4, which is embedded in 
the metallic Co lattice (see schemes in Fig. 2d and e; another high- 
resolution TEM image from a larger area of an individual sheet show-
ing Co oxide embedded in Co metal is provided in Extended Data 
Fig. 3c). Elemental mapping (Fig. 2f–h) supports the conclusion that 
Co metal and Co oxide co-exist in this sample. This is also consistent 
with the observation of micro-Raman peaks at 482 cm−1, 523 cm−1, 
621 cm−1 and 694 cm−1 (Fig. 2i), which correspond to a Co3O4 phase20 
and that disappear upon increasing the reaction time to 48 h. Taken 
together, these observations demonstrate that the 4-atom-thick Co 
sheets obtained after 3 h at 220 °C contain some Co oxide, whereas 
increasing the reaction time to 48h leads to the formation of pure Co 
4-atom-thick layers.

To characterize the performance of the materials as CO2 reduction 
electrocatalysts, they were loaded onto a glassy carbon electrode that 
served as the working electrode; linear sweep voltammetry was carried 
out using a CO2-saturated 0.1 M Na2SO4 solution in a three-electrode 
set-up. Use of the partially oxidized Co 4-atom-thick layers generates 
a current density of 10.59 mA cm−2 at −0.85 V versus a saturated calo-
mel electrode (SCE) (Fig. 3a), roughly 10, 40 and 260 times larger than 
the current densities obtained with the pure-Co 4-atom-thick layer 
(Extended Data Fig. 4), the partially oxidized bulk Co and bulk Co 
(Extended Data Fig. 5), respectively.

Quantification of the solution-phase products by 1H nuclear mag-
netic resonance (NMR) shows that of the four samples, the partially 
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oxidized Co 4-atom-thick layers attain the highest Faradaic efficiency 
for formate production of 90.1% at −0.85 V versus SCE (Fig. 3b and 
Extended Data Fig. 6a, b)21. H2 evolution, quantified by gas chroma-
tography, accounts for the remaining ~10% of the charges passed. The 
linear sweep voltammetry curves in N2-saturated 0.1 M Na2SO4 solu-
tion indicate that the ultrathin structure and the presence of surface Co 
oxide also increase the H2O reduction activity of the catalyst system 
(Fig. 3a). A 13CO2 labelling experiment involving the same set-up and 
8-h electrolysis yielded a product that generates an obvious 13C NMR 
peak at 168.5 parts per million, attributed to H13COO−, and a 1H NMR 
doublet, corresponding to the proton coupled to the 13C of H13COO− 
(Extended Data Fig. 6c, d)22, confirming that formate is indeed derived 
from CO2.

Taking the reduction potential of E = −0.61 V versus SCE for the 
CO2/HCOO− couple in CO2-saturated 0.1 M Na2SO4 solution3, the 
potential of −0.85 V versus SCE used in our experiments corresponds 
to an overpotential of 0.24 V. To the best of our knowledge, achieving 
at such a low overpotential a current density as high as 10.59 mA cm−2 
and 90.1% formate selectivity has not been possible with any of the 
previously reported metal or metal oxide electrodes evaluated under 
comparable conditions1,2,6,7,10. Intriguingly, when using the partially 
oxidized Co 4-atom-thick layers as the working electrode, CO2 reduc-
tion initiated at −0.68 V versus SCE with a measured Faradaic effi-
ciency for formate formation of 2.3% (Fig. 3a, b). This corresponds to 
an overpotential of only 0.07 V, comparable to that achieved with highly 
active Pd nanoparticles dispersed on a carbon support21.

The remarkably enhanced activity of the ultrathin nanostructured 
catalysts is partly due to their increased electrochemical surface area 
(ECSA; see Methods for details) that provides a larger number of  
catalytically active sites. The fivefold ECSA increase from bulk Co to Co 
4-atom-thick layers is an important contributor to the 26-fold increase 
in catalytic activity (Fig. 3a, c). Interestingly, the partially oxidized Co 
4-atom-thick layers exhibited nearly the same ECSA as the Co 4-atom-
thick layers, yet also a tenfold higher catalytic activity that must there-
fore be due to the presence of intrinsically more active sites associated 
with the Co oxide. This conclusion is supported by the relative perfor-
mance of partially oxidized bulk Co and intact bulk Co (Fig. 3a, c), and 
by the finding that catalytic current densities gradually increase as the 
amount of Co oxide in the Co 4-atom-thick layers increases (Extended 
Data Fig. 7). During 40-h electrocatalysis tests, the partially oxidized 
Co 4-atom-thick layers show negligible decay in current density while 
maintaining a formate Faradaic efficiency of approximately 90% (Fig. 3d  
and Extended Data Fig. 6b). This suggests good stability, which is also 
confirmed by XRD, Raman and TEM characterization before and 
after use (Extended Data Fig. 8). Stability testing for Co 4-atom-thick 
layers and bulk Co also indicates that they do not undergo obvious 
oxidation or corrosion during long-term electrolysis (Extended Data  
Figs 9 and 10).

Volumetric CO2 adsorption measurement, carried out to explore the 
reason for the enhanced electrocatalytic activity observed, reveals that 
the Co 4-atom-thick layer system absorbs more CO2 than its bulk coun-
terpart and that partial oxidation increases CO2 adsorption capacity 

Figure 1 | Synthetic scheme and characterizations 
of Co 4-atom-thick layers with and without surface 
oxide. a, Schematic formation process of the partially 
oxidized and pure-Co 4-atomic-layer, respectively.  
b–g, Characterizations for the partially oxidized Co 
4-atomic-layers: atomic force microscopy image (b) 
and the corresponding height profiles (c) (we note 
that the numbers from 1 to 3 in c correspond to the 
numbers from 1 to 3 in b), lateral HAADF-STEM 
image (d) and the corresponding intensity profile 
along the pink rectangle in d, directly showing 
the 4-atom thickness of the layer (e), and the 
corresponding crystal structures (f, g). a.u.,  
arbitrary units.
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further (Fig. 4a). This suggests that the change in oxidation state and 
increase in surface area synergistically favour CO2 adsorption, the pre-
requisite first event before further reduction reactions can take place. It 
is commonly accepted that on metal electrodes3,5–8,23,24, the adsorbed 
CO2 is initially reduced to the CO2

•− intermediate, which could then 
react further according to:

CO2 (g) + * → CO2*                         (1)

CO2* + e− → CO2
•−*                         (2)

CO2
•−* +  H+ + e− → HCOO−*                        (3)

HCOO−* → HCOO− + *                         (4)

where the asterisk denotes a catalytically active site and e− is an elec-
tron. ECSA-corrected Tafel slopes for formate production (see Methods 
for details) catalysed by the partially oxidized bulk Co and by bulk  
Co are both close to 118 mV per decade of current (Fig. 4b), indic-
ative of the involvement of a rate-limiting 1e− transfer from CO2 to  
CO2

•− (refs 5–8).

Figure 2 | Characterizations for the partially oxidized 
Co 4-atom-thick layers obtained at 220 °C for 3 h. 
a, High-resolution TEM image. b, c, Enlarged high-
resolution TEM images. d, e, The related schematic atomic 
models, clearly showing distinct atomic configuration 
corresponding to hexagonal Co and cubic Co3O4.  
f–h, Elemental mapping. i, Micro-Raman spectra for  
the products obtained at 220 °C for 3 h (red line) and 48 h 
(black line).
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highest Faradaic efficiencies. The error bars in b and c 
represent the standard deviations of five independent 
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In contrast, corresponding Tafel slopes of close to 59 mV per decade 
obtained with the partially oxidized Co 4-atomic-layers and Co 4-atomic- 
layers are compatible with a reduction mechanism encompassing a 
fast pre-equilibrium involving 1e− transfer to form CO2

•− and a sub-
sequent slower chemical reaction as the rate-determining step5–8. If this 
is indeed the case, it appears that Co atoms confined in atomic layers are 
able to facilitate CO2 activation by stabilizing the CO2

•− intermediate 
more effectively than can be achieved by their bulk counterpart. We 
speculate that the further decrease in Tafel slope from 55 mV per dec-
ade to 44 mV per decade and the lowering of the onset potential from 
0.73 V to 0.68 V upon partial oxidation of the Co 4-atom-thick layers 
(Figs 3b and 4b) might be due to Co oxide facilitating the rate-deter-
mining chemical reaction, probably the H+ transfer step (equation (3)). 
We note, however, that the reaction mechanism remains uncertain and 
that further efforts are needed to gain in-depth understanding of the 
individual steps involved.

Our synthetic strategy has allowed us to produce a well controlled 
model system to explore the influence of both atomic-scale structure 
and the presence of an oxide on the activity of a metal catalyst. ECSA-
corrected Tafel plots and Faradaic efficiencies clearly demonstrate that 
Co-based catalysts in the form of 4-atom-thick layers exhibit higher 
intrinsic activity and selectivity for formate production at lower over-
potentials than the bulk material, and that partial oxidation improves 
the intrinsic activity of the system significantly further. Thus the 
appropriate morphology and oxidation state can transform a material 
considered nearly non-catalytic for CO2 reduction into a very active 
and robust catalyst, calling for a re-thinking of accepted strategies for 
developing efficient CO2 electroreduction catalysts.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Comparison of CO2 adsorption amount and 
ECSA-corrected Tafel plots. Data are shown for the 
partially oxidized Co 4-atom-thick layers (red), Co 4-atom-
thick layers (blue), partially oxidized bulk Co (violet) and 
bulk Co (black). a, CO2 adsorption isotherms. b, ECSA-
corrected Tafel plots for formate production. jformate is the  
partial current density of producing formate. The error bars 
in b represent the standard deviations of five independent 
measurements of the same sample.
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MethOds
Synthesis of partially oxidized Co 4-atom-thick layers. In a typical procedure, 
100 mg Co(acac)3 was added into a solution of 20 ml dimethylformamide, 4 ml H2O 
and 1 ml n-butylamine. After vigorous stirring for 15 min, the mixture was trans-
ferred into a 40-ml Teflon-lined autoclave (before this experiment, the autoclave 
was initially treated with 20 ml n-butylamine at 120 °C for 6 h, and then treated 
with 35 ml H2O at 120 °C for 12 h), sealed and heated at 220 °C for 3 h. The system 
was allowed to cool down to room temperature naturally, and the final product 
was collected by centrifuging the mixture, washed with cyclohexane and absolute 
ethanol (1:4) many times, and then dried in vacuum for further characterization.
Synthesis of Co 4-atom-thick layers. In a typical procedure, 100 mg Co(acac)3 
was added into a solution of 20 ml dimethylformamide, 4 ml H2O and 1 ml  
n-butylamine. After vigorous stirring for 15 min, the mixture was transferred into 
a 40-ml Teflon-lined autoclave (before this experiment, the autoclave was initially 
treated with 20 ml n-butylamine at 120 °C for 6 h, and then treated with 35 ml H2O 
at 120 °C for 12 h), sealed and heated at 220 °C for 48 h. The system was allowed 
to cool down to room temperature naturally, and the final product was collected 
by centrifuging the mixture, washed with cyclohexane and absolute ethanol (1:4) 
many times, and then dried in vacuum for further characterization.
Synthesis of partially oxidized bulk Co. In a typical procedure, 1.0 g CoCl2·6H2O 
was added into a solution of 15 ml ethylene glycol and 15 ml ethylenediamine. After 
vigorous stirring for 15 min, the mixture was transferred into a 40-ml Teflon-lined 
autoclave, sealed and heated at 220 °C for 12 h. The system was allowed to cool 
down to room temperature naturally, and the final product was collected by cen-
trifuging the mixture, washed with cyclohexane and absolute ethanol (1:4) many 
times, and then dried in vacuum for further characterization.
Synthesis of bulk Co. In a typical procedure, 1.0 g CoCl2·6H2O was added into a 
solution of 15 ml ethylene glycol and 15 ml ethylenediamine. After vigorous stir-
ring for 15 min, the mixture was transferred into a 40-ml Teflon-lined autoclave, 
sealed and heated at 220 °C for 24 h. The system was allowed to cool down to room  
temperature naturally, and the final product was collected by centrifuging the mix-
ture, washed with cyclohexane and absolute ethanol (1:4) many times, and then 
dried in vacuum for further characterization.
Characterization. The field emission scanning electron microscope (SEM) 
images were performed by using a FEI Sirion-200 SEM. XRD patterns were 
recorded by using a Philips X’Pert Pro Super diffractometer with Cu Kα radiation 
(λ = 1.54178 Å). Atomic force microscopy in the present work was performed using 
a Veeco DI Nano-scope MultiMode V system. The TEM was carried out on a JEM-
2100F field emission electron microscope at an acceleration voltage of 200 kV. The 
high-resolution TEM, HAADF-STEM and the corresponding energy dispersive 
spectroscopy mapping analyses were performed on a JEOL JEM-ARM200F TEM/
STEM with a spherical aberration corrector. Raman spectra were detected on a 
RenishawRM3000 Micro-Raman system.
Electrochemical measurements. Electrochemical measurements were carried 
out in a three-electrode system at an electrochemical station (CHI760E). Typically, 

a 10-mg sample and 40 μl of Nafion solution (5 wt%) were dispersed in 1 ml of 
water–ethanol solution with a volume ratio of 3:1 by sonicating for 1 h to form a 
homogeneous ink. Then, 30 μl of the dispersion was loaded onto a glassy carbon 
electrode with diameter 12 mm. For CO2 reduction experiments, linear sweep 
voltammetry with a scan rate of 20 mV s−1 was conducted in CO2-saturated 0.1 M 
Na2SO4 solution (60 ml, pH ≈ 6) (the Na2SO4 electrolyte was purged with CO2 
for 30 min before the measurement). For comparison, linear sweep voltammetry 
with a scan rate of 20 mV s−1 was also conducted in N2-saturated 0.1 M Na2SO4 
solution. The glassy carbon electrode served as the working electrode. The counter 
and the reference electrodes were the platinum gauze and the SCE reference elec-
trode, respectively. The liquid products were quantified by NMR (Bruker AVANCE 
AV III 400) spectroscopy, in which 0.5 ml electrolyte was mixed with 0.1 ml D2O  
(deuterated water) and 0.05 μl dimethyl sulfoxide (DMSO, Sigma, 99.99%) was 
added as an internal standard. The one-dimensional 1H spectrum was measured 
with water suppression using a pre-saturation method. The evolved gas products 
were detected using an Agilent Technologies 7890B gas chromatograph.

ECSA = RfS, in which S stands for the real surface area of the smooth metal elec-
trode, which was generally equal to the geometric area of glassy carbon electrode 
(in this work, S = 1.13 cm−2). The roughness factor Rf was estimated from the ratio 
of double-layer capacitance Cdl for the working electrode and the corresponding 
smooth metal electrode (assuming that the average double-layer capacitance of a 
smooth metal surface is 20 μF cm−2)25, that is, Rf = Cdl/20 μF cm−2. The Cdl was 
determined by measuring the capacitive current associated with double-layer 
charging from the scan-rate dependence of cyclic voltammetric stripping. For 
this, the potential window of cyclic voltammetric stripping was −0.3 V to −0.2 V 
versus SCE (0.1 M Na2SO4 solution). The scan rates were 20 mV s−1, 30 mV s−1, 
50 mV s−1, 80 mV s−1, 100 mV s−1 and 120 mV s−1. The Cdl was estimated by plot-
ting the Δj = (ja − jc) at −0.25 V (where jc and ja are the cathodic and anodic 
current densities, respectively) versus SCE against the scan rate, in which the slope 
was twice that of Cdl. ECSA-corrected Tafel slopes for formate production (that 
is, jtotal×ηformate/ECSA) were calculated from the corresponding ECSA-corrected 
current densities for formate according to the linear sweep voltammetry curves 
and the formate Faradaic efficiency (ηformate). The Faradaic efficiency of formate 
was calculated from the total amount of charge Q (in units of coulombs) passed 
through the sample and the total amount of formate produced nformate (in moles). 
Q = I × t, where I (in amperes) is the reduction current at a specific applied poten-
tial and t is the time (in seconds) for the constant reduction current. The total 
amount of formate produced was measured using NMR (Bruker AVANCE AV 
III 400) spectroscopy. Assuming that two electrons are needed to produce one 
formate molecule, the Faradaic efficiency can be calculated as follows: Faradaic 
efficiency = 2F × nformate/Q = 2F × nformate/(I × t), where F is the Faraday constant.

25. Popczyk, M., Serek, A & Budniok, A. Production and properties of composite 
layers based on an Ni–P amorphous matrix. Nanotechnology 14, 341–346 
(2003).
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Extended Data Figure 1 | Characterizations for the comparable 
products. a, b, SEM image (a) and XRD pattern (b) for Co(OH)2 sheets.  
c, d, TEM image (c) and XRD pattern (d) for large and irregular Co 
particles. In the case where only n-butylamine was present, the reaction 
produced two-dimensional Co(OH)2 sheets (a, b), whereas the reaction 

yielded large and irregular Co particles when only dimethylformamide 
was used (c, d). These results indicated that n-butylamine favoured the 
formation of a sheet-like morphology, while dimethylformamide was 
beneficial in reducing the cobalt ions with high oxidation states. JCDPS, 
the Joint Committee on Powder Diffraction Standards.
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Extended Data Figure 2 | Characterizations for the intermediate products. TEM images for the obtained products at 220 °C for 0.5 h (a) and 2 h (b).
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Extended Data Figure 3 | Supplementary characterizations for the 
partially oxidized Co 4-atom-thick layers. a, TEM image. b, XRD 
pattern. c, High-resolution TEM image, in which the majority of these 
two-dimensional sheets corresponds to the [001]-oriented hexagonal Co, 
while the other structural domains denoted by red squares correspond to 
the cubic Co3O4.
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Extended Data Figure 4 | Characterizations for the Co 4-atom-thick layers. a, XRD pattern. b, Atomic force microscope image. c, The corresponding 
height profile. Data are shown for the products obtained at 220 °C for 48 h.
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Extended Data Figure 5 | Characterizations for partially oxidized bulk Co and bulk Co particles. a, XRD patterns. b, Micro-Raman spectra. c, SEM 
image for partially oxidized bulk Co particles. d, SEM image for bulk Co particles.
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Extended Data Figure 6 | NMR spectra and formate yield.  
a, Representative NMR spectra of the electrolyte after CO2 reduction 
electrolysis at −0.85 V versus SCE for the partially oxidized Co 4-atom-
thick layers. DMSO is used as an internal standard for quantification of 
HCOO−. b, Formate yield at the corresponding potentials with the highest 
Faradaic efficiencies for the partially oxidized Co 4-atom-thick layers, 

pure Co 4-atom-thick layers, partially oxidized bulk Co and bulk Co. 
Independently prepared electrodes evaluated under identical conditions 
in b exhibited a variability of <10% for the formate yield. c, d, 13C spectra 
(c) and 1H-NMR spectra (d) of the electrolyte after 8 h 13CO2 reduction 
electrolysis at −0.85 V versus SCE for the partially oxidized Co 4-atom-thick  
layers.
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Extended Data Figure 7 | Comparison for Co 4-atom-thick layers in 
the absence or presence of cobalt oxide with different concentrations. 
a, XRD patterns. b, Raman spectra. c, Linear sweep voltammetric curves. 
Data are for a CO2-saturated 0.1 M Na2SO4 aqueous solution for the 
partially oxidized Co 4-atom-thick layers obtained at 220 °C for 3 h, 
partially oxidized Co 4-atom-thick layers obtained at 220 °C for 24 h  

(the synthesis process is the same as that for fabricating the partially 
oxidized Co 4-atom-thick layers obtained at 220 °C for 3 h except that 
the synthetic time is increased from 3 h to 24 h; note that the increased 
reaction time results in the decreased amount of cobalt oxide in the  
Co 4-atom-thick layers), and pure Co 4-atom-thick layers obtained at 
220 °C for 48 h.
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Extended Data Figure 8 | Characterizations for the partially oxidized 
Co 4-atom-thick layers after the 40-h test. a, TEM image for the partially 
oxidized Co 4-atom-thick layers after the 40-h CO2 reduction test.  
b, c, XRD patterns (b) and Raman spectra (c) for the partially oxidized  
Co 4-atom-thick layers before and after the 40-h CO2 reduction test.  
The samples for the above characterizations were collected as follows: 

the working electrodes after 40 h of electrolysis were sonicated in ethanol 
for about 3 min and then the samples were collected by centrifuging 
the mixture, washed with cyclohexane and absolute ethanol (1:4) many 
times, and then dried in vacuum. The above process was performed on 
approximately 50 similar working electrodes and all the samples collected 
were used to conduct the above characterizations.
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Extended Data Figure 9 | XRD patterns and Raman spectra before and after 40-h electrolysis at −0.85 V versus SCE for Co 4-atom-thick layers and 
bulk Co. a, b, XRD patterns (a) and Raman spectra (b) for Co 4-atom-thick layers. c, d, XRD patterns (c) and Raman spectra (d) for bulk Co.
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Extended Data Figure 10 | XRD patterns and Raman spectra before and after repeating linear sweep voltammetry measurement scanning from 
−0.35 V versus SCE to different potentials (versus SCE) about 300 times. a, b, XRD patterns (a) and Raman spectra (b) for Co 4-atom-thick layers.  
c, d, XRD patterns (c) and Raman spectra (d) for bulk Co.
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