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Computational details
The ab initio quantum mechanical calculations are performed by using Vienna Ab
initio Simulation Package (VASP)1-4 at a version of 5.4.4 with the projector
augmented wave (PAW) method and a plane wave basis set. The method is density
functional theory (DFT) with generalized gradient approximations (GGA) of
Perdew-Burke-Ernzerhof (PBE) functional.5,

6

A dispersion correction, DFT-D3

method with with Becke-Jonson damping7 was included in the calculations. The
energy-cut-off is set to 400 eV. Spin polarization does not have an appreciable effect
on the overall energies, and is not included in the calculations to reduce computational
demands. The electronic self-consistent step is considered converged when the change
of total energy and change of eigenvalues between two steps are both smaller than
10-5 eV. The partial occupancies for each orbital are set with first order
Methfessel-Paxton scheme in the smearing width of the 0.2 eV. The dipole moment
corrections for the total energy are considered in the direction normal to the surface. A
conjugate-gradient algorithm is used to relax the ions in energy minimization. The
minimization was considered converged when all the forces are smaller than 0.01
eV/Å.
The implicit solvation model of VASPsol is employed to describe the effect of
electrostatics, cavitation, and dispersion on the interaction between a solute and
solvent.8, 9 The relative permittivity of the solvent is 78.4. The debye screening length
is 3.0 Å. The number of electrons in the simulations are tuned to match the target
chemical potential of electron.

Materials and Methods
(1) Synthesis of N-Cu
N-Cu was fabricated by the solvothermal method. Cu(CH3COO)2 (200 mg, 1.1 mol,
from Sigma-Aldrich) and 50 mg of carbon black (from YiLongsheng Energy and
Technology Co. Ltd) were first dissolved in N,N-Dimethylformamide (20 mL, from
Sinopharm Chemical Reagent Co. Ltd) under stirring for 30 min at room temperature.
Then the mixture was transferred into a Teflon-lined stainless-steel autoclave (50 mL)
for solvothermal treatment at 200 ℃ for 10 h, and subsequently centrifuged five times

with ethanol and dried in a vacuum oven.
(2) Synthesis of Cu2O
In a typical synthesis of Cu2O, 6.92 mL of deionized water (18.3 MΩ), 0.5 mL of 0.1
M CuCl2 (from Macklin) solution and 87 mg of Sodium dodecyl sulfate (SDS, from
Sigma-Aldrich) were added into a vial with stirring. After complete dissolution of
SDS powder, 0.18 mL of 1.0 M NaOH (from Sinopharm Chemical Reagent Co. Ltd)
solution was introduced. Then 2.4 mL of 0.1 M NH2OH·HCl (from Sinopharm
Chemical Reagent Co. Ltd) was quickly injected in 5 s into the vial which was placed
in a water bath set at 32~34 ℃. The vial was stirred for 20 s, and was kept in the
water bath for 1 h. Finally, the above solution was centrifuged, washed with water and
ethanol (volume ratio 1:1) five times, and dispersed in ethanol for storage.
(3) Preparation of electrodes
To fabricate the cathode electrode, a catalyst slurry of 10 mg, 2 mL of isopropanol and
80 μL of Nafion solution (5 wt% aqueous solution, from Sigma-Aldrich) was mixed
and sonicated. Then, the slurry was deposited on a Sigracet 39BC gas diffusion layer
(Fuel Cell Store) with an airbrush to achieve a catalyst loading of ~0.5 mg cm−2. A
similar procedure was used for commercial 0.2 μm Cu particles (0.2~0.55 μm, 99.9%,
from Macklin) and 0.2 μm Cu2O particles.
(4) Material characterization
Powder X-ray diffraction (XRD) patterns were measured on a MiniFlex600
diffractometer with a Cu Kα source. X-ray photoelectron spectroscopy (XPS) was
carried out with the Thermo Scientific K-Alpha XPS system. The morphology of
catalysts was obtained with a Hitachi FE-SEM S-4800 scanning electron microscopy
(SEM) operated at 1.0 kV. A JEOL JEM-2100F operated at 200 kV was used to
acquire high-resolution transmission electron microscopy (TEM) images. Energy
dispersive X-ray spectroscopy (EDX) was carried out with an Oxford EDX integrated
in the TEM system.
(5) Soft X-ray absorption spectroscopy (sXAS) measurements
The sXAS was carried out at beamline 4B9B of Beijing Synchrotron Radiation
Facility (BSRF). The spectra of Cu L2,3-edge and N K-edge were collected in total
electron yield (TEY) mode in an ultrahigh-vacuum chamber (~3 * 10−10 Torr). The

TEY spectra were normalized to the photon flux of incident beam monitored by the
Au mesh. The photon energy was calibrated by measuring XPS of a clean
polycrystalline gold foil that was electrically connected to the sample. All of our
samples, soaked in ethanol instantly after reaction, are well preserved in vacuum bags
to prevent catalysts from being oxidized by oxygen.
(6) Flow-cell CO electrolysis
CO reduction was conducted in a three-chamber flow cell under a three-electrode
system. The size of the chambers was 1 cm × 1 cm × 0.5 cm. The CO gas flow rate
was maintained at 20 sccm by a mass flow controller (Alicat Scientific Inc.). Aqueous
KOH solution (85%, from Sinopharm Chemical Reagent Co. Ltd) was used as the
electrolyte and catholyte, and the flow rate of the solution was controlled at 10
mL/min by two separate liquid pumps (BT600-2J, Longer Precision Pump Co. Ltd).
An anion exchange membrane (Fumasep FAB-PK-130) was used to separate the
cathode and anode chambers. Nickle foam and Ag/AgCl electrode (3 M KCl) were
utilized as counter electrode and reference electrode, while the gas diffusion electrode
was used as the working electrode. Electrolysis experiments were carried out with an
electrochemical workstation (MULTI Autolab M204). The potential was converted to
the reversible hydrogen electrode (RHE) scale using E (versus RHE) = E (versus
Ag/AgCl) + 0.197 V + 0.0591*pH.
(7) CO reduction product analysis
The gas products and liquid products were measured by gas chromatography (Ruimin
Technologies, GC2060) and NMR spectroscopy (Bruker AVANCE III HD 400MHz),
respectively. A thermal conductivity detector (a packed 5A column) and a flame
ionization detector (TDX-01 column) in the gas chromatography were used to
quantify hydrogen and ethylene, respectively. Argon (99.999%, from Praxair) was
used as the carrier gas. As for the liquid products, 100 μL of D2O (99.9%, from
Adamas) which contained 10 ppm (v/v) dimethyl sulfoxide (99.99% from Sigma) as
the internal standard was mixed with 600 μL of catholyte. The one-dimensional 1H
spectrum was measured with water suppression using a presaturation method (Fig.
S16).
(8) The half-cell cathodic energy efficiency for acetate
It was calculated for the half-cell by assuming the overpotential of the oxygen

evolution reaction was zero.
Acetate energy efficiency = (1.23 + (-EAcetate))* FEAcetate/(1.23 + (-E))
where E is the applied potential vs. RHE; EAcetate = 0.50 V is thermodynamic potential
(vs. RHE) of CO reduction to Acetate; FEAcetate is the measured acetate faradaic
efficiency.

Supplementary Figure 1. Bader charge analysis of N-Cu. Blue for Cu; Gray for N.

Supplementary Figure 2. Morphological and chemical analysis of N-Cu. (a) SEM
image of N-Cu. (b) EDS elemental maps of N-Cu.

Supplementary Figure 3. The N K-edge soft XAS spectra before reaction.

Supplementary Figure 4. The electrochemical reduction of CO polarization curves
(a) and acetate partial current densities versus applied potentials (b) of N-Cu in 0.5
and 1.0 M KOH electrolyte.

Supplementary Figure 5. Faradaic efficiencies of CORR products under various
potentials on N-Cu in 1.0 M KOH electrolyte.

Supplementary Figure 6. Faradaic efficiencies of CORR products under various
potentials on N-Cu in 0.5 M KOH electrolyte.

Supplementary Figure 7. SEM images of commercial Cu.

Supplementary Figure 8. The electrochemical reduction of CO polarization curves
and acetate partial current densities versus applied potentials of commercial Cu in 1.0
M KOH electrolyte.

Supplementary Figure 9. Faradaic efficiencies of products for commercial Cu under
applied potentials in 2.0 M KOH electrolyte.

Supplementary Figure 10. Faradaic efficiencies of products for commercial Cu
under applied potentials in 1.0 M KOH electrolyte.

Supplementary Figure 11. Structural characterization of Cu2O. (a) SEM image of
Cu2O. (b) XRD pattern of Cu2O (Powder diffraction file No. 65-3288).

Supplementary Figure 12. The electrochemical reduction of CO polarization curves
(a) and acetate partial current densities versus applied potentials (b) of Cu2O in 2.0
and 1.0 M KOH electrolyte.

Supplementary Figure 13. Faradaic efficiencies of products for Cu2O under applied
potentials in 2.0 M KOH electrolyte.

Supplementary Figure 14. Faradaic efficiencies of products for Cu2O under applied
potentials in 1.0 M KOH electrolyte.

Supplementary Figure 15. The CORR performance for N-Cu in 2.0 M KOH
electrolyte. (a) Faradaic efficiencies of all products under applied potentials. (b)
Potential dependence on time during reduction at 250 mA cm−2 using the flow cell
system.

Supplementary Figure 16. Proton NMR spectrum of the electrolyte after
electrochemical CORR process on the N-Cu sample.

Table S1. Comparison of electrochemical conversion of carbon monoxide
performance for N-Cu and recent reported electrocatalysts for CO reduction to
acetate.
Sample

Electrolyte

FEAcetate
(%)
42

Acetate partial
current density
(mA cm−2)
160

N-Cu

2.0 M KOH

Reference

This work

41.8

180

This work

Dendritic Cu powder

0.1 M KOH

24.8

43.4

[10]

Spherical Cu powder

0.1 M KOH

20

32

[10]

Cu/CNT

0.1 M KOH

35

0.1

[11]

Cu nanosheets

2.0 M KOH

48

96

[12]

Cu nanosheets

2.0 M KOH

43.6

131

[12]

Cu

1.0 M NaOH

34.1

49.1

[13]

OD-Cu

2.0 M KOH

31.8

1.3

[14]
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