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Fig. S1. FT-IR spectra of CoPc, CoTAPc and CoTMAPc.



Fig. S2. 1H NMR spectra of CoTAPc and CoTMAPc. 1H NMR spectra of CoTAPc and 
CoTMAPc were measured in DMSO-d6 and D2O solvent, respectively.



Fig. S3. Raman spectra of CoPc, CoTAPc and CoTMAPc.

Fig. S4. UV-vis spectra of CoPc, CoTAPc and CoTMAPc in DMF.



Fig. S5. CV curves of CoPc, CoTAPc and CoTMAPc under CO2 (a) and N2 (b) at a scan rate 
of 500 mV/s in 0.5 M aqueous KHCO3. The anodic and cathodic peak are labelled as ia and ic.

Fig. S6. CO partial current densities and TOFCO values of CoPc, CoTAPc and CoTMAPc.



Fig. S7. Tafel plots of CoPc, CoTAPc and CoTMAPc, the catalyst loading is 7×10-9 mol/cm2.

Fig. S8 Hydrogen evolution reaction (HER) free energy profiles of CoTAPc and CoTMAPc



Fig. S9. UV-vis spectra of pristine CNT, CoTAPc@CNT and CoTMAPc@CNT in DMF.

Fig. S10. TEM images of (a, b) pristine CNT, and (c, d) CoTAPc@CNT.



Fig. S11. CV curves of (a, b) before and after 30 min chronoamperometric test of  
CoTAPc@CNT and (c, d) before and after 30 min chronoamperometric test of 
CoTMAPc@CNT in N2 saturated 0.5 M KHCO3 (pH 8.36) at a rate of 0.5 V/s. Insert shows 
the enlarged region (anodic peak from the CoI/CoII). The surface active Co site is calculated as 
Method 1.



Fig. S12. CV curves of (a, c) before and after 30 min chronoamperometric test of CoTAPc/CNT 
and (d, f) before and after 30 min chronoamperometric test of CoTMAPc/CNT in N2 saturated 
0.5 M KHCO3 (pH 8.36) at a rate of 0.5 V/s. Long-term electrolysis of (b) CoTAPc/CNT and 
(e) CoTMAPc/CNT were performed in CO2 saturated 0.5 M KHCO3 at -0.62 V versus RHE.

Fig. S13. Chronoamperometric responses of (a) CoTAPc@CNT and (b) CoTMAPc@CNT at 
different potentials.



Fig. S14. 1H NMR spectrum of the liquid products were measured in D2O and no liquid 
products were identifiable. The electrolyte was collected from the chronoamperograms test of 
CoTMAPc@CNT at -0.62 V vs. RHE for 30 min.



Fig. S15. CO partial current density at -0.62 V vs RHE changing with the catalyst loadings.

Fig. S16. Current densities of (a) CoTAPc@CNT and (b) CoTMAPc@CNT at various 
electrolysis potentials in flow cell. For CoTMAPc@CNT, salts segregation on the cathode was 
observed at -0.6 V, which leads to the fluctuation of current density. 



Table S1. The top and side views of CoTAPc and CoTMAPc and their intermediate steps of 
CO2RR. The Mulliken charge of Co is highlighted in the table.

* *COOH *CO

CoTAPc

CoTMAPc



Table S2. XPS results analysis for the prepared samples (at. %).

Element atomic ration (%)
Sample

C N O Co N/Co ratio
CoTAPc@CNT 95.36 1.99 2.47 0.18 11.06

CoTMAPc@CNT 95.02 2.31 2.46 0.21 11.00



Table S3. The ICP Co results in the post-reaction electrolyte to qunantify the Co leaching.

Samples ICP Co content (mg/L) Co leaching percentage (%)
CoTAPc@CNT 0 0

CoTMAPc@CNT 0 0
CoTAPc/CNT (1.82 ± 0.06) ×10-2 11.6

CoTMAPc/CNT (6.76 ± 0.05) ×10-2 43.0
* The catalyst loading at the electrode was 1 mg/cm2. 
The electrolyte was collected from the chronoamperograms test of four samples at -0.62 V vs. 
RHE in CO2 saturated KHCO3 for 30 min. The 1 mL electrolyte was extracted from the cell and 
then nitrated by adding 4 mL concentrated HNO3 at 90 ℃ for half an hour. Then the solution 
was diluted with 15 mL DI water to conduct the ICP analysis. The Co leaching percentage (%) 
was calculated as following:

𝐶𝑜 𝑙𝑒𝑎𝑐ℎ𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =

6.76 × 10 ‒ 2𝑚𝑔/𝐿
1000

× 20 × 1.75 𝑚𝐿

1 𝑚𝑔 × 0.55%
= 43 %



Table S4. The CO partial current density (jCO) at different potentials of carbon paper (CP) 
without deposited catalyst tested in CO2 saturated 0.5 M KHCO3 and CoTMAPc@CNT with a 
molecular loading of 7×10-9 mol/cm2 tested in N2 saturated 0.5 M KHCO3.

jCO (mA/cm2)
Potential (V vs. RHE)

Carbon paper (CO2) CoTMAPc@CNT (N2)

-0.57 0 0.084

-0.62 0 0.12

-0.67 0 0.17

-0.72 0.037 0.34

The very small amount of CO production for N2 fed CoTMAPc@CNT sample is due to the 
change of HCO3

- to CO2 from KHCO3 electrolyte. These relatively small jCO confirm that the 
negligible CO production without CO2 or with CO2 but in the absence of catalyst and CO2. 



Table S5. Comparison of electrochemical performance of CO2RR catalysts in flow cell.

Catalyst j (mA/cm2) Cell voltage (V) FECO (%) Reference

CoTMAPc@CNT 239 -2.3 95.6 This work

CoPc 184 -2.5 95 1

CoPc-CN/CNT 146 -2.3 56 2

Ni-SAC 50 -2.78 97 3

Ni-SAC 130 -2.7 99 4

Au 186 -2.25 85 5

Ag 213 -3 90 6



Method 1: Calculation of the surface active Co site
The electroactive amounts were estimated based on the plot of peak current of the CoI/CoII 

oxidation wave (Fig.S11). The amount of electrochemically surface active Co site is calculated 
according to equation:

Γ =  
𝑄

𝑛𝐹𝐴
Where Γ is the electroactive amounts of Co site. 
Q is the integration of the anodic peak. 
n is the electron number of redox cunsumed (one-electron process). 
F is the Faraday constant (96485 C/mol).
A is the electrode area (1 cm2).
For example, the active site in Figure S11a is caculated as below:

Γ =  
0.663 × 10 ‒ 3 
1 × 96485 × 1

= 6.87 × 10 ‒ 9 𝑚𝑜𝑙/𝑐𝑚2

Method 2: Calculation of faradaic efficiency

𝐹𝐸𝑔𝑎𝑠(%) =  
𝑄𝑔𝑎𝑠

𝑄𝑡𝑜𝑡𝑎𝑙
 × 100% =  

( 𝑣
60𝑠/𝑚𝑖𝑛) × ( 𝑉𝑔𝑎𝑠

22400𝑐𝑚3

𝑚𝑜𝑙
) × 𝑁 × 𝐹 × 100%

𝑗
v is gas flow rate controlled by mass flowmeter (10 sccm) at room temperature.
Vgas is volume concentration of CO or H2 in the outlet gas from the cell.
N is the number of electrons required to form a molecule of CO or H2 (2e-).
F is the Faraday constant (96485 C/mol).
j is the recorded current.

Method 3: Calculation of TOF and TON
Turnover frequency (TOF) is defined as the number of reduction product generated per 

electrocatalytic active site per unit time, caculated as follows:

𝑇𝑂𝐹 =  
𝑗𝑡𝑜𝑡 × 𝐹𝐸𝑐𝑜

2𝐹 × 𝑛𝑡𝑜𝑡

ntot is the total loading amount of molecular catalysts determined from the ICP analysis.
Turnover number (TON) is defined as the mole of reduction product generated per 

electrocatalytic active site over a given period of time, caculated as follows:

𝑇𝑂𝑁 =
𝑄 × 𝐹𝐸𝑐𝑜(𝑎𝑣𝑒𝑟𝑎𝑔𝑒)

2𝐹 ×  𝑛𝑡𝑜𝑡

Q is the total reduction charge amount during the long-term electrocatalysis test. FEco(average) 
is the average CO faradaic efficiency during the test perieod. 



Method 4: Detailed calculation process:
The density functional theoretical (DFT) calculations were carried out with the Gaussian 16.7 
The Becke exchange functional (B) and the Lee–Yang–Parr (LYP) correlation functional 
within a generalized gradient approximation (GGA) was used to describe the interaction 
between the ionic cores and electrons.8-9 The hybrid basic set was employed to optimize all 
structures and calculate Gibbs free energy. For H, C, N and O atoms, the basis set b3lyp/6-
311+g(d,p) was adopted here. For the metal atom Co, the outer and inner shell valence electrons 
are described by the effective pseudopotential double-ζ (LANL2DZ) basis set, separately from 
the core electrons, which were described by the LANL2 effective core potential (ECP). For 
reaction steps involving transfer of a H+/e− pair, the free energy of the pair was set as half the 
free energy of gaseous H2 (H+ + e- ↔ 1/2H2).10

The binding energy (Eb) of an adsorbate was calculated as:
Eb=Etot-Emolecular-Eadsorbate

where Etot, Emolecular and Eadsorbate are the total energy of molecular with adsorbate, the energy of 
clean molecular and the energy of adsorbate in the gas phase, respectively. The change in free 
energy (G) under room temperature is calculated as

G = E + ZPE - TS
where E is the binding energy of adsorbed species, ZPE and TS are the changes of zero-
point energy and entropy of a species, respectively.

The CO2RR to CO is suggested to proceed via the following sequential steps:11

CO2 + (H+ + e-) + * → *HOCO
*HOCO + (H+ + e-) → *CO + H2O
*CO → CO + *
In aqueous electrolytes, the HER inevitably takes place via the following sequential steps,12 and 
competes with the CO2RR:
H+ + e- + * → *H
*H + H+ + e- → H2 + *
where * indicates adsorption sites.
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