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Figure S1. SEM images of bromine-doped copper oxychloride with (a) low and (b) 

high resolutions. 

 

 

 

 

Figure S2. XPS spectra of bromine-doped copper oxychloride. (a) Cu 2p. (b) Br 3d. 
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Figure S3. XRD pattern of bromine-doped copper oxychloride in comparison with 

the diffraction pattern of copper oxychloride standard (PDF#25-0269). 

 

 

 
 

Figure S4. SEM images of iodide-doped copper oxychloride with (a) low and (b) 

high resolutions. 

 

 

 

 

Figure S5. XPS spectra of iodide-doped copper oxychloride. (a) Cu 2p. (b) I 3d. 
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Figure S6. XRD pattern of iodide-doped copper oxychloride in comparison with the 

diffraction pattern of copper oxychloride standard (PDF#25-0269). 

 

 

 

Figure S7. XPS spectra of MP-Cu. (a) Cu 2p spectrum. (b) Cl 2p spectrum. (c) Br 3d 

spectrum, showing the Cu is mainly Cu0 and there is no Cl and Br left in the activated 

catalyst. 

 

 

 

 

Figure S8. XPS spectra of EP-Cu. (a) Cu 2p spectrum. (b) Cl 2p spectrum. (c) I 3d 

spectrum, showing the Cu is a mixture of Cu0 and Cu+ and there is no Cl and I left in 

the activated catalyst. 
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Figure S9. SEM images of MP-Cu with (a) low and (b) high resolutions. 

 

 

 

Figure S10. SEM images of EP-Cu with (a) low and (b) high resolutions. 

 

 

 

 

Figure S11. XAS spectra of commercial CuO, Cu2O and Cu NPs. (a) XANES results. 

(b) EXAFS results. 
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Figure S12. EXAFS fitting results of MP-Cu and EP-Cu. (a) MP-Cu fitting results 

using Cu0 and CuO crystallographic information files. (b) EP-Cu fitting results using 

Cu0 and Cu2O crystallographic information files. 

 

 

 

Figure S13. Representative NMR results for detecting liquid products on (a) MP-Cu 

and (b) EP-Cu at -1.71 V vs. RHE. 
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Figure S14. CO2RR performance of Cu NPs at −1.71 V vs. RHE. 

 

 

 

Figure S15. CO2RR results of MP-Cu and EP-Cu without normalization. (a) MP-Cu 

and (b) EP-Cu. 

 

 
 

Figure S16. CO2RR performance of MP-Cu and EP-Cu versus applied potentials. 
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Figure S17. A performance comparison of FEs of CH4 and C2H4 between our 

catalysts (MP-Cu and EP-Cu) and those reported in literature [1-20].  

 

 

Figure S18. Stability tests of MP-Cu and EP-Cu under −1.71 V vs. RHE, showing the 

high stability of the two catalysts. 
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Figure S19. CV curves of EP-Cu in electrolyte saturated with Ar and CO2. 

 

 

 

Figure S20. CV curves of MP-Cu in electrolyte saturated with Ar and CO2. 
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Figure S21. The current density profiles of MP-Cu and EP-Cu under different applied 

potentials. 

 

 

 

Figure S22. CO-TPD results of EP-Cu, MP-Cu and CP under a high temperature 

range of 550 – 750 ̊C. 
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Figure S23. CO-TPD results of Cu NPs and Cu2O NPs standard samples. 

 

 
 

Figure S24. Optimized CO adsorption on (a) step site (bridge) and on (b) oxidized 

site (linear) after removing the beneath Cu to show the sub-surface oxygen form DFT 

results (top views). 
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Table S1. Structure parameters from EXAFS fitting analysis of the catalysts. 

Sample Shell R (Å) N 

MP-Cu 

CuO-O 1.95 0.9 ± 0.5 

Cu-Cu 2.54 6.8 ± 1.0 

EP-Cu 

Cu2O-O 1.85 3.8 ± 0.3 

Cu-Cu 2.56 9.2± 1.4 

Standard Cu model Cu-Cu 2.56 12 

Standard Cu2O model Cu2O-O 1.84 4 

Standard CuO model CuO-O 1.94 2 
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Table S2. Reduction parameters of EP-Cu and MP-Cu 

 

Parameters MP-Cu EP-Cu 

Faradic efficiency 59 ± 1% for CH4 70 ± 1% for C2H4 

Carbon selectivity 83% for CH4 93% for C2H4 

Potential (V vs. RHE) −1.71 −1.71 

Particle diameter (nm) 14.5 16.0 

Electrolytic cell H-Cell 

Electrolyte 0.05 M KHCO3 

Reference electrode Ag/AgCl with saturated KCl electrolyte 

Counter electrode Pt foil 

Stirring speed 1500 r/min 

CO2 flow rate 20 ccm 

Temperature (℃) 20 ± 2 °C 
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Table S3. Information of the standard gas used for GC calibration 

 

The standard gases were purchased from Air Liquid Co., Ltd. 

  

Standard Gas Components Concentartion (ppm) 

Standard gas 1 

CO 22.4 

CH4 22.6 

C2H4 23.6 

Standard gas 2 

H2 48.0 

CO 59.0 

CH4 53.9 

C2H4 53.2 
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Materials.  

Copper (II) chloridedihydrate (CuCl2•2H2O, >99.9%), ethanol (≥99.5%), isopropyl 

alcohol (≥99.5%), acetone, propylene oxide (≥99%), potassium bromide (KBr, 

≥99.99%), potassium iodide (KI, ≥99.99%), Cu nanoparticles (25 nm, 99.5%), Cu2O 

nanoparticles (99%) and CuO (99%) were purchased from Sigma-Aldrich. All the 

chemicals were used without further purification. 

 

Methods 

Synthesis of bromine-doped copper oxychloride. 

The bromine-doped copper oxychloride was synthesized via an epoxide-assisted 

hydrolysis method[21]. CuCl2•2H2O (0.2 mmol) and KBr (0.05 mmol) were first 

dissolved in ethanol (2 mL) and isopropyl alcohol (0.5 mL) mixture in a vial. 

Deionized water (0.5 mL) was added to the vial before propylene oxide (0.5 mL) was 

slowly dropwise added. Then, acetone was added and the mixture was aged for one 

day to promote the formation of solid powders. The solution was replaced 

periodically for five days before the powder was collected using a centrifuge 

equipment and dried in a vacuum oven. The element composition of the 

bromine-doped precursor is: Cu: O: Cl: Br = 20.0: 50.0: 27.5: 2.5. The MP-Cu was 

obtained via in-situ reduction of bromine-doped copper oxychloride in CO2RR 

process.  

 

Synthesis of iodide doped copper oxychloride. 

The iodide doped copper oxychloride was synthesized via an epoxide-assisted 

hydrolysis method. CuCl2•2H2O (0.2 mmol) and KI (0.05 mmol) were first dissolved 

in ethanol (2 mL) and isopropyl alcohol (0.5 mL) mixture in a vial. Deionized water 

(0.5 mL) was added to the vial before propylene oxide (0.5 mL) was slowly dropwise 

added. Then, acetone was added and the mixture was aged for one day to promote the 

formation of solid powders. The solution was replaced periodically for five days 

before the powder was collected using a centrifuge equipment and dried in a vacuum 

oven. The element composition of iodide doped precursor is: Cu: O: Cl: I = 21.7: 50: 

28.3: 1. The EP-Cu was obtained via in-situ reduction of iodide-doped copper 

oxychloride in CO2RR process. 

 

Preparation of catalysts ink and working electrode. 

The working electrode was prepared using a catalyst ink to fabricate a catalyst 

membrane on the glassy carbon electrode. In a typical preparation process, 10 mg 

catalyst powder was dispersed in 1 mL H2O, 0.2 mL isopropyl alcohol and 80 µL 5 wt% 

nafion aqueous solution. After a 30-min ultrasonic treatment, 5 µL paste was drop 

coated on the glassy carbon electrode. The liquid evaporated in 40 mins and the 

catalyst membrane formed on the glassy carbon electrode surface. 
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Activation of the catalysts. 

The catalysts were activated under in-situ CO2 reduction process using a chrono 

potentiometry process. The MP-Cu catalyst was prepared from the bromine-doped 

copper oxychloride and the EP-Cu catalyst was prepared from the iodide-doped 

copper oxychloride. 

 

Electrochemical measurements under identical reduction conditions. 

The CO2 reduction measurements of both EP-Cu and MP-Cu catalysts were 

performed under identical reduction conditions using a three-electrode system 

connected to an electrochemical workstation (MULTI Autolab M204). Ag/AgCl with 

saturated KCl electrode and platinum foil were used as reference and counter 

electrodes, respectively. The glass carbon electrode (GCE) loaded with catalyst was 

used as the working electrode. CO2-saturated 0.05 M KHCO3 aqueous solution was 

used as electrolytes. The CO2 flow rate was 20 sccm and the stirring rate was 1500 

r/min. The EP-Cu and MP-Cu catalysts were loaded on glassy carbon electrode to 

fabricate the catalyst membrane using the same amount of catalysts ink with the same 

catalyst concentration. 

 

Cyclic voltammetry (CV) measurements. 

The cyclic voltammetry measurements were carried out at a scan rate of 50 mV s-1. 

The electrode potentials were converted to the RHE scale using the following 

equation:  

E(RHE) = E(Ag/AgCl) + 0.197 V + 0.0591  pH. 

The comparison of CV curves in CO2 saturated electrolyte and N2 or Ar saturated 

electrolyte is commonly seen in CO2 reduction works to compare the activities of the 

catalysts towards CO2RR versus HER. In this work, the higher current density at CO2 

atmosphere indicates the higher CO2 reduction activities of the catalyst than HER 

activities. From the CV results, an obvious reduction peak appears at CO2 atmosphere 

compared to the CV results at N2 atmosphere. We can exclude the reduction peak of 

the catalyst in the CV curves because the catalysts have been activated using a chrono 

amperometry process at −1.71 V vs. RHE and the reduction peak only occurrs at CO2 

atmosphere. When compared with the literatures, the reduction peaks occurred at CO2 

atmosphere are supposed to indicate the onset of CO2 reduction.  

 

Reduction products analysis.  

A gas chromatograph (Ruimin Technologies, GC2060) was used to determine the 

gaseous products online continuously. The Ruimin gas chromatograph was equipped 

with a packed TDX-01 column, a packed 5A column and Porapak T column. Nitrogen 

(Praxair, 99.999%) was used as the carrier gas. CH4 and C2H4 concentration were 

quantified via a flame ionization detector (FID) directly and CO was converted to 
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CH4 in a Nickel catalyst kit and then quantified via an FID. Thermal conductivity 

detector (TCD) was used to quantify H2 concentration. We have used two standard 

gases with different concentration to calibrate the GC, the detailed information of 

standard gases is shown in Table S3. 

 

The liquid products were analyzed offline using 1H nuclear magnetic resonance 

(NMR) analysis (AVANCE III HD 400MHz). Quantified 0.54 mL electrolyte was 

mixed with 0.06 mL D2O and 0.006 µL dimethyl sulfoxide (Sigma, 99.99%) as an 

internal standard. The one-dimensional 1H spectrum was measured with water 

suppression using a pre-saturation method. All the FEs were normalized to 100 when 

the liquid product FE was set as tested to make a better comparison of their 

performance under different applied potentials and between the two samples. 

 

Characterizations.  

Scanning transmission electron microscopy (STEM) was carried out on a JEOL 

ARM-200F instrument equipped with a cold field emission gun and a Cs corrector 

(CEOS) for probing lenses at the operation voltage of 200 kV. The morphologies of 

these catalysts were acquired using a Hitachi FE-SEM S-4800 scanning electron 

microscope (SEM) operated at 1.0 kV. High-resolution transmission electron 

microscopy (HRTEM) images were taken on a JEOL JEM-2100F transmission 

electron microscopy operated at 200 kV. The EDS results were acquired on the same 

sample. X-ray photoelectron spectroscopy (XPS) was recorded on a PHI5300 

instrument with Mg Kα X-ray sources. Powder X-ray diffraction (XRD) patterns were 

obtained with a MiniFlex600 instrument in Bragg-Brettano mode using 0.02° 

divergence with a scan rate of 0.1°s-1.  

 

X-ray absorption spectroscopy measurements.  

The Cu K-edge X-ray absorption fine structure (XAFS) measurements were 

performed at the 1W1B beamline of the Beijing Synchrotron Radiation Facility 

(BSRF), China. The spectra were recorded from 8.7 to 9.8 keV in fluorescence mode 

with a step size of 0.5 eV at the near edge. Powder samples were prepared by placing 

a small amount of homogenized powder on 3M tape. Quantified 10 uL catalyst ink 

was dropped on a 44 mm carbon paper (thickness of 0.1 mm) electrode. After a 

chronoamperometry process, the carbon paper electrodes were used for measurements. 

The particle size of the standard Cu NPs sample was 25 nm, similar to the activated 

catalyst size, to avoid the influence of particle size on the XAS results.  

 

The XAS data was analyzed using Athena and Artemis softwares. The absorption 

threshold of the Cu K-edge XAS of Cu NPs standard sample was calibrated to 8979.0 

eV. The linear combination fit results of stabilized catalysts show a little Cu2+ phase 
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(less than 3%), this is a result of the relatively inhomogeneous activation of catalysts 

in carbon paper during the sample preparation process. As a result of the coarse 

carbon paper surface, the contact of the catalysts particles and the carbon paper 

electron transport channel is not that sufficient like on the smooth glass carbon 

electrode surface. This may result in the existence of inactivated catalyst precursor 

particles on the carbon paper surface that were included in the XAS signal. The 

presence of catalysts precursor was not obviously identified in the near edge peak 

position comparison study.  

 

Temperature programed desorption measurements. 

Quantified 50 uL catalyst ink was dropped on a 4*4 mm carbon paper (thickness of 

0.1 mm) electrode. After a chronoamperometry process, the carbon paper electrodes 

were dried in a vacuum oven. Then, the samples (including catalysts and carbon paper) 

were grinded into powder for CO desorption measurements. CO desorption 

measurement of grinded carbon paper with the same parameter was also carried out to 

exclude the contribution of the carbon paper support. 

 

The CO adsorption study was carried out using temperature-programed desorption 

instrument equipped with a thermal conductive detector (AutoChem II 2920). The 

catalysts were degassed under 100℃ with continuous Ar flow to remove the adsorbed 

gases on catalysts surface. After 1 h degassed process, the CO gas was introduced to 

allow sufficient adsorption of CO on the catalysts. The rest CO was swept using Ar. 

The temperature programed was started with continuous Ar in constant velocity to 

bring the desorbed CO to the detector[22-24]. In the CO-TPD results, a higher 

temperature of the desorption peak at the same location indicates a higher CO 

adsorption energy. In comparison with the desorption peaks of standard samples, Cu+ 

in EP-Cu shows a stronger linear configured adsorption than Cu2O, this should be a 

result of the co-existence of Cu in EP-Cu. The adsorption energy of COB on MP-Cu is 

higher than that on EP-Cu and higher than that on Cu NPs, this should be a result of 

their different coordination numbers. 

 

In-situ ATR-FTIRS measurements. 

The catalyst ink was dropped via pipette onto a hemicylindrical silicon prism covered 

with two layers of graphene. A Pt foil and a SCE electrode were used as counter and 

reference electrodes, respectively. The electrolyte was 0.05 M KHCO3, which was 

constantly purged with CO2 during the experiment. The electrode potential was held 

at -0.5 V versus SCE and a background spectrum (reflectance R0) was recorded. The 

electrode potential was altered stepwise from −1.0 to −1.8 V versus SCE, and in the 

meantime IR spectra were recorded with a time resolution of 42 s per spectrum at a 

spectral resolution of 8 cm−1. All spectra were reported as the relative change in 
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reflectivity, ΔR/R0 = (R−R0)/R0, where R and R0 are single-beam spectra collected at 

the sample potential and the reference potential, respectively. A Nicolet 8700 infrared 

spectrometer with a HgCdTe detector cooled by liquid nitrogen was used. The CO 

adsorption infrared signal was collected under various applied potentials to study the 

adsorption property in real reduction conditions [25, 26]. In the IR results, a larger 

wavenumber of the adsorption peak at the same spectral region indicates a lower 

adsorption energy of CO. 

 

Simulation Methods 

The ab initio quantum mechanical calculations were performed by using Vienna Ab 

initio Simulation Package (VASP) 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[27]. A dispersion correction, DFT-D3 

method with Becke-Jonson damping[28], was included in the calculations. The 

energy-cut-off was set to 400 eV. Spin polarization did not have an appreciable effect 

on the overall energies, and was not included in the calculations to reduce 

computational demands. The electronic self-consistent step was considered converged 

when the change of total energy and change of eigenvalues between two steps were 

both smaller than 1e-5 eV. The partial occupancies for each orbital were set with First 

order Methfessel-Paxton scheme in the smearing width of the 0.2 eV. The dipole 

moment corrections for the total energy were considered in the direction normal to the 

surface. The step model is from our previous work[29]. The partially oxidized Cu 

model is also from our previous work[30]. 
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