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S1. Experimental details
Materials: Copper(II) sulfate pentahydrate (Cu(NO3)2·5H2O), 1,3,5-
benzenetricarboxylic acid (C9H6O6, H3BTC), 1,4-dicarboxybenzene (C8H6O4, 
H2BDC), 2-aminoterephthalic acid (C8H7NO4, H2BDC-NH2), 1,4-
Diazabicyclo[2.2.2]octane (DABCO), N, N-dimethylformamide (DMF), acetic acid, 
potassium hydroxide (KOH), Sodium hydroxide (NaOH), Lithium hydroxide (LiOH), 
Cesium Hydroxide Monohydrate (CsOH·H2O), ethanol, and 5 wt% Nafion solution 
were purchased from Beijing Innochem Science & Technology co., LTD.

Synthesis of CuBTC: In a typical synthetic procedure, 182 mg of copper nitrate was 
dissolved in 10 mL of methanol to prepare solution A; 87.5 mg of H3BTC was dissolved 
in 10 mL of methanol to prepare solution B. Solution A was added into solution B and 
stirred for 2 hours. A blue precipitate was then obtained by allowing the mixture to 
stand. After centrifugation, collect the precipitate, wash it twice with water and ethanol 
respectively, and then freeze-dry to obtain CuBTC.1 

Synthesis of CuBDC: First, 28.9 mg of Cu(NO3)2‧5H2O, 32.4 mg of H2BDC, and 11.2 
mg of DABCO were sequentially added to 40 ml of DMF and sonicated for 15 minutes 
to ensure complete dissolution. Subsequently, the resulting blue solution was 
transferred into a Teflon liner and stirred for 10 minutes. The mixture was then placed 
into a 50 mL stainless-steel autoclave and heated at 120 ºC for 12 hours. After 
centrifugation, collect the precipitate, wash it twice with water and ethanol respectively, 
and then freeze-dry to obtain CuBDC.2 

Synthesis of CuBDC-NH2: the procedures were same as those for CuBDC, except that 
32.4 mg (0.2 mmol) of H2BDC was replaced by 36.2 mg (0.2 mmol) of H2BDC-NH2.2 

Characterization: XRD patterns were obtained by a Shimazu XRD-6100 with Cu Kα 
radiation (λ = 1.5418 Å). For Scanning electron microscopy (SEM), the morphology of 
the prepared precursors and final materials were observed by high-resolution FE-SEM 
(Hitachi S-4000 and S-4800). Raman spectra were measured on a RenishawRM3000 
Micro-Raman system. TEM images were measured by JEOL-2010 TEM. X-ray 
photoelectron spectra (XPS) spectra were carried out on ESCALAB MKII with Al Kα 
(hυ = 1486.6 eV) as the excitation source. The binding energies in the XPS spectral 
analysis were corrected by referencing C 1s to 284.8 eV. 

Preparation of working electrode: 10 mg of catalyst and 10 μL of 5% Nafion solution 
were dispersed in 1 mL of isopropanol. Then, 0.2 mL of the above dispersion was 
dropped onto a piece of gas diffusion layer (YLS-30T) and heated at 65 °C for 10 
minutes to dry the dispersion. To obtain electrodes with added crown ether, different 
masses of crown ether were added to the above dispersion, with all other steps 
remaining unchanged.



Electrocatalytic CO2 reduction tests: All electrocatalytic tests and reactions were 
conducted using a CHI760E electrochemical workstation in a three-electrode system. 
And all the electrochemical measurements were conducted in a flow cell, separated by 
a Nafion membrane, with Hg/HgO (with saturated KOH as the filing solution) as the 
reference electrode and a 1 cm × 1 cm Ni foam as the counter electrode. Both the 
cathode and anode used 1M KOH solution as the electrolyte during the test. LSV was 
carried out in 1 M KOH solution at a scan rate of 50 mV s-1.  Electrochemical 
impedance spectroscopy (ElS) was conducted at open-circuit potential from 0.01 Hz to 
100 kHz with an amplitude of 5 mV. The electrochemical active surface area (ECSA, 
cm2) was calculated by double-layer capacitance CDL, which was measured by 
conducting CV within a 100 mV window centered at -0.45 V vs. RHE. All potentials 
were eventually transformed to the reversible hydrogen electrode reference through the 
following relationship:

Evs RHE = Evs Hg/HgO + 0.098 V + 0.0591 V × pH

Product analysis: The liquid products and gas products were qualitatively and 
quantitatively analyzed using nuclear magnetic resonance (NMR, AVIII400 HD) and 
gas chromatography (GC, PANNA GC-A60), respectively. The GC is equipped with 
two detectors: a thermal conductivity detector (TCD) and a flame ionization detector 
(FID).
For gas analysis, N2 was used as the carrier gas for TCD to detect H2, while FID was 
employed to detect CO, CH4, and C2H4. The Faradaic efficiency (FE) of the products 
can be quantified following this formula,

FEi =
zi ∙ ni ∙ F

Qtotal
× 100 %

zi: The number of electrons involved in the reaction. ni: The number of moles of the 
product. F: The Faraday constant, representing the charge per mole of electrons, F = 
96485 C·mol⁻¹. The mole amount of liquid product directly measured by 1H NMR 
spectra, the volume of total electrolyte and the volume of the tested electrolyte, 
respectively.

In-situ ATR-FTIR measurement: A three-electrode configuration was used, with a 
carbon rod as the counter electrode and a saturated Hg/HgO as the reference electrode. 
The working electrode was prepared through dropping catalyst ink onto the silicon 
deposited with a gold film. The catholyte was 1.0 M KOH. Spectra were collected in 
situ under open circuit potential (OCP) and at different electrolysis steps with CO2 
introduced. This approach enabled real-time monitoring of the material's structural 
changes and reaction intermediates during the CO2 electrochemical reduction 
processes.



S2. Supplementary characterizations

Figure S1. XPS survey spectrum for O 1s (A) and C 1s (B) of CuBTC. These signals primarily 
originate from the skeletal structure of H3BTC in CuBTC.

As shown in the Figure S1, the signals of O 1s and C 1s in CuBTC both originate from the 
framework of H3BTC.

Figure S2. TEM images of CuBTC. 

TEM images revealed the octahedral structure of CuBTC.8

Figure S3. (A, B) SEM images of CuBDC. (C) The diffraction pattern of Cu-BDC. 

A rod-like structure was observed for Cu-BDC, with a length of approximately 1 μm. The 
characteristic diffraction patterns at 2 theta = 10.2°, 17.2°, and 24.6° correspond to the (110), (021), 
and (040) planes of Cu-BDC, respectively.3–7 



Figure S4. (A, B) SEM images of CuBDC-NH2. (C) The XRD pattern of CuBDC-NH2. 

A sheet-like structure is clearly observed, and similar diffraction patterns to those of CuBDC are 
also present for CuBDC-NH2. However, due to the modification with amino groups on the linker, 
several additional peaks appear.4 

Figure S5. Distribution of ECO2RR products on 2 mg cm-2 crown ether (CE)-modified CuBTC 
under different applied potentials.

Under these conditions, as the voltage increases, the ethylene yield first increases and then 
decreases, reaching its maximum value (ca. 52%) at -2.0 V vs. RHE.

Figure S6. Typical gas chromatography profiles of CE, CuBTC, and CE-modified CuBTC during 
the ECO2RR tests. 



In the blank experiment with only CE added, apart from trace impurity gases (CH4, CO) originating 
from the CO2 gas itself, only an H2 signal was detected. This can be attributed to the gas diffusion 
layer (GDL), which tends to generate hydrogen under electrochemical conditions. Under the same 
experimental conditions, CuBTC primarily produces CO as the main product. However, with the 
addition of crown ether, a strong ethylene signal peak is observed. This indicates the addition of CE 
promote the formation of ethylene.

Figure S7. (A) Linear sweep voltammetry curves of CuBDC; (B) Linear sweep voltammetry curves 
of CuBDC-NH2.
As shown in Figure S7A, the current under a CO2 atmosphere is higher compared to that under air 
conditions, indicating higher activity toward CO2. This current further increases after the addition 
of CE. A similar situation can also be observed in Figure S7B.

Figure S8. Distribution of ECO2RR products for CuBDC and CuBDC-NH2 with and without CE 
addition.

Compared to the pure catalyst, the addition of CE significantly enhances the FE of ethylene for 
CuBDC and CuBDC-NH2.



Figure S9. SEM images of CuBTC loaded on carbon paper after ECO2RR. 

The octahedral structure of CuBTC is observed to collapse and undergo in-situ reconstruction into 
a particle-assembled rod-like structure, suggesting that the active species changes during the 
ECO2RR process.

Figure S10. The XRD diffraction patterns of pure CuBTC on carbon paper before and after the 
ECO2RR. 

Before the reaction, the diffraction patterns are mainly attributed to CuBTC and carbon paper (CP). 
After the ECO2RR, the diffraction patterns shift to those corresponding to Cu and CP, indicating 
that, without CE modification, the crystal phase of the catalyst transforms into metallic copper.

Figure S11. Cyclic voltammetry (CV) curve of pure CuBTC after the ECO2RR.



As shown in the Figure S11, two pairs of redox couples are clearly observed in the CV curve of 
pure CuBTC, corresponding to Cu2+/Cu+ and Cu+/Cu. This indicates that CuBTC can be 
transformed into metallic Cu without CE-modification.

Figure S12. (A) Distribution of ECO2RR products for CuBTC with and without the addition of CE 
in 1 M LiOH. (B) Distribution of ECO2RR products for CuBTC with and without the addition of 
CE in 1 M NaOH. (C) Distribution of ECO2RR products for CuBTC with and without the addition 
of CE in 1 M KOH. (D) Distribution of ECO2RR products for CuBTC with and without the addition 
of CE in 1 M CsOH. 

In Figure S12 unlike in KOH, the addition of CE does not significantly increase ethylene selectivity 
for CuBTC in LiOH, NaOH, and CsOH. 

Figure S13. Comparison of ECO2RR products distribution for CE-modified CuBTC with and 
without additional potassium ion.



As shown in Figure 13, the addition of 1 M KCl to the KOH solution further enhances the ethylene 
selectivity of CE-modified CuBTC catalyst.
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