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Figure S1. IR spectrum of each catalyst. 

The stretching vibrations at 1697 and 1263 cm-1 in H2-TCPP can be attributed to the COO (asymmetric) and -OH groups. Those 
intensities in PCN-222 decreased significantly, indicating the coordination interaction between the -COOH group and Zr6 cluster. 
Moreover, the intensity of COO (symmetric) at 1407 cm-1 in PCN-222 enhanced significantly (vs. 1402 cm-1 in H2-TCPP).[1-3] 
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Figure S2. PXRD patterns of PCN-222 and PCN-222(M), M = Mn, Co, Ni, Zn.
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Figure S3. XPS of (a) Mn 2p; (b) Co 2p; (c) Ni 2p; (d) Zn 2p. 

As depicted in Figure S3, the high-resolution Mn 2p spectra of PCN-222(Mn) are fitted into two peaks at 642.16 and 653.68 eV, which 
are attributed to Mn 2p3/2 and Mn 2p1/2 for Mn3+, respectively.[4,5] For PCN-222(Co), the peaks at 780.82 and 795.64 eV are fitted into 
Co 2p3/2 and Co 2p1/2 for Co2+, respectively.[5-7] The peaks of Ni 2p3/2 and Ni 2p1/2 attributable to Ni2+ for PCN-222(Ni) are at 855.02 and 
872.36 eV, respectively.[7,8] Similarly, the peaks of PCN-222(Zn) located at 1021.62 and 1044.50 eV are attributed to the Zn 2p3/2 and 
Zn 2p1/2 for Zn2+, respectively.[9] 
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Figure S4. XPS of N1s for PCN-222(M), M = Mn, Co, Ni, Zn.
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Figure S5. (a) N2 sorption isotherms at 77 K, solid, adsorption; hollow, desorption; (b) DFT pore size distribution of PCN-222 and PCN-222(M). 
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Table S1. SBET and Vpore of Each Catalyst 

 PCN-222 PCN-222(Mn) PCN-222(Co) PCN-222(Ni) PCN-222(Zn) 

SBET (m2 g-1) 2410 1230 1543 2017 2247 

Vpore (cm3 g-1) 1.29 0.69 0.86 1.37 1.19 

Reported [10] 2223 2045 1864 2283 1906 
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Figure S6. UV-vis spectra of (a) PCN-222 and H2-TCPP; (b-e) PCN-222(M) and M-TCPP in CH2Cl2; (f) Illustration of the comparison for the 
extended frameworks. 
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Figure S7. HAADF-STEM and EDS elemental (Co, Zr) mapping of PCN-222(Co)/CNT with different catalyst contents: (a) 1:1; (b) 1:10; (c) 1:30. 

 
As depicted in Figure S7, it reveals low contents of Co and Zr even in the high composite ratios of PCN-222/PCN-222(M):CNT = 

1:1 and 1:10. 
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Figure S8. IR spectrum of each catalyst. 

Take PCN-222/CNT as an example. Since hydroxylated CNT was used to combine with MOF, an absorption peak attributed to -OH 
is observed at 3726 cm-1 in CNT and PCN-222/CNT (Figure S8a). PCN-222/CNT shows a weak peak of COO (symmetric) at 1407 cm-1. 
The weak absorption peaks in the range of 650~800 cm-1 are attributed to the C-H out-of-plane bending vibration zone on the benzene 
ring in PCN-222.   

The IR spectra of PCN-222(M)/CNT (Figure S8 b-e) are similar to that of PCN-222/CNT. 



SUPPORTING INFORMATION 

12 
 

Chinese Journal of Structural Chemistry

 

Figure S9. LSVs of (a) PCN-222/CNT and (b-e) PCN-222(M)/CNT loaded on CP in N2 and CO2-saturated electrolyte (vs. Ag/AgCl). 
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Figure S10. CVs of (a) PCN-222/C and PCN-222/CNT; (b-e) PCN-222(M)/C and PCN-222(M)/C NT loaded on CP in CO2-saturated electrolyte (vs. 
Ag/AgCl). 
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Figure S11. Comparison of LSV for each catalyst in the CO2-saturated electrolyte (vs. Ag/AgCl). 
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Table S2. Chronoamperograms and Product Quantified Results for PCN-222/CNT  

vs. Ag/AgCl (V) -1.135 -1.185 -1.235 -1.285 -1.335 -1.385 

vs. RHE (V) -0.50 -0.55 -0.60 -0.65 -0.70 -0.75 

ηCO (mV) 394 444 494 544 594 644 

j (mA cm-2) 0.3 0.6 0.7 0.9 1.2 1.2 

FEH2 (%) 32.3 23.2 26.1 21.9 22.4 25.4 

FECO (%) 74.6 72.4 69.6 80.7 73.5 66.5 

TON (nCO/n) 181.1 308.4 337.5 469.2 606.8 568.4 

TOF (h-1) 90.6 154.2 168.8 234.6 303.4 284.2 
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Table S3. Chronoamperograms and Product Quantified Results for PCN-222(Mn)/CNT 

vs. Ag/AgCl (V) -1.135 -1.185 -1.235 -1.285 -1.335 

vs. RHE (V) -0.50 -0.55 -0.60 -0.65 -0.70 

ηCO (mV) 394 444 494 544 594 

j (mA cm-2) 0.3 0.6 1.1 1.3 1.7 

FEH2 (%) 36.4 23.7 13.3 14.9 13.9 

FECO(%) 78.4 77.9 88.5 85.7 84.6 

TON (nCO/n) 166.8 358.9 712.6 838.7 1165.7 

TOF (h-1) 83.4 179.4 356.3 419.4 582.9 
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Table S4. Chronoamperograms and Product Quantified Results for PCN-222(Co)/CNT 

vs. Ag/AgCl (V) -1.085 -1.135 -1.185 -1.235 -1.285 -1.335 -1.385 

vs. RHE (V) -0.45 -0.50 -0.55 -0.60 -0.65 -0.70 -0.75 

ηCO (mV) 344 394 444 494 544 594 644 

j (mA cm-2) 0.6 1.3 1.9 2.6 3.8 4.9 5.6 

FEH2 (%) 41.0 36.5 27.4 23.7 12.3 16.2 16.9 

FECO(%) 65.6 68.9 77.3 80.3 89.3 85.3 80.9 

TON (nCO/n) 298.0 649.0 1142.9 1721.0 2607.4 3033.0 3163.6 

TOF (h-1) 149.0 324.5 571.4 860.5 1303.7 1516.5 1581.8 
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Table S5. Chronoamperograms and Product Quantified Results for PCN-222(Ni)/CNT  

vs. Ag/AgCl (V) -1.135 -1.235 -1.335 -1.385 -1.435 -1.485 -1.535 

vs. RHE (V) -0.50 -0.60 -0.70 -0.75 -0.80 -0.85 -0.90 

ηCO (mV) 394 494 594 644 694 744 794 

j (mA cm-2) 0.1 0.1 0.3 0.7 0.8 1.1 1.7 

FEH2 (%) 101.7 99.5 75.5 59.3 42.0 39.8 45.7 

FECO(%) / 6.0 31.4 42.8 52.0 49.4 43.9 

TON (nCO/n) / 6.6 64.2 239.7 296.2 423.5 556.3 

TOF (h-1) / 3.3 32.1 119.8 148.1 211.8 278.2 
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Table S6. Chronoamperograms and Product Quantified Results for PCN-222(Zn)/CNT  

vs. Ag/AgCl (V) -1.135 -1.185 -1.235 -1.285 -1.335 -1.385 

vs. RHE (V) -0.50 -0.55 -0.60 -0.65 -0.70 -0.75 

ηCO (mV) 394 444 494 544 594 644 

j (mA cm-2) 0.2 0.4 0.8 1.3 1.8 2.4 

FEH2 (%) 73.4 34.9 17.0 12.04 9.2 8.3 

FECO (%) 32.9 63.5 88.2 88.1 92.5 91.0 

TON (nCO/n) 53.0 310.2 521.5 952.4 1305.2 1795.1 

TOF (h-1) 26.5 155.1 260.8 476.2 652.6 897.6 
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Table S7. Chronoamperograms and Product Quantified Results for CNT 

vs. Ag/AgCl (V) -1.235 

vs. RHE (V) -0.60 

j (mA cm-2) 0.7 

FEH2 (%) 96.2 

FECO (%) / 
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Figure S12. Current density plots at various scan rates at -0.75 V vs. Ag/AgCl.  
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Table S8. The Value of Cdl and ECSA for Each Catalyst  

Catalyst Cdl (mF cm-2) ECSA (cm2) 

CNT 10.7 535.0 

PCN-222/CNT 12.6 628.5 

PCN-222(Mn)/CNT 15.3 763.5 
PCN-222(Co)/CNT 14.8 740.0 

PCN-222(Ni)/CNT 12.9 647.0 

PCN-222(Zn)/CNT 15.5 775.5 
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Table S9. The Obtained Rcell and Rct in Each Catalyst  

Catalyst Rcell (Ω) Rct (Ω) 

CNT 3.7 31.4 

PCN-222/CNT 4.5 44.0 

PCN-222(Mn)/CNT 4.3 37.2 
PCN-222(Co)/CNT 3.6 10.4 

PCN-222(Ni)/CNT 4.2 61.3 

PCN-222(Zn)/CNT 4.8 39.6 
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Figure S13. Long-term chronoamperometry test (20 h) and Faradaic efficiency for CO as a function of time for PCN-222(Ni)/CNT. 
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Table S10. FECO at Different Times for Each Catalyst  

Catalyst 2 h 4 h 6 h 8 h 10 h 20 h 

PCN-222/CNT 80.7 70.4 71.7 57.5 59.5 49.4 

PCN-222(Mn)/CNT 88.5 81.4 81.0 82.4 77.9 63.1 

PCN-222(Co)/CNT 89.3 80.7 77.0 72.6 71.1 68.4 

PCN-222(Ni)/CNT 52.0 48.2 49.6 43.3 48.2 39.7 

PCN-222(Zn)/CNT 92.5 95.8 85.2 89.2 83.6 67.8 
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Table S11. FECO of Catalysts Containing M-Nx Structure in CO2RR 

Catalyst Electrolyte Potential [η] (V) j (mA cm-2) FECO (%) Ref. 

PCN-222/CNT 

0.5 M KHCO3 

-0.65 V vs. RHE 

[0.544] 
0.9 81 

This 

work 

PCN-222(Mn)/CNT 
-0.60 V vs. RHE 

[0.494] 
1.1 88 

PCN-222(Co)/CNT 
-0.65 V vs. RHE 

[0.544] 
3.8 89 

PCN-222(Ni)/CNT 
-0.80 V vs. RHE 

[0.694] 
0.8 52 

PCN-222(Zn)/CNT 
-0.70 V vs. RHE 

[0.594] 
1.8 92 

[MnBr(2,2-bipyridine)(CO)3]/CNT 0.5 M KHCO3 -1.10 V vs. SHE  35 [11] 

Mn-N-C 0.1 M KHCO3 -0.54 V vs. RHE  42 [12] 

ortho-Mn(bpy)(CO)3Br 
CH3CN / 0.1 M Bu4NPF6 

solutions with TFE (20%) 
-1.53 V vs. Fc+/0  75 [13] 

CoPP-PG 0.1 M NaClO4 -0.60 V vs. RHE  60 [14] 

CoPc-P4VP 0.1 M NaClO4 -0.73 V vs RHE  89 [15] 

CoTPP 0.5 M KHCO3 
-1.05V vs. NHE 

[0.50] 
 67 [16] 

COF-367-Co 0.5 M KHCO3 
-0.67 V vs RHE 

[0.55] 
 91 [17] 

TTF-Por(Co)-COF 0.5 M KHCO3 -0.70 V vs RHE  95 [18] 

TCPP(Co)/Zr-BTB 

-PSABA 
0.5 M KHCO3 -0.77 V vs RHE 6 85 [19] 

MOF-1992 0.1 M KHCO3 -0.63 V vs. RHE  80 [20] 

ZrPP-1-Co@r-GO 0.5 M KHCO3 -0.60 V vs RHE  82 [21] 

Al2(OH)2TCPP-Co 0.5 M K2CO3 -0.70 V vs. RHE  76 [22] 

CoPc 1.0 M KHCO3 -0.70 V vs. RHE 3.6 62 [23] 

CoPc/C 0.5 M KHCO3 -0.90 V vs RHE 28 84 [24] 

CoPc/N-C-nanorods 0.1 M KHCO3 -0.70 V vs RHE 5 85 [25] 

CoPc/graphene 0.1 M KHCO3 -0.59 V vs RHE 1.5 77 [26] 

CoPPc/CNT 0.5 M KHCO3 -1.0 V vs NHE  76 [27] 

CoP/N-rGO 0.5 M NaHCO3 -0.70 V vs. RHE 2 80 [28] 

Co-N-C 0.1 M KHCO3 -0.58 V vs. RHE  45 [29] 

ZrPP-1-Ni@r-GO 0.5 M KHCO3 -0.60 V vs. RHE  78 [21] 

Ni-N4-C 0.5 M KHCO3 -0.81 V vs. RHE 28.6 99 [30] 

NiPor-CTF 0.5 M KHCO3 -0.90 V vs. RHE  97 [31] 

Ni-N-C 0.1 M KHCO3 -0.80 V vs. RHE  88 [12] 

Ni@N-CNTs/CP 0.5 M KHCO3 -0.76 V vs. RHE 10.6 57 [32] 

]ZrPP-1-Zn@r-GO 0.5 M KHCO3 -0.60 V vs. RHE  16 [21] 

PorZn 0.1 M TBAPF6 DMF/H2O -1.70 V vs. SHE 2.1 95 [33] 

ZIF-8 0.25 M K2SO4 -1.10 V vs. RHE  81 [34] 
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n DFT CALCULATIONS 
To reveal the effect of metal centers on CO2RR, we adopted finite cluster calculations for MOFs. The H2-TCPP and M-TCPP were used 
as calculation models, and CO2RR intermediates (*COOH, *CO) were constructed on this structure. The asterisk (*) represents the 
active site. All calculations adopt the spin-polarized density functional method within DMol3 code of Materials Studio.[35,36] We selected 
the Perdew-Burke-Ernzerhof (PBE) of the generalized gradient approximation (GGA) to describe the electron interactions.[37] For 
transition metals, we employed the DFT Semi-core Pseudopotential (DSPP) method, while for other elements we used the double 
numerical plus d-functions (DND) basis set.[38,39] The energy, force, and displacement convergence criteria were set as 2 × 10-5 Ha, 4 
× 10-3 Ha/Å, and 5 × 10-3 Å in all DFT calculations, respectively. The Gibbs free energy change (ΔG) of every step was obtained by 
applying the computational hydrogen electrode (CHE) model proposed by Nørskov et al.[40,41] The ΔG and free energy were calculated 
as: 

 ΔG*COOH = G*COOH - G* - GCO2 - 1/2GH2 (1) 
 G = E + EZPE - TS (2) 

where E is the electronic energy calculated by DFT, T is the temperature; EZPE and S are the zero point energy and entropy, respectively, 
estimated under harmonic approximation from the frequency analysis.   
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Table S12. Representation of Frontier Molecular Orbitals in Each Porphyrin Ligand  

 HOMO LUMO 

Catalyst Before reduction After reduction (e-) Before reduction After reduction (e-) 

Mn-TCPP 

    

Co-TCPP 

    

Ni-TCPP 

    

Zn-TCPP 

    

H2-TCPP 

    

  



SUPPORTING INFORMATION 

29 
 

Chinese Journal of Structural Chemistry

Table S13. Frontier Molecular Orbital Energies of Each Porphyrin Ligand  

 Before reduction After reduction (e-) 

Catalyst EHOMO (eV) ELUMO (eV) ΔEL-H (eV) EHOMO (eV) ELUMO (eV) ΔEL-H (eV) 

H2-TCPP -0.191 -0.129 0.062 -0.093 -0.033 0.060 

Mn-TCPP -0.177 -0.141 0.036 -0.059 -0.036 0.023 

Co-TCPP -0.192 -0.135 0.057 -0.062 -0.038 0.024 

Ni-TCPP -0.196 -0.136 0.060 -0.091 -0.036 0.055 

Zn-TCPP -0.202 -0.136 0.066 -0.103 -0.040 0.063 
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n EXPERIMENTAL SECTION 
Materials and General Method. Methyl 4-formylbenzoate (99%), pyrrole (99%), propionic acid (99.5%), benzoic acid (99.5%), 
ZrCl4 (99%), N,N-dimethylformamide (DMF) (99.5%), hydrochloric acid (37%), MnCl2·4H2O (99%), CoCl2·6H2O (99%), 
NiCl2·6H2O (99%), ZnCl2 (99%), KHCO3 (99.5%) and acetone (99.5%) were from Sinopharm Chemical reagent. CNT was 
purchased from XFNANO. All chemicals were used as received without further purification. The water used throughout all 
experiments was deionized with 18.2 MΩ from a Millipore system. Carbon monoxide (99.999%) and hydrogen (99.999%) 
were used for calibration.  

Characterizations of the catalyst were obtained with scanning electron microscopy (SEM) (S-4800II, Japan), field emission 
transmission electron microscope (HAADF-STEM) (Tecnai G2 F30 S-TWIN, America), and powder X-ray diffraction (PXRD) 
measurement (AXS D8 ADVANCE, Bruker, German). Low-pressure N2 adsorption measurements (up to 1 bar) were performed on a 
Micromeritics ASAP 2020 HD88 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.  

Preparation of the Electrodes. Carbon paper (99.5% carbon, 1 cm × 1 cm) was treated with 6.0 M HCl overnight to remove 
trace metal impurity, rinsed thoroughly with Milli-Q water, and dried in a vacuum before use.  

Preparation of PCN-222/C and PCN-222(M)/C: 10.0 mg of PCN-222 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 μL 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-222(M)/C electrodes were 
assembled according to the same procedure mentioned above.  

Preparation of PCN-222/CNT and PCN-222(M)/CNT: 30.0 mg of PCN-222/CNT was ultrasonically dispersed into 2.0 mL 
acetone (0.5 wt% Nafion) for 2 h to form a slurry. A 300 μL of the slurry was dropped on each surface of the carbon paper 
and then air-dried before use (loading of 3.75 mg cm-2). PCN-222(M)/CNT electrodes were assembled according to the same 
procedure mentioned above. 

Electrochemistry and Product Analyses. Electrochemical reduction of CO2 was performed in an H-type cell with an 
Ag/AgCl reference electrode and Pt wire was used as the counter electrode. The cathode and anode compartments were 
separated by a cation exchange membrane (Nafion 117). 0.5 M (60 mL) KHCO3 aqueous solution was used as the electrolyte. 
Before electrolysis, the electrolyte was pre-saturated with CO2 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. 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. H2, CO, and CO2 with significant amounts were detected by TCD. Standard curves for 
H2 and CO are shown in Figure S14.  
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Figure S14. Chromatographic peaks (a, c) and standard curves (b, d) for pure hydrogen and CO, established on the TDX-01 column for GC analysis.
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