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Figure S1. The molecular structure of the Cu-TCPP ligand.

Table S1. Structural comparisons between PCN-222(Cu) and PCN-224(Cu)

Name

PCN-222(Cu)

PCN-224(Cu)

Molecular formula
M (g mol ')
n (mol) for 10 mg
Zrg : Cu-TCPP
BET (m2g™)

Pore diameter (nm)

ZrsOg(OH)g[ TCPP-Cu],
2516.03
3.97*%10¢
1:2
1900 (reported value of 2312)

1.2,3.2
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Zrs012(OH)g[TCPP-Cu] 5
2139.74
4.67*10°
1:1.5
1690 (reported value of 2285)

13,1.6



V (em? g 1.18 (reported value of 1.39) 1.107 (reported value of 1.095)

Color and shape red, needle red, cubic

Crystal system hexagonal system cubic system

a=b=41.968(7) A

c=17.143(2) A a=b=c=38.512(2) A
Cell parameters . )
o=£=90 o=£=y=90
y=120"
Space groups P6/mmm Im-3m
Z 6 4
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Figure S2. IR spectrum of each catalyst.
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Figure S3. UV-vis spectrum of each catalyst in CH,Cl,,
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Figure S4. CVs of (a) PCN-222(Cu)/C and (b) PCN-224(Cu)/C loaded on CP in N, and CO,-
saturated electrolyte (vs. Ag/AgCl).
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Figure S5. CVs and peak current intensity variations of (a) PCN-222(Cu)/C and (b) PCN-
224(Cu)/C in a CO,-saturated electrolyte as the scan rate is systematically increased from 0.02 to
0.5 V/s; Dependence of cathodic and anodic peak currents of the Cu'™! redox waves versus the
scan rate, (¢) PCN-222(Cu)/C, (d) PCN-224(Cu)/C.

Table S2. The surface concentration (/) of the electroactive substance and the utilization
percentage of Cu-TCPP, PCN-222(Cu) and PCN-224(Cu)

PCN- PCN-
Cu-TCPP
222(Cu) 224(Cu)
n (mol) 2.35x10°¢ 7.95x1077 9.35x1077
I (mol cm™2) 2.38x1078 3.16x1078 2.86x1078
Utilization percentatage
2.02 7.95 6.12
(%)
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Figure S6. Comparisons of CVs for bare CP electrode, carbon black, Cu-TCPP/C, PCN-
222(Cu)/C, and PCN-224(Cu)/C loaded on the CP electrode in CO,-saturated electrolyte in
the potential range —1.4 ~ 1.2 V vs. RHE.

Table S3. Chronoamperograms and product quantified result for PCN-222(Cu)/C

PCN-222(Cu)/C

vs. Ag/AgCl (V) -1.035 -1.135 -1.235 -1.335 -1.435 -1.535
vs. RHE (V) 0.4 0.5 0.6 0.7 0.8 0.9
Nucoon (mV) 150 250 350 450 550 650
7 (mA cm?) 0.16 0.69 1.24 3.22 5.87 9.53

Q(C) 2.269 9.898 17.81 46.31 84.48 137.3
FEi, (%) 58.97 62.51 54.8 50.67 65.21 71.56
FEco (%) 14.17 8.95 3.18 52 2.85 2

Cricoon (ppm) 0.93 7.407 21.685 81.48 108.31 148.07
FEncoon (%) 10.31 18.82 30.62 44.25 32.24 27.12
nhcoon (mol)  1.21x10°  9.66x106  2.83x105  1.06x10*  1.41x10%4  1.93x10*

TON (nycoon/n) 1.52 12.15 35.6 133.33 177.36 242.77

TOF (h) 0.76 6.08 17.8 66.67 88.68 121.39
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Table S4. Chronoamperograms and product quantified result for PCN-224(Cu)/C

PCN-224(Cu)/C

vs. Ag/AgCl (V) -1.035v -1.135v -1.235v -1.335v 1.435v 1.535v
vs. RHE (V) -0.4 -0.5 -0.6 -0.7 -0.8 -0.9
Nucoon (MV) 150 250 350 450 550 650
j (mA cm?) 0.181 0.651 1.22 2.376 291 6.775
(0X(®)] 2.602 9.371 17.5 34.21 41.85 97.56
FEm, (%) 51.78 58.04 56.61 59.78 73.49 67.24
Chcoon (ppm) 1.383 8.944 22.195 46.43 34.61 103.92
FEncoon (%) 13.37 24 31.9 34.14 20.8 26.79
Nycoon (mMol) 1.8x10¢  1.17x10°  2.9x10° 6.1x10°  4.51x10°  1.36x10*
TON (ngcoon/n) 1.93 12.51 31.02 65.24 48.24 145.45
TOF (h'") 0.97 6.26 15.51 32.62 24.12 72.73

Table S5. Chronoamperograms and product quantified result for Cu-TCPP/C

Cu-TCPP/C
vs. Ag/AgCl (V) -1.035 -1.135 -1.235 -1.335 -1.435 -1.535
vs. RHE (V) 0.4 0.5 0.6 0.7 0.8 0.9
Nicoon (mV) 150 250 350 450 550 650
7 (mA cm?) 0.11 0.37 0.73 2.185 3.03 5.385
Q(C) 1.581 5.321 10.53 31.47 43.65 77.55
FEip, (%) 32.83 61.34 63.08 41.64 61.86 70.51
FEco (%) \ \ \ 0.82 2.24 1.18
Cricoon (ppm) \ 2.685 7.27 35.52 47.23 77.4
FEncoon (%) \ 12.69 17.36 28.38 27.21 25.1
Nycoon (mol) \ 3.5x10°  9.48x10°  4.63x10°  6.16x10°  1x10*
TON (nycoon/n) \ 1.49 4.03 19.7 26.21 42.55
TOF (h') \ 0.75 2.02 9.85 13.11 21.28

Table S6. Correlated data in references for clarifying the CO, capture ability

PCN-222-H, ! PCN-224-7Zn 2
BET surface area (m?g™!) 1728 1638.9
CO, uptake (273K) (cm3*g™!) 58 383
CO, uptake (298K) (cm3*g™) 35 24.7
Heat of adsorption (kJ mol!) 23.6 36.8
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Figure S7. Gas cycling experiment for Cu-TCPP catalyst under a pure CO, and N, flow at a
constant temperature of 303 K for 10 cycles.

Table S7. The obtained R and R in each catalyst

PCN-222(Cu)/C PCN-224 (Cu)/C Cu-TCPP/C

R 4.248 4.587 4.399
Rer 10.23 10.13 15.75
C, (UF cm?) 21.2 17.8 15.9
ECSA (cm?) 1.06 0.89 0.79
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Figure S8. CV curves of (a) PCN-222(Cu); (b) PCN-224(Cu); (c) Cu-TCPP in the region of —0.8
~—0.9 V vs. Ag/AgCl at various scan rate (5 ~ 40 mV/s); (d) Current density plots at various scan

rates.
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Figure S9. (a) Steady-state current density and (b) the selectivity for each gas product in a
potential range from —0.4 to —0.9 V vs. RHE of PCN-222(Cu)/C, PCN-224(Cu)/C and Cu-

TCPP/C.

Table S8. Long-term chronoamperograms and product quantified results for three catalysts

Catalyst ~ PCN-222(Cu) PCN-224(Cu) Cu-TCPP PCN-222(Cu) PCN-224(Cu) Cu-TCPP
£ (h) 2 10
0 (©) 46.3 342 31.5 199.3 144.3 90.2
j (mA cm2) 32 2.4 2.2 2.8 2.0 1.3
FEncoon
44.3 34.1 28.4 34.6 34.9 23.8
(%)
FEu (%) 50.7 59.8 41.6 51.9 58.1 60.7
FEco (%) 52 \ 0.8 113 \ 0.8

Table S9. Performance of some Cu-related electrocatalysts in reference for transformation of CO,

to HCOOH
Potential
Catalyst Electrolyte Product Jj (mA ¢cm2) FE (%) Ref
[overpotential (V)]
PCN-222(Cu) ~0.70 V vs. RHE 3.2 4425  This
0.5 M KHCO; HCOOH
PCN-224(Cu) [0.45] 2.4 34.14 work
—1.20 V vs. SHE
CR-MOF 0.5 M KHCO; HCOOH 30 3
[0.54]
Cu-SIM NU-1000 thin
0.1 M NaClO,4 HCOOH —0.82 V vs. RHE 1.2 28 4
film
9/16
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Pb,/Cu NWs 9.35 22

nanoporous Zn-Cu 0.5 M KHCO;4 HCOOH —0.9 V vs. RHE ~5.6 29

29

Experimental Section

Materials.

All chemicals used as received without further purification. The water used throughout all
experiments was deionized with 18.2 MQ from a Millipore system. Carbon monoxide
(99.999%) and hydrogen (99.999%) were used for calibration.

Preparation of the Electrodes.

MOFs of PCN-222(Cu) and PCN-224(Cu) and ligand of Cu-TCPP (Figure S1) were
synthesized following a process described in the literature.3%-3! After a typical hydrothermal
synthesis, red hexagonal prism-shaped crystals of PCN-222(Cu), and red cubic crystals of
PCN-224(Cu) were collected by filtration. Carbon paper (99.5% carbon, 1 cm % 1 cm) was
treated with 6.0 M HCI overnight to remove trace metal impurity, rinsed thoroughly with
Milli-Q water, and dried in a vacuum before use. 10.0 mg (3.97x10°° mol) of PCN-
222(Cu) and 20.0 mg carbon black (Vulcan XC-72R) were ultrasonically dispersed into 1.0
mL acetone (0.5 wt% Nafion) for 2 h to form a slurry. A 160 uL of the slurry was dropped
on each surface of the carbon paper and then air-dried before use (loading of 3.0 mg cm™2).
PCN-224(Cu)/C (10 mg, 4.67x10° mol of catalyst) and Cu-TCPP/C (10 mg, 8.21x10°°
mol of catalyst) electrodes were assembled according to the same procedure mentioned
above.

Electrochemistry and Product Analyses.

Electrochemical reduction of CO, was performed in an H-type cell with an Ag/AgCl
reference electrode and Pt wire as the counter electrode. The cathode and anode
compartments were separated by a cation exchange membrane (Nafion 117). 0.5 M (60
mL) KHCO; aqueous solution was used as the electrolyte. Before electrolysis, the
electrolyte was pre-saturated with CO, by bubbling the gas for 30 min (pH 7.4). Current
densities were calculated based on the geometric area of the working electrode. A
CHI660E electrochemical workstation was used for the electrochemical studies.
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Electrochemical behaviors were evaluated by the characterization of cyclic voltammetry
and chronopotentiometry. All potentials were referred to a reversible hydrogen electrode
(RHE).

The gas chromatograph (GC, SP-6890) is equipped with columns of TDX-01, GDX502,
and PEG-20M, detectors of thermal conductivity detector (TCD) and flame ionization
detector (FID) with Ar as a carrier gas. The gaseous products were drawn from the
headspace by a gas-tight syringe and injected into the GC. H,;, CO and CO, with
significant amounts are detected by TCD. FID is used to detect a trace of hydrocarbon
products. Standard curves for H, and CO are shown in Figure S10. Liquid phase products
of methanol and ethanol were detected by the FID after eluting from the PEG-20M column
(Figure S11). The liquid phase product of COOH~ was quantified using a high-end ion
chromatography system (ICS-2000, DIONEX). The standard curve for COOH™ is shown in
Figure S12.

Additional characterizations of the electrode were obtained with scanning electron microscopy
(SEM) (S-4800II, Japan) and powder X-ray diffraction (PXRD) measurement (AXS DS
ADVANCE, Bruker, German). Low-pressure N, adsorption measurements (up to 1 bar) were
performed on a Micromeritics ASAP 2020 HDS88 surface area and a pore size analyzer. The
surface elemental compositions of the samples were investigated by X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific, America). The Fourier transform
infrared spectra of the catalysts are collected on Vertex 70 v, Bruker. The UV absorption
characteristics were measured on a Cary 5000 UV spectrophotometer. The CO, capture of each

catalyst is tested by thermogravimetric analyzer (STA 449 F3).
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established on PEG-20M column for GC analysis.
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Figure S12. Chromatographic peak and standard curve for COOH™ established on high-end ion
chromatography.
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