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ABSTRACT: We report a new form of catalyst based on ferromagnetic 
hexagonal-close-packed (hcp) Co nanosheets (NSs) for selective CO2RR to 
ethanal, CH3CHO. In all reduction potentials tested from -0.2 to -1.0 V (vs. 
RHE) in 0.5 M KHCO3 solution, the reduction yields ethanal as a major 
product and ethanol/methanol as minor products. At -0.4 V, the Faradaic 
efficiency (FE) for ethanal reaches 60% with current densities of 5.1 mA 
cm-2 and mass activity of 3.4 A g-1 (total FE for ethanal/ethanol/methanol is 
82%). Density functional theory (DFT) calculations suggest that this high
CO2RR selectivity to ethanal on the hcp Co surface is attributed to the
unique intra-layer electron transfer, which not only promotes [OC-CO]* 
coupling but also suppresses the complete hydrogenation of the coupling
intermediates to ethylene, leading to highly selective formation of
CH3CHO.

INTRODUCTION: 

Carbon dioxide (CO2) reduction reaction (CO2RR) to value-added chem-
icals and fuels is an essential step required to achieve green and sustainable 
chemistry/energy.1−5 Electrochemical CO2RR under ambient conditions has 
been studied extensively as a promising approach to selective CO2RR.6−8 
Various electrocatalysts have been designed and tested for the CO2RR, and 
those leading to selective CO2 conversion to carbon monoxide (CO)9−12 or 
formate (HCOO-)13−17 have been demonstrated. However, selective CO2RR 
via carbon-carbon (C-C) coupling to a specific hydrocarbon product is ex-
tremely challenging due to the multiple pathways involved in the reaction 
process,18−22 and Cu-based catalysts have been the universal choice to build 
the C-C structure in electrochemical CO2RR.23−27 Up to now, the most 
widely reported Cu-catalyzed CO2RR is the formation of ethylene28−30 along 
with other products,31−34 including oxygenated hydrocarbons,35−38 but selec-
tive formation to aldehyde (RCHO) has rarely been reported.39,40  

Here we report a new catalyst based on ferromagnetic Co nanosheets 
(NSs) for selective electrochemical reduction of CO2 to ethanal, CH3CHO. 
These Co NSs have a hexagonal-close-packed (hcp) structure and are fer-
romagnetic at room temperature. They are also thermally stable and can 
only be converted to face centered cubic (fcc) structure at 900 °C. Under 
electrochemical reduction conditions, the hcp Co NSs catalyze the CO2RR 
to ethanal as the major product and ethanol (CH3CH2OH) and methanol 

(CH3OH) as minor products (the fcc Co NSs are much less active and se-
lective). At -0.4 V vs. reversible hydrogen electrode (RHE), the Faradaic 
efficiency (FE) for ethanal reaches 60% (total FE for ethanal, ethanol, and 
methanol is 82%). Density functional theory (DFT) calculations suggest 
that the hcp and fcc Co NSs have intrinsic electroactivity differences that 
arise from the intra-layer electron transfer capability and surface oscillation 
strength. CO2 is more favorably adsorbed and activated on the hcp Co NS 
surface than on the fcc Co NS surface via the intra-layer electron transfer, 
which directs the CO2RR to follow the selective C2 pathway, achieving a 
controlled reduction of C2 intermediates to ethanal. This hcp Co NS cata-
lyzed CO2RR offers a new direction in designing transition metal catalysts 
for active and selective CO2RR. 

RESULTS AND DISCUSSION: 

Material Synthesis and Characterizations. The hcp Co NSs were pre-
pared by exfoliation (in formamide) of the aggregated Co NSs obtained 
from hydrothermal reaction of CoCl2 and hydrazine at 160 °C for 5 h (see 
details in supporting information (SI), and Figure S1). The as-synthesized 
Co NSs were dispersible in either formamide or ethanol. The separated Co 
NSs were first characterized by thermal gravimetric analysis (TGA) under 
N2 atmosphere from 30 to 500 oC. Figure S2 shows the TGA results for the 
Co NS samples before and after the formamide exfoliation treatment. Nei-
ther the aggregated Co sample nor the hcp Co NS sample shows an obvious 
mass drop below 200 oC, and both of them demonstrate their ability of ad-
sorbing N2 above 238.6 oC (for the hcp Co NSs), and 285.3 oC (for the ag-
gregated Co sample), which suggest that the Co surface is organics-free. X-
ray diffraction (XRD) of the NSs (Figure 1a) shows a pattern that is con-
sistent with hcp Co structure (JCPDS No.1-1278; P63/mmc; a = b = 2.514 
Å; c = 4.105 Å). Transmission electron microscopy (TEM) image (Figure 
1b) shows that the NS has the two-dimensional sheet morphology. High-
angle annular dark field aberration-corrected scanning TEM (HAADF-
STEM) provides a view of a fine local structure of the hcp Co NS (Figure 
1c). The corresponding FFT image of STEM (inset in Figure 1c) confirms 
the hexagonal arrangement of Co atoms. The Co element profile (Figure 
1d) obtained from the scanning along the green line in Figure 1c shows an 
even intensity for the Co-Co distance of 0.25 nm, which is close to the lat-
tice parameter in the ab plane of the hcp Co lattice. The NS morphology 
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was further characterized by atomic force microscopy (AFM) (Figure 1e). 
The average thickness of the hcp Co NSs 

was measured to be 1.30 nm (Figure 1f), which is equal to the length about 
3-unit cells stacking along the crystallographic c-direction (for the hcp Co 
unit cell, c = 4.105 Å). 

 
Figure 1. Characterizations of hcp Co NSs. (a) Typical XRD pattern of hcp Co NSs. (b) TEM image of hcp Co NSs. (c) HAADF-STEM image of a local 
area of the hcp Co NS. Inset: Indexed FFT of the area imaged. (d) Co elemental intensity profile obtained from STEM along the green line highlighted in (c). 
(e) AFM image of a representative piece of hcp Co NS, and (f) the corresponding height profiles obtained from three different line scans of 1, 2, 3 in (e). 

To further prove that stable metallic NSs are indeed formed from the syn-
thesis, we characterized the electronic, magnetic and chemical oxidation 
properties of hcp Co NSs. X-ray photoelectron spectroscopy (XPS) (Figure 
2a) gives two typical Co 2p3/2 and 2p1/2 peaks at 778.3 and 794.2 eV from 
metallic Co,41 respectively. Raman spectroscopy shows no clear Co-O 
peaks (Figure S3),42 indicating that the hcp Co NSs are in a pure metallic 
state with no obvious surface oxidation. The extended X-ray absorption fine 
structure spectroscopy (EXAFS) of both hcp Co NS and commercial Co foil 
(Figure 2b, original data, no phase correction) shows that the NSs have a 
Co-Co bond peak at 2.2 Å, which is close to Co-Co lattice parameter in the 
ab plane of the hcp Co structure. Further analysis of the EXAFS wavelet 
transforms (WT) (Figure 2c) reveals that both NS

 and commercial Co foil have a similar intensity maximum at about 7.9 Å-

1, which is attributed to hcp Co-Co on the metallic Co surface. The best 
fitting analysis (Figure 2d, Figure S4, S5 and Table S1) confirms that the 
main peak originates from the Co-Co first-shell coordination with the hcp 
Co coordination number (6.53) much smaller than the commercial bulk Co 
foil one (11.88). Compared to the bulk structure, the ultrathin hcp Co NSs 
have much more under-coordinated Co atoms due to the largely exposed 
surface, which is important for enhancing their catalysis for CO2RR. We 
also measured the magnetic properties of these NSs at room temperature 
(Figure 2e). The NSs are ferromagnetic with their saturated magnetic mo-
ment reaching 154 emu g-1, close to the bulk Co value (∼162 emu g-1).43 

 
Figure 2. Surface, electronic and magnetic properties of the hcp Co NSs. (a) Co 2p XPS spectra of the hcp Co NSs. (b) EXAFS spectra of Co K-edge at 
R-space for hcp Co NSs and commercial Co foil. (c) Wavelet transforms for the k3-weighted Co K-edge EXAFS signals of hcp Co NSs and commercial Co 
foil. (d) Co K-edge EXAFS of hcp Co NSs in R spaces, where curves from top to bottom are only the Co-Co backscattering signals (χ2) included in the fit and 
total signal is superimposed on the experimental signal. (e) Magnetic hysteresis loop of the hcp Co NSs measured at room temperature. 

Electrocatalysis for CO2RR. The hcp Co NSs were tested as the catalyst 
for CO2RR in an aqueous solution of 0.5 M KHCO3 (all potentials were first 
measured against the Ag/AgCl reference electrode, and were then converted 
to RHE (see details in SI and Figure S6). The cyclic voltammetry (CV) 

studies (Figure 3a) indicate that the hcp Co NSs have no reduction peak in 
the negative reduction potential under Ar, suggesting that the Co NSs have 
no detectable surface oxides present (The Co NSs can be oxidized at 0.5 V). 
The CV curve under CO2 has an apparent reduction peak at -0.4 V, which 



 

is attributed to the Co-catalyzed reduction of CO2, and the presence of CO2 
also promotes Co oxidation at 0.45 V due to the CO2-induced decrease in 
pH value of the electrolyte solution. Under a continuous CO2 flow condition, 
the electrochemical CO2RR was studied at different reduction potentials 
and different times (Figure S7). From -0.2 V to -1.0 V, the hcp Co NSs 
reduced CO2 to ethanal, ethanol, and methanol with H2 as a by-product (Fig-
ure 3b), as characterized by gas chromatography (Figure S8), 1H-NMR 
(Figure S9), and mass spectroscopy (MS) (Figure S10) (the representative 
calibration plots that were used to quantify each product are also given in 
Figure S11 and S12). Studying more potential-dependent CO2RR from -
0.05 to -0.2 V, we detected (by 1HNMR) ethanal, ethanol and methanol 
from the electrolyte at -0.12 V (Figure S13), suggesting that the onset re-
duction potential for the hcp Co NS-catalyzed CO2RR is around -0.1 V. At 
-0.4 V, the FE for ethanal reached 60%, while at the same reduction poten-
tial, FEs for ethanol and methanol were at 10% and 12%, respectively. Stud-
ying the 1H-NMR spectrum of ethanal, we noticed that the CH3 doublet peak 
appears at 2.12 ppm as expected, and also at 1.06 ppm. We performed a 
controlled ethanal/ethanol concentration-dependent NMR experiment in the 
0.5 M KHCO3 solution. We found that at a volume concentration of 1/500 
((Vethanol + Vethanal)/Vsolution), the ethanal-CH3 doublet shows up at 2.12 ppm, 
but its hydrated form (CH3CH(OH)2) is also clearly visible with the hy-
drated ethanal-CH3 peak appearing at 1.2 ppm (Figure S14a). At a volume 
concentration of 1/25000, the ethanal-CH3 doublet shifts from 2.12 ppm to 
1.06 ppm and mixes with ethanol-CH3 (Figure S14b). Our further 1H-NMR 
studies showed that the 10 µL ethanal/10 µL ethanol sample (Figure S14c, 
d) has a very weak peak at 9.55 ppm due to the obvious –CHO hydration in 
the mixed aqueous solution to –CH(OH)2. As a comparison, the 100 µL 
ethanal/10 µL ethanol sample (Figure S14e, f) shows a much stronger peak 
at 9.55 ppm. These control experiments further support what we concluded 
from the 1H-NMR analysis of the CO2RR products that both ethanal and 
ethanol are obtained from the reduction reaction, and ethanal and its hy-
drated form co-exist in the electrolyte solution. 

 
Figure 3. Catalytic performance of hcp Co NSs for CO2RR. (a) CV 
curves of hcp Co NSs in Ar or CO2 atmosphere. (b) Reduction potential-
dependent FE of electrochemical CO2RR catalyzed by hcp Co NSs. (c) Re-
duction current change and product FE (inset) over time during continuous 
electrochemical CO2RR catalyzed by hcp Co NSs. (d) Reduction potential 
dependent mass activity (red) and j (blue) for the formation of CH3CHO. 

To prove that ethanal, ethanol, and methanol were indeed generated from 
CO2RR, we tested CO2RR in the 0.1 M Na2SO4 solution (to eliminate the 
KHCO3 effect), and 13CO2RR in the 0.5 M KHCO3 solution under the same 
catalytic condition. As shown in 1H-NMR (Figure S15a, b), 13C-NMR 
(Figure S15c), and MS spectra (Figure S15d), ethanal (and its hydrated 
form), ethanol and methanol are present in the electrolyte. The ethanal-CH3 
peaks at ~2.1 ppm (more easily visible than those from its hydrated form at 
~1.1 ppm where they overlap with ethanol-CH3) show the expected ethanal-
CH3 doublet splitting caused by 1H-13C coupling (Figure S15b), confirming 
the formation of ethanal-13CH3 from the 13CO2RR. Meanwhile, the satellite 
peaks induced by the 13C are also noted near 1.2 ppm next to the triplet peak. 
The MS spectra clearly demonstrate the [M-H] peaks of the products of 
CH3OH, CH3CH2OH and CH3CHO, supporting the NMR results of the 
CO2RR products (Figure S15d). Additionally, we tested the CO2RR per-
formance of the commercial Ketjen (KJ) carbon support and found no sign 
of the CO2RR products (only trace of H2 was detected from the reaction 
solution) (Figure S16), confirming that the observed catalytic CO2RR orig-
inates from the hcp Co NSs, not from the carbon support. Furthermore, we 

analyzed the hcp Co NS sample with inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) and found the sample before and after 
the CO2RR test contained only Co, no Cu (Table S2). This proves that the 
observed CO2RR catalysis is not from Cu, but from the hcp Co NSs. Com-
pared with the Co- and Cu-based CO2RR catalysts reported recently (Table 
S3), our hcp Co NSs show the unique catalysis for the CO2 conversion to 
CH3CHO (60% FE) with the total FE to C-products reaching 82%.  

The hcp Co NSs were not only active and selective for the CO2RR, but 
also stable in the CO2RR condition as the FE of each product (Figure 3c), 
as well as the NS morphology/structure (Figure S17), Co binding properties 
(Figure S18 and S19), and magnetic performance (Figure S20) remained 
nearly unchanged in the 100 h electrolysis period at -0.4 V. We should note 
here that although the morphology and crystal structure of the Co NSs are 
well-maintained during the 100 h electrolysis, the CO2 concentration on the 
catalyst surface may be decreasing due to the near-catalyst-surface pH 
change and the CO2 diffusion restriction, which causes the slight drop of 
the overall current density (j) (inset in Figure 3c). The reduction potential 
dependent ethanal selectivity peaks at -0.4 V, where its FE reaches 60% 
(Figure 3b) with j of 5.1 mA cm-2 and mass activity of 3.4 A g-1 (Figure 
3d). At more negative potentials, both the reduction j and mass activity in-
crease (Figure 3d), but the ethanal formation FE decreases (Figure 3b) due 
to the competition with the hydrogen evolution reaction (HER). Re-plotting 
the potential-dependent j and mass activity (Figure 3d) in the logarithmic 
scale, we obtained two linear relations (Figure S21), suggesting that the 
CO2RR is dominated by the electrochemical process.  

Further, we studied how the structure change affects the CO2RR perfor-
mance of Co NSs. The hcp Co NSs are structurally more stable and 500 °C 
annealing did not convert the structure to fcc, rather to the mixed hcp/fcc 
(Figure S22). The fcc Co NSs were obtained when the hcp Co NSs were 
annealed at 900 oC in H2/Ar for 3 h. The TEM image shows that the an-
nealed sample still has a nanosheet morphology (Figure S23). The XRD 
pattern supports the structure conversion from hcp to fcc (Figure S24a) and 
XPS confirms that the NS surface is dominated by metallic Co peaks (Fig-
ure S24b). The hcp to fcc conversion did not change the NS magnetic prop-
erty as the fcc Co NSs are still ferromagnetic with magnetic moment reach-
ing 148 emu g-1 (Figure S25), comparable to the hcp Co NSs. When the fcc 
Co NSs were tested for CO2RR at -0.4 V, only H2 was detected. At -1.0 V, 
the catalysis yielded a mixture of CH4 (16% FE), C2H4 (10% FE) and 
CH3CHO (8% FE) (Figure S26). This suggests that the fcc Co NS surface 
is much less active than the hcp Co NS one for the CO2RR, and at the more 
negative reduction potential (-1.0 V), the fcc Co NSs tend to catalyze the 
CO2RR to deep hydrogenation products (CH4 and C2H4). We further pre-
pared fcc Co NPs (see details in SI, Figure S27a) and studied their CO2RR. 
We found that these NPs only catalyzed the CO2RR to formate (12% FE at 
-0.6 V and 25% FE at -1.0 V) (Figure S27b). Compared with three different 
Co-catalysts we studied here, we can see that the NS morphology is neces-
sary for C-C coupling and that the hcp Co arrangement is key for the selec-
tive CO2RR to CH3CHO. 

Insights of the Co NS-catalyzed CO2RR. To understand the high per-
formance of hcp Co NSs in catalysing CO2RR to CH3CHO, we first per-
formed ultraviolet photoelectron spectroscopy (UPS) of the NS samples to 
obtain the valence band energies (EV) of the hcp and fcc Co NSs, and then 
the DFT calculations to investigate the CO2RR on hcp and fcc Co NSs. As 
shown in Figure S28, the EV of hcp and fcc Co NSs was calculated to be 
7.28 and 7.92 eV by subtracting the width of the He I UPS spectra from the 
excitation energy (21.22 eV). From the electronic perspective, the change 
of Co arrangement from -ABAB- pattern in the hcp Co to -ABCABC- one 
in the fcc Co noticeably varies their bonding and anti-bonding orbital dis-
tributions near the Fermi level (EF), in which the hcp Co demonstrates more 
electron-rich feature than the fcc Co for promoting the CO2RR (Figure 4a, 
b and Figure S29a, b). Notably, the band structure of hcp Co NSs displays 
an intense electronic distribution near EF, leading to an efficient electron 
transfer process (Figure 4c) that is beneficial for CO2 reduction. In com-
parison, the fcc Co NSs show a larger energy gap between CB and VB (Fig-
ure 4d), which is induced by the high electron repulsive energy originated 
from the higher electron concentration near the fcc Co surface. Owing to 
the small structural difference within two different Co NS structures, the 
spin state is introduced to unravel the electronic structure variation induced 
by the spin polarization. The projected partial density of states (PDOS) con-
firm that the hcp Co is strongly spin-polarized, in which the polarized d-
band of Co-3d orbitals apparently crosses EF. This is attributed to the alle-
viation of the repulsive energy of more empty bands due to the splitting of 
spin-polarized orbitals, which indicates that the subtle atomic arrangement 
difference between the hcp and fcc Co leads to the quite obvious change in 
the local electronic environment on the Co-3d orbitals. The rich electronic 



 

environment on the Co-3d of the hcp Co (Figure 4e) is beneficial in pro-
moting CO-CO coupling.44 For the fcc Co, the spin-polarization becomes 
much weaker, and the occupied d-bands of Co still locate below EF, creating 
a barrier for electron transfer (Figure 4f). In contrast, without the consider-
ation of spin polarization, the PDOS of hcp and fcc Co only display a subtle 
peak shifting, which cannot reveal the intrinsic difference of electronic en-
vironments (Figure S29c).  

From the chemisorption point of view, the limited p-d overlapping sup-
ports the appropriate adsorption strength of C-species. The pinned bands

 of intermediates species near EV-4.0 eV are noted (EV = 0 for EF) (Figure 
4g), demonstrating optimal preservation of electroactivity of the hcp Co 
surface during CO2RR. On the fcc Co surface, however, a novel linear cor-
relation regarding the dominant orbital peaks of key intermediates suggests 
the fast electron transfers towards the C1 pathway (Figure 4h). The Co sur-
face electronic structure also changes slightly upon the adsorption of H2O, 
CO and H (Figure S29d, e), suggesting a possible competitive HER path-
way. Through the reciprocal phonon dispersion, we also innovatively reflect 
the stronger surface oscillation of fcc Co based on the two “Camel Hump” 
along M→L and H→K path in optical branches, which is evidently stronger 
than that on the hcp Co. This high frequency of phonon oscillation (large 
vibration energy) on the fcc Co limits the C-C coupling pathway that is often 
determined by less constrained electron transfer (Figure 4i). 

 
Figure 4. Electronic structure of Co NSs for CO2RR. The real spatial orbital distribution of the bonding and anti-bonding near EF of (a) hcp NSs and (b) 
fcc Co NSs. The Band structure of (c) hcp Co NSs and (d) fcc Co NSs. The green region represents the gap for inter-layer electron transfer on the surfaces. 
The PDOS of (e) hcp Co NSs and (f) fcc Co NSs. PDOS of key intermediates adsorption on (g) hcp Co NSs and (h) fcc Co NSs. (i) The partial phonon 
dispersion of hcp Co NSs and fcc Co NSs. 

The unique surface phonon oscillation frequencies on these Co NS sur-
faces determine the reactant adsorption energies (Figure 5a, b). On the hcp 
Co surface, the CO2 adsorption energies are limited in a small range (1.610-
1.617 eV) (Figure 5a left), confirming that this surface is an evenly electro-
activated surface with more exposed active sites. On the contrary, the fcc 
surface shows a regulated adsorption energy mapping with a nearly linear 
change (Figure 5a right), indicating strongly preferred active sites, which 
can lead to the activation of CO2 to C1 products. The adsorption strength of 
H2O shows limited ranges over both surfaces, in which the adsorption of 
hcp surface is slightly stronger to facilitate the CO2RR (Figure 5b). The 
adsorption energy mappings indicate the interruption of the linear correla-
tion is pivotal to redirect the CO2RR to the C2 routes. We further plotted the 
energetic reaction pathway to supply a comprehensive understanding of the 
CO2RR process based on the well-accepted proposed mechanisms.45 The 
adsorption structures of all reaction intermediates are listed in Figure S30, 
S31 and the corresponding energies of the reaction pathways on hcp and fcc 
Co NSs are listed in Table S4 and S5. Due to the complexity of the CO2RR 
process, the solvation effects are not included in our calculations, but this 
does not invalidate our calculations as previous studies have shown that the 
solvation terms do not impact the accurate descriptions of the electronic 
structure and energetic trend.46,47 On the hcp surface, the C2 pathway to-
wards CH3CHO shows an overall energy release of -1.32 eV while other 
competitive pathways to form C2H4, CH3OH and CH3CH2OH are sup-
pressed by the much higher energy barriers, which is consistent with the 

high FE of CH3CHO generation (Figure 5c). The CO2RR process on the 
fcc Co surface meets more energy barriers, leading to a lower electrocatal-
ysis efficiency and limited FE. Although the reaction barrier leading to the 
formation of CH3CH2OH is higher than CH3CHO, it is thermodynamically 
possible to reduce CH3CHO to CH3CH2OH, which explains why experi-
mentally CH3CH2OH was detected as a minor product (10% FE) compared 
to CH3CHO (60% FE). On the fcc Co NS surface, the energy cost of forming 
[CHO]* is slightly lower than that of [OCCO]* and further spontaneous 
hydrogenation can lead to the formation of CH4 (Figure 5d). Our calcula-
tions further show that the C-C coupling is dependent on the CO dimer dis-
tance on the Co NS surface. The hcp Co NS shows an efficiency superior 
to the fcc Co NS in forming C2 products due to the evident energy prefer-
ence (Figure S29f). We further considered the competitive HER in terms 
of H and CO binding energies.44,48 The CO binding is preferred on the hcp 
Co NS surface, leading to the suppression of the HER. On the contrary, the 
H binding is more energetically favoured on the fcc Co NS surface, which 
suppresses CO2RR at the less negative potential (Figure S29g, h). There-
fore, theoretical calculations confirm that the subtle difference in the elec-
tronic structure of Co NSs (Figure S32) is of pivotal significance in deter-
mining the selectivity of the CO2RR process. 



 

 
Figure 5. Energetic investigation of CO2RR on hcp and fcc Co NSs. (a) 
Adsorption energy mapping of CO2 on hcp Co NSs (Left) and fcc Co NSs 
(Right). (b) Adsorption energy mapping of H2O on hcp Co NSs (Left) and 
fcc Co NSs (Right). Energetic pathway of CO2RR on (c) hcp Co NSs and 
(d) fcc Co NSs. 

Conclusion: 
In this work, we report a new transition metal catalyst based on hcp Co 

NSs for the selective CO2RR to ethanal. Considering that the dominant cat-
alysts that have been studied for the CO2 reduction to hydrocarbons are Cu-
based, our discovery of hcp Co NS catalyst is a significant advance, which 
presents a novel direction of designing efficient CO2RR catalyst. Our cur-
rent study shows that both NS morphology and hcp structure are key to the 
CO2RR for the generation of ethanal (FE 60%, current density 5.1 mA cm-

2 and mass activity 3.4 A g-1) along with minor products of ethanol (FE 10%) 
and methanol (FE 12%). The superior CO2RR performance of the hcp Co 
NS catalyst originates from its intra-layer electron transfer, facilitating the 
[OC-CO]* coupling and subsequent hydrogenation of the intermediates to 
form ethanal. Unlike Cu catalysts, our hcp Co NS catalyst is both chemi-
cally and thermally stable, offering a robust surface platform for investigat-
ing CO2RR mechanisms, and for exploring the catalysis synergy with other 
CO2RR catalysts to further improve CO2 reduction activity and selectivity. 
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