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EXPERIMENTAL

Materials and chemicals

Cupric acetate monohydrate ((CH3COO),Cu-H20, AR), potassium hydroxide (KOH,
AR), sodium perchlorate monohydrate (NaClO4, AR), dimethyl sulfoxide (DMSO, AR),
anhydrous ethanol (AR), isopropanol (AR) and glycol (AR) were produced by
Sinopharm Chemical Reagent Co., Ltd. Deuteroxide (D20, 99.8 atom% D) and
1-octyl-3-methylimidazolium tetrafluoroborate ([Omim][BF4], 99 wt%) were provided
by Energy Chemical. Nafion solution (5 wt% in water and isopropanol) was obtained
from Meryer (Shanghai) Chemical Technology Co., Ltd. Gas diffusion layer (YLS-30T)
was purchased from Suzhou Sinero Technology Co., Ltd. CO (99.999%) was provided
by Fuzhou Xinhang Industrial Gases Co., Ltd. Deionized water was used in all

experiments.

Synthesis of Cu-based catalysts

The Cu-based catalysts were synthesized by a solvothermal method. Typically,
(CH3COO0)>Cu-H20 (0.002 mol) was added into a solution of 35 mL glycol in a flask.
After constant ultrasonic treatment for 20 min, [Omim][BF4] was added dropwise to the
above solution. After constant ultrasonic treatment for 10 min, the mixture was
transferred into a Teflon-lined stainless-steel autoclave (100 mL) for solvothermal
treatment at 190 °C for 6 h, and subsequently centrifuged three times with ethanol. The
sample was finally dried in vacuum at room temperature for 12 h. The content of
[Omim][BF4] was controlled to 0, 0.004, 0.008 and 0.01 mol to prepare Cu, Cu2O-IL,
Cu20/CuO-IL and CuO-IL, respectively.

Preparation of working electrodes

To prepare the gas diffusion electrode, 10 mg Cu-based catalyst and 20 pL Nafion
solution were dispersed in 2 mL isopropanol, followed by sonication for 30 min to
obtain a uniformly dispersed ink. Then 600 pL ink was dropped on a gas diffusion layer
and the loading of catalyst was about 1 mg-cm™. The electrode was dried in a vacuum

oven at 60 °C for 12 h.



Material characterizations

Powder X-ray diffraction (PXRD) patterns were collected using a Rigaku IV equipped
with a Cu Ko radiation at a scan rate of 10° min'. Fourier Transform infrared
spectroscopy (FT-IR) was conducted by using a Bruker Vertex 70V spectrometer.
X-ray photoelectron spectroscopy (XPS) spectra were collected by a PHI Quantum
2000. Thermal gravimetric analysis (TGA) was conducted by a NETZSCH STA449F5.
The morphologies of the obtained materials were characterized by scanning electron
microscope (SEM, ZEISS Sigma), transmission electron microscope (TEM, Tecnai F30)
and high-resolution transmission electron microscope (HRTEM, JEOL JEM-F200). 'H
NMR spectra were operated using a Bruker AVANCE III 500 MHz nuclear magnetic
resonance spectrometer. Gas chromatography (GC) analysis was carried out on a FuLi
instrument GC97901I. In-situ Raman spectra were collected at different potentials on a

Raman spectrometer (XploRA Plus instrument) using a 785 nm excitation laser.

Electrocatalytic analysis

Electrochemical tests: The CORR performance was carried out in a three-electrode
flow cell connected to an electrochemical workstation (CHI 660E) with 1 M KOH as
electrolyte. The gas diffusion layer (1x3 cm?) coated with catalyst was used as gas
diffusion electrode. The as-prepared electrode, Hg/HgO (saturated 1 M KOH aqueous
solution) and Ni foam (2x3 cm?) were used as the working electrode, reference
electrode and counter electrode, respectively. 50 mL of 1.0 M KOH solution was used
as the electrolyte at both cathode and anode sides. The flow rate of cathode peristaltic
pump and anode peristaltic pump were adjusted to be 20 mL-min"!, and the flow rate of

CO was controlled at 20 sccm by gas flow meter.

Product analysis

To quantify the gas products during electrolysis, CO gas was delivered into the
cathodic compartment at a rate of 20.0 standard cubic centimeters per minute (sccm,
monitored by Sevenstar mass flow controller) and vented into a GC (FULI
INSTRUMENTS, F80) equipped with a combination of 10% OV-1, Porapak N, and
TDX-01 columns. A thermal conductivity detector (TCD) was mainly used to quantify
H> concentration, and a flame ionization detector (FID) with a methanizer was used to
quantitative analysis hydrocarbon species. After CORR testing, the remaining CO and

gas products were decompressed into gas bags and then the controlled amount of gas



products were injected to GC by gas phase injection needle. The liquid products were
detected by the '"H NMR spectroscopy (Bruker AVANCE AV III 500), where DMSO
was used as the reference standard, D-O and H>O were used as the lock solvent. The

Faradaic efficiency (FE) of products was calculated as

X x x

= x 100%

where 7 is the number of electrons transferred for each mole of the resulting product,
Cx is the concentration of liquid products formed after electrolysis, F is the Faraday
constant (96485 C mol™'), V' is the volume of the catholyte, and Q is the amount of
charge passed through the working electrode.

Potential vs. Hg/HgO reference electrode were converted to a reversible hydrogen
electrode (vs. RHE) with the Nernst equation

(Vvs.RHE) = (Vvs.Hg/HgO) + 0.098 V + x 0.0591

All the electrocatalytic reactions were carried out at ambient pressure and room

temperature.

In situ Raman spectroscopy experiment

In situ Raman measurements were carried out with a XploRA Plus instrument using a
638 nm excitation laser and signals were recorded using 60 s integration in a
customed-made high pressure in situ Raman cell setup with a three-electrode. The
catalyst on glassy carbon, Pt mesh and Hg/HgO (1 M KOH) were used as the work
electrode, the counter electrode and the reference electrode, respectively. The laser
power was 10 mW, and the objective (Olympus, x50) was used. Before collecting the
spectra, all electrodes were electrochemically reduced by LSV. The CORR test was
performed at the various potentials and the Raman signals were collected

synchronously.

DFT calculations

Density functional theory (DFT) calculations were performed using the Vienna
Ab-initio Simulation Package (VASP) and the projector augmented wave (PAW)
method.[1,2] The Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional was
employed.[3] The kinetic energy cutoff was set to 400 eV. During structure
optimization, sufficient spatial relaxation was performed to ensure that the maximum

residual force was less than 0.03 eV A™! and the energy change was less than 1x107 eV.



A 2x2x1 supercell model was constructed using the Cu(111) plane with a vacuum layer
of 20 A. A 2x2x1 gamma k-point grid was generated using the Monkhorst-Pack
method. Spin polarization and charge correction were used to perform the calculations.
The Gibbs free energies (G) at 298.15 K and 1 atm were calculated as

A=A +A - A
where ZPE is the zero-point vibrational energy calculated using the harmonic
approximation. £ is the total energy acquired from the DFT calculation. T is the kelvin

temperature and S is the entropy.
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Supplementary Figure 1. Chemical structure of the ionic liquid [Omim][BF4].
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Supplementary Figure 2. Schematic illustration of the synthetic method of Cu-based
catalysts with and without IL-[Omim][BF4] modification.



Supplementary Figure 3. SEM and TEM images of Cu (A-B), Cu2O-IL (C-D), and
CuO-IL (E-F), respectively.
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Supplementary Figure 4. HRTEM characterization of Cu. HRTEM image (A) and the

corresponding intensity profile (B) measured from the region marked in image (A).



Cu,O/CuO-IL

Supplementary Figure 5. HAADF-STEM and the corresponding EDX elemental
mapping images of Cu,O/CuO-IL catalyst.
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Supplementary Figure 6. Schematic diagram of the flow cell for electrocatalytic

CORR.
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Supplementary Figure 7. FEs of products at various applied potentials for CuxO-IL (A)

and CuO-IL (B), respectively [Error bars represent SD from three independent replicates

(n =3 per group)].
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Supplementary Figure 8. CV curves of Cu (A), Cu;O-IL (B), CuxO/CuO-IL (C), and
CuO-IL (D) at different scan rates.
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Supplementary Figure 9. HRTEM image of Cu,O/CuO-IL catalyst after CORR.

The HRTEM image exhibited lattice spacings of 0.218 and 0.256 nm, corresponding to
the Cu(111) and CuBO2(001) crystal planes, respectively.
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Supplementary Figure 10. TEM-EDX elemental mapping images of Cu2O/CuO-IL
catalyst after CORR.
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Supplementary Figure 11. Optimized adsorption configurations of reaction

intermediates on Cu(111) during CORR.
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Supplementary Figure 12. Optimized adsorption configurations of reaction
intermediates on CuBO»(001) during CORR.



Supplementary Table 1. IL-[Omim][BF4] content in Cu-based catalysts

Entry Catalysts [Omim][BF] content (wt%)
1 CuxO-IL 4.4
2 Cu20/CuO-IL 18.0
3 CuO-IL 23.5

Supplementary Table 2. Summary of CORR to C;:+ alcohols performance on

Cu-based electrodes

Potential FE 2+ atconols FEn-propanol

Catalysts (V vs. RHE) %) (%) Ref.
Cu;0/CuO-IL -0.66 52 27 This work
Cu/5Zn n.r. 50 18 [4]
Ru-Cu NWs -0.5 62 36 (5]
LSN-Cu -0.53 73 54 [6]
Pb-Cu -0.68 67 47 (7]
R-Cu/Au -0.58 65 46 8]
CuAgs%Naon -0.8 65 45 [9]
Cu/Cu0 -0.7 68 n.r. [10]
OD-Cu -042 43 26 [11]
Ag-Ru-Cu NPs -2.75 55 36 [12]
Commercial Cu -4 25 20 [13]
Ag-Cu NPs -0.36 40 33 [14]
Cu ad-particles -0.47 40 23 [15]
Fragmented Cu -0.45 39 20 [16]

Cu plates -0.59 27 5 [17]
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