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Experimental section

Synthesis of CuO samples

The CuO samples were prepared by microwave synthesis method. First, 10
mmol CuCl, were dissolved into 10 ml DI water to form a uniform solution. Second,
the CuCl, solution was added into 30 ml of 3 M KOH solution with additional 10 ml
ethanol under continuous stirring for 10 min. Then, the resultant solution was placed
in the microwave oven and heated for 30 min. Lastly, the obtained samples were
washed, centrifuged, and dried in air. Four different microwave powers of 200, 300,
400 and 500 W were selected to synthesize CuO samples, and the corresponding
samples were denoted as CuO-1, CuO-2, CuO-3, and CuO-4, respectively.

Characterizations

The morphology of CuO samples was characterized by a SU8020 scanning
electron microscopy (SEM) and a JEM-2100F transmission electron microscopy
(TEM). X-ray diffusion (XRD) tests were carried out on a PANalytical X-Pert PRO
MPD with Cu-target X-ray source. X-ray photoelectron spectra (XPS) data were
collected on a ESCAL AB250Xi spectrometer using Al Ko X-ray source. In situ
Raman spectra were measured on a LabRAM HR Evolution Raman spectrometer with

a 633 nm laser equipped with a gas-fed flow cell (Gaossunion Technology CO., Ltd).
Preparation of electrodes

The CuO catalysts were first dispersed in a mixture solution containing 10 ml of
DI water, 10 ml of isopropyl alcohol, and 30 ul of Nafion ionomer solution (Sigma; 5
wt %). The CuO solution was then sonicated for 30 min to form catalyst ink. The gas
diffusion electrodes (GDEs) were prepared by spraying the catalyst ink onto a 2 x 2
cm? carbon paper with a microporous carbon layer (SGL 34BC). The loading of
catalysts was controlled to about 0.5 mg cm™. Ni foam was pressed on the carbon

paper as an anode electrode.
Electrochemical measurements

The electrochemical CO, reduction reaction measurements were conducted using
a flow cell system under constant cell voltage electrolysis controlled by a Gamry

electrochemical workstation. The as-prepared CuO-GDEs were employed as the

2



cathode. A polytetrafluoroethylene (PTFE) buffer layer with a 1 cm? window was
attached to the cathode. 1.0 M KOH aqueous solution was pumped to the cathodic and
anodic PTFE buffer layer compartments at a rate of 1.0 ml min"'. The cathodic and
anodic compartments were separated by an anion exchange membrane (Fumasep
FAA-3-PK-75). CO, gas was continuously supplied to the cathode through a
serpentine bipolar plate with a flow rate of 20.0 sccm. The gas from the outlet of the
flow cell was mixed with Ar stream at a fixed flow rate of 10 sccm before looping to
the gas chromatography. The outlet CO, flow rate was calibrated by the Ar stream.
All potentials were converted to a reversible hydrogen electrode (RHE) scale with
manual iR, compensation: Erug = Eag/agci (saturated kc1y + 0.059 < pH + 0.197 - iR;. The
R, was determined by potentiostatic electrochemical impedance spectroscopy (EIS)
measurement under an open circuit potential at frequencies ranging from 100 kHz to
0.1 Hz. Before the electrocatalytic test, the cathode was pretreated by cyclic
voltammetry from -0.5 to -1.0 V vs. RHE for 3 cycles. The electrochemical active
surface area (ECSA) of the electrodes was proportional to the double-layer
capacitance (Cg) value. The Cg of each electrode was estimated from the cyclic
voltammetric curves ranged from 0.2 to 0.3 V vs. RHE with various scan rates from

10 to 200 mV s,
Product analysis

The gaseous products were detected by on-line gas chromatography (GC 7890B,
Agilent) equipped with a thermal conductivity detector (TCD) and a flame ionization
detector (FID). High purity helium (He) gases were used as the carrier gas. The outlet
gas stream was injected into GC after CO, electrocatalysis for 5 min at each potential.
The molar percentage of gas product was obtained from the ratio of GC peak area
between the specific gas product and CO, based on the calibration curves (TCD for
H,, CO,, and CO; FID for CH,4, C,H4, and C,Hg). The liquid products were quantified
by 'H NMR (Bruker AV 400 MHz spectrometer). The liquid product concentration
was calculated referred to the concentration of internal standard solution based on the
NMR peak integral areas and calibration curves. To prepare the NMR samples, 500 pl
of the collected electrolyte was mixed with 100 pl D,O solution containing 5 mM of
3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TSP).

The partial current (/,) and the Faradaic efficiency (FE,) of a specific gas product

x were calculated by the following equation:
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Where the A,, Aco; and A4, represent the peak area of a specific gas product, CO,
and Ar in the sample gas; the 4,* and A¢p,* represent the peak area of a specific gas
product and CO; in the calibration gas; the C,* represents the fraction of the specific
gas referred to CO, in the calibration gas; the a and b are slope and intercept of the
linear relationship between the Acp,/A4 and veps/vy, , respectively, from the GC
calibration; v, is the volumetric flow rate of Ar, which is 10 sccm; ¢ is the volumetric
flow rate CO,, which is 20.0 sccm; P and T are the atmospheric pressure and
temperature during test, respectively; R is the gas constant; F is the Faradaic constant;
n, is the electron transfer number for a specific gas product and 7, is the total
current during the test.

The gross CO generation rate was defined as the summary of the production
rates of C,. products, CHy, and residual CO gas product, which was calculated by the
following equation:S!

jCH4 jC2H4 jCEHEUH jC3H?UH jCHEOUH
jCO, generation— jCO+ 4 + 3 + 3 + 3 + 2

The electrochemical active surface area (ECSA) was obtained based on the
roughness factor (RF), which can be calculated by the equation of RF=Cy/Cs, Cy is
the double-layer capacitance of the CuO electrode, Cy is the double-layer capacitance

of the Cu foil flat surface (35 puF cm2).52



Fig. S1. SEM images of (a) CuO-2 and (b) CuO-3 samples.
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Fig. S2. XRD patterns of different CuO samples.



Fig. S3. The selective electron diffraction pattern of CuO-1 sample.
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Fig. S4. XPS spectra of CuO-1 and CuO-4: (a) Cu 2p, (b) O 1s, (c¢) Cu LMM.
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Fig. S5. XPS spectrum of K 2p for CuO-1 sample.
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Fig. S6. CO,RR current densities of different CuO electrodes.
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Fig. S7. CO; conversion over the different CuO catalysts. The CO, conversion is
referred to the ratio of consumed CO, by the electrochemical reduction to supplied
CO..
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Fig. S8. Faradaic efficiencies of all CO, reduction products for (a) CuO-2, (b) CuO-3,
and (c) CuO-4 electrodes.
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Fig. S9. Partial current densities of all CO, reduction products for (a) CuO-1, (b)

Cu0O-2, (c) CuO-3, and (d) CuO-4 electrodes.
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Fig. S10. XRD patterns of the different spent CuO electrodes after CO,RR.
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Fig. S11. XPS spectra of spent CuO-1 and CuO-4 after CO,RR: (a) Cu 2p, (b) Cu
LMM.
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Fig. S12. (a) EDS mapping and (b) EDX spectrum of post CuO-1 after CO,RR.
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Fig. S13. HRTEM images of (al-6) spent CuO-1 electrode and (b1-6) spent CuO-4
electrode after CO,RR.
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Fig. S14. (a) HRTEM image of post CuO-1 after CO, reduction, (b) the corresponding
FFT pattern.
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Fig. S15. Cyclic voltammetry curves of different CuO electrodes at scan rates of 10,
20, 40, 60, 80, 100, 120, 140, 160, 180, and 200 mV s!. (a) CuO-1, (b) CuO-2, (c)
Cu0O-3, and (d) CuO-4 electrodes.
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Fig. S16. The double-layer capacitances of different CuO electrodes.
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Fig. S17. C,H,4 formation rate as a function of potential for different CuO electrodes.
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Fig. S18. CO formation rates of the CuO-1 and CuO-4 electrodes.
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Table S1. Comparison of C,H,4 production rate and Faradaic efficiency among

various Cu-based catalysts.

Catalyst electrolyte (mjzzf;l_z) F?;SH 4 (\}) 3:?331}:) Ref.
CuO nanowires | M KOH 325 62 -0.56 ;2:{
CuAg alloy 1 M KOH ~180 60 -0.70 S3
Cu-Al alloy 1 M KOH 400 80% -1.50 S4
Cu—polyamine 1 M KOH 312 72 -0.97 S5
funxgi‘:zl:; oy | MKHCO; 232 72 -0.83 S6
Cu nanowires 0.1 M KHCO; - 20.3 -1.10 S7
plasma-copper 0.1 M KHCO; - 60 -0.90 S8
plasma-copper 0.1 M KHCO; ~15 ~45 -1.00 S9
CuO,—Vo 0.1 M KHCO;3 - 63 -1.40 S10
AN-Cu 0.1 M KHCO;3 7.3 38.1 -1.08 S11
SD-Cu NPs 0.1 M KHCO3 2.0 52.43 -0.99 S12
PISG-3 1 M KOH 143 61.1 -0.90 S13
Cu-SiOy 0.1 M KHCO;3 215 65 - S14
Nanodefective )\ s0, 60 83.2 118 S15

Cu Nanosheets
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