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Faradaic efficiency calculation

All electrochemical measurements were run at 25 °C in a home-made flow cell with a typical 
three-electrode configuration: CuO-ZrO2-x coated GDE, platinum foil, saturated Ag/AgCl were 
used as the working electrode, counter electrode and reference electrode, respectively. The 
anion exchange membrane was used to separate the anolyte and catholyte chamber both filled 
with 1 M KOH. A CHI660E electrochemical workstation was employed to record the 
electrochemical response. All potentials measured against Ag/AgCl were converted to the RHE 
(reversible hydrogen electrode) in this work according equation E(vs. RHE)= E (vs. Ag/AgCl) 
+ 0.199V + 0.059 × pH - 0.85iR, where R was measured by electrochemical impedance 
spectroscopy (EIS). During the electrochemical tests, the flow rate of CO2 was 25 sccm, and 
the electrolyte flow rates for cathode and anode were 15 mL min-1 and 20 mL min-1 respectively. 
The gaseous products of CO2RR were quantified by online gas chromatograph and the liquid 
products were analyzed by the 1H NMR spectroscopy, where DMSO and D2O were used as the 
reference standard and the deuterated solvent. The Faradaic efficiency (FE) of gas product was 
calculated by the following equation:

𝐹𝐸𝑔 = 𝑥𝑖 × 𝑣 ×
𝑛𝑖𝐹𝑃

𝑅𝑇
×

1
𝑗𝑡𝑜𝑡𝑎𝑙

× 100%

where  is the volume fraction of gas product determined by online GC referenced to the 𝑥𝑖

calibrated standard product,  is the gas flow rate,  is the number of electrons required to 𝑣 𝑛𝑖

produce one molecule of product i, F is the Faraday constant (96485 C mol-1), P is the 
atmosphere pressure, R is the ideal gas constant, T is the temperature, and  is the total 𝑗𝑡𝑜𝑡𝑎𝑙

current.

The FE of liquid products was calculated by the following equation:

𝐹𝐸𝑙𝑖𝑞𝑢𝑖𝑑 = 𝑦𝑖 ×
𝑛𝑖𝐹

𝑄
× 100%

where  is the moles of product i, Q is the cumulative charge as the liquid products collected.𝑦𝑖

Density functional theory calculations
Spin-polarized density functional theory (DFT) calculations were conducted with the Vienna 
ab initio Simulation Program (VASP),[1-2] using the Perdew-Burke-Ernzerhof (PBE) 
functional[3] within the generalized gradient approximation, along with the projected augmented 
wave (PAW) pseudopotentials[4] to treat the exchange-correlation energy interactions among 
electrons. In order to simulate the adsorption of intermediates on the modelling system, the 
suggested oriented crystallographic facet (110) of Cu2O cubical phase from the TEM and XRD 
characterization was adopted to generate the interface between Cu2O and ZrO2 by doping a Zr 
atom into the Cu2O (110) slab, as shown in Figure S19. To vary the tendency of the oxidation 
state of the surface Cu in contact with ZrO2, the Bader charges analysis was performed given 
that the Bader charge qualitatively corresponds to the oxidation state, which is shown in Figure 
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4f in the main text. The amount of charge transfer from Cu to Zr atoms is computed by Bader 
charge analysis according to the equation: 

,𝑄𝐶𝑢 = 𝑍𝐶𝑢 ‒ 𝑞𝐵𝑎𝑑𝑒𝑟

where  and  represent the number of valence electrons and the values of Bader charges of 𝑍 𝑞
the Cu atom.[5-6]

The modelling system, as shown in Figure S19, was constructed by a four-layer slab with a 
vacuum region of 20 Å along the z-axis to minimize the periodic image interactions. An energy 
cutoff was set to 450 eV to expand the wave functions. Brillouin zone integration was sampled 
with 2 × 4 × 1 Monkhorst-Pack mesh k-points grids[7] for geometry optimizations and 10 × 20 
× 1 k-points grids for electronic property calculations, respectively. All geometries were fully 
optimized until the convergence criteria of forces and energies reach 0.015 eV/ Å for the forces 
and 1 ×10-4 eV for the energies on all atoms. The slab-to-slab dipole corrections were included 
in the perpendicular direction along the surface of the slab model.[8-9] The adsorption energies (

) of intermediates on the Cu2O-ZrO2 surface are estimated according to the following 𝐸𝑎𝑑

equation:

,𝐸𝑎𝑑 = 𝐸𝑠𝑢𝑟𝑓 + 𝑖𝑚 ‒ 𝐸𝑠𝑢𝑟𝑓 ‒ 𝐸𝑖𝑚

where  represents the total energy of the intermediates adsorbed on the surface, 𝐸𝑠𝑢𝑟𝑓 + 𝑖𝑚

 is the energy of the Cu2O-ZrO2 (110) surface and  is the energy of the respective 𝐸𝑠𝑢𝑟𝑓 𝐸𝑖𝑚

isolated intermediate. The free energy of the adsorbed state is carried out as follows:

,∆𝐺 ∗ 𝑖𝑚 = ∆𝐸 ∗ 𝑖𝑚 + ∆𝐸𝑍𝑃𝐸 ‒ 𝑇∆𝑆

where  is the difference corresponding to the zero point energy and  is the entropy.∆𝐸𝑍𝑃𝐸  ∆𝑆
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Results

Supplementary Figure 1. XRD pattern of as-prepared ZrO2
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Supplementary Figure 2. XRD patterns of as-prepared CuO-ZrO2-0.5 (a) and CuO-ZrO2-3.0 (b). 
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Supplementary Figure 3. The TEM images and corresponding EDS elemental mapping images 
of CuO (a, b and c), CuO-ZrO2-0.5 (d, e and f) and CuO-ZrO2-3.0 (g, h and i).
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Supplementary Figure 4. The SEM images of CuO-ZrO2-1.0 (a, b), CuO (c, d), CuO-ZrO2-0.5 (e, 
f) and CuO-ZrO2-3.0 (g, h).
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Supplementary Figure 5. Cu 2p XPS spectrum of CuO.
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Supplementary Figure 6. Zr 3d XPS spectrum of ZrO2.
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Supplementary Figure 7. Cu 2p (a) and Zr 3d (b) XPS spectra of CuO-ZrO2-0.5.
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Supplementary Figure 8. Cu 2p (a) and Zr 3d (b) XPS spectra of CuO-ZrO2-3.0.
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Supplementary Figure 9. Normalized Cu K-edge XANES spectra (a) and Fourier transforms of 
Cu K-edge EXAFS spectra (b) for CuO-ZrO2-1.0 and CuO. Commercialized CuO nanoparticles 
were included as reference.
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Supplementary Table S1. Normalized atomic proportion of CuO-ZrO2 and CuO measured by 
XPS spectroscopy.

Normalized atomic proportion
Catalyst

Cu Zr O
CuO-ZrO2-3.0 33.81 5.81 60.38
CuO-ZrO2-1.0 19.94 11.28 68.78
CuO-ZrO2-0.5 14.68 14.29 71.03

CuO 47.09 0 52.91
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Supplementary Figure 10. The Schematic illustration for the flow cell.
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Supplementary Figure 11. The CO2RR products distribution over ZrO2 at different bias 
potentials.
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Supplementary Figure 12. The LSV curves of CuO-ZrO2-1.0 (a) and CuO (b).
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Supplementary Figure 13. CV curves ofCuO-ZrO2-1.0 (a) and CuO (b).
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Supplementary Figure 14. Electrochemical double-layer capacitances of CuO-ZrO2-1.0 and CuO.
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Supplementary Figure 15. Contact angle tests of CuO-ZrO2-1.0 (a) and pristine CuO (b).
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Supplementary Table S2. Summarized CO2RR performances for C2+ products over various 
electrocatalysts.

Catalyst
Maximum C2+ FE 

(%)
Enhancement

ratio of C2+ at Maximum FE
Ref.

CuO-ZrO2-1 82.4 1.73 This work
SCO-B 59.1 1.68 [10]

Cu-12.5 nm 65.7 1.70 [11]

5-Ag/Cu2O 65.0 1.18 [12]

CuNNAs 59.0 1.5 [13]

Cu-nr/CC3 76.1 1.17 [14]

M-Cu1/CuNp 75.4 1.67 [15]

Cu-poly 71.08 1.15 [16]
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Supplementary Figure 16. The photographs of CuO-ZrO2-1.0 (a, b) and CuO (c, d) on gas 
diffusion electrode before and after CO2RR.
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Supplementary Figure 17. The TEM (a, b) and SEM (c, d) images of CuO-ZrO2-1.0 after 
CO2RR (100 mA cm-2 for 20 min).
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Supplementary Figure 18. The Raman spectrum of ZrO2 in air.
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Supplementary Table S3. Peak area of Cu+/Cu0 over CuO-ZrO2-1 and CuO after reaction.

Catalyst Peak area of Cu+ (a. u.) Peak area of Cu0 The peak area ratio of 
Cu+ to Cu0

CuO-ZrO2-1 51064 31713 1.73
CuO 32440 54077 0.60
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Supplementary Figure 19. The side view of the Cu2O-ZrO2 surface of the modeling slab. The 
balls in blue, red, and green stand for Cu, O, and Zr, respectively. 
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Supplementary Figure 20. Other C2H4 pathways over the Cu2O-ZrO2.
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