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1. Free energy calculation based on CHE

The free energy of elementary reactions of CO2 reduction is calculated based on the 

computational hydrogen electrode (CHE), that is, the energy of a H+/e− pair is equal to half of the 

gaseous hydrogen (0.5H2) at an equilibrium potential.[1] The corrections of zero-point energy 

(EZPE), heat capacity (Cp), temperature (T) and entropy (S) are introduced into the DFT-calculated 

total energy (EDFT) to determine the free energy of elementary reactions [2]: 

G = EDFT + EZPE + ∫CpdT - TS                    (S1)

where EZPE, Cp, and S are calculated from statistical mechanics within the harmonic 

approximation, taking the vibrational frequencies of adsorbates and molecules as calculated with 

DFT. It is proposed that EDFT dominates in determining the free energy, while the variations in 

EZPE, Cp, and S corrections on different substrates are ignorable.[3] Therefore, the free energy G 

was calculated by using EDFT plus the corrections listed in Table S3. We have calculated the 

corrections (EZPE + ∫CpdT - TS) for typical TM-CTFs (Table S11). The results show that the 

corrections vary within 8%, which are reasonable to be neglected. Therefore, the values of EZPE, 
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Cp, and S are quoted from published reports.[4-5] Moreover, we applied an addition value of -0.51 

eV into CO gaseous molecules to correct the large deviations from the standard value in using 

GGA-PBE functional.[6] The solvation energy correction is considered in an approximate method 

for COOH* intermediate by 0.25 eV and CO* intermediate by 0.1 eV since the energy differences 

of solvation effect for the intermediates in CO2RR are ignorable, as shown in Table S12.[7] By 

applying this calculation method, the calculated equilibriums potential vs CHE for overall half 

reaction of CO2 conversion agrees well with the experimental value vs. RHE (Table S2).[8]

2. Adsorption energy and overpotential calculation of TM-CTFs

To predict electrocatalytic behavior, the first elementary reaction of gaseous reactant 

adsorption on catalysts is considered to be one of critical steps to determine the catalytic 

mechanism and catalytic activity. There are four elementary reactions in CO2RR, including CO2 

chemisorption, CO2 activation, chemicals formation, and products desorption, as shown in Figure 

S1. The overall reactions of CO2 reduction are[9]: 

* + CO2(g) → *CO2                         (S2)

*CO2 + H+ + e- → *COOH                      (S3)

*COOH + H+ + e- → *CO + H2O(l)               (S4)

*CO → * + CO(g)                   (S5)

where * refers to the active site on the surface of catalysts, subscripts g and l stand for the gas and 

liquid phases, respectively. The *CO2, *COOH and *CO refer to the intermediates adsorbed on 

TM-CTFs.

The adsorption energies are calculated with following equations.[10]

∆G*CO2 = G(*CO2) – G(*) – GCO2                      (S6)

∆GCOOH = G(*COOH) – G(*) – (GCO2 + 0.5GH2)          (S7)

∆G*CO = G(*CO) – G(*) – (GCO2 + GH2 – GH2O)         (S8)

where G(*) is the ground state energy of cleanly unabsorbed surface, G(*CO2), G(*COOH) and 

G(*CO) are the ground state energies of surface absorbed with *CO2, *COOH, and *CO 

adsorbates on TM-CTFs, GCO2, GH2 and GH2O, are the energies of CO2, H2 and H2O gaseous/liquid 

molecules, respectively.
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The overpotential (ηCO) calculations is defined as: 

ηCO = max[∆Gelem/ne]                       (S9)

where n is the number of electronic transfers for each elementary reaction, and ∆Gelem is the free 

energy (ΔG1, ΔG2, ΔG3, and ΔG4) of elementary reactions (Equations S2–S5). Note here, ∆Gelem 

is calculated at equilibrium state, i.e., the free energy of the electrochemical step (ΔG2, ΔG3) of 

CO2RR will be added -0.12V for CO product (Figure S2).

3. Kinetic calculation of TM-CTFs

In this study, we also calculated the energy barrier for producing CO or HCOOH via *COOH 

intermediate to determine the prioritization during second hydrogenation. The Climbing Image-

Nudged Elastic Band (CI-NEB) method was utilized to calculate transition stats (TS) on TM-

CTFs.[11] Five images are inserted between initial structure (IS) and final structure (FS) in our 

calculations. A linearized Poisson–Boltzmann implicit solvation model was used to neutralize the 

nonzero charge in the simulation, as implemented in VASPsol.[12] The dielectric constant is set 

up to 80 for water environment in simulating. The solvated proton is modelled by H7O3
+ near the 

reaction intermediates. The VDW method is controlled via zero damping DFT-D3 method.[13]

4. Formation energy and dissolution potential of TM-CTFs

The formation energy refers to the difficulty of synthesizing a catalyst from CTF substrate, 

namely thermodynamical stability. The dissolution potential represents electrochemical stability, 

meaning whether the metal active center will fall off the structure and dissolve into the electrolyte. 

An excellent catalyst should have both high thermodynamical and electrochemical stabilities. The 

formation energy and dissolution energy of TM-CTFs are defined as[14]:

                        (10)𝐸𝑓 =  𝐸𝑇𝑀 ‒ 𝐶𝑇𝐹 ‒ 𝐸𝐶𝑇𝐹 ‒ 𝐸𝑇𝑀

                    (11)𝑈𝑑𝑖𝑠𝑠 =  𝑈 𝑜
𝑑𝑖𝑠𝑠 (𝑚𝑒𝑡𝑎𝑙, 𝑏𝑢𝑙𝑘) ‒ 𝐸𝑓/𝑛𝑒

where  are the total energies of TM-CTF, substrate and metal atom, 𝐸𝑇𝑀 ‒ 𝐶𝑇𝐹,  𝐸𝐶𝑇𝐹,  𝑎𝑛𝑑 𝐸𝑇𝑀

and  are the standard dissolution potential of bulk metal and the number of 𝑈 𝑜
𝑑𝑖𝑠𝑠(𝑚𝑒𝑡𝑎𝑙, 𝑏𝑢𝑙𝑘) 𝑛

electrons involved in the dissolution, respectively.[15] The corresponding values are shown in 
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Table S5.

5. The descriptor () calculation

We here proposed a rational and reliable principle for guiding the design of high activity 

catalysts for CO2RR. The novel descriptor for TM-CTFs is defined as:

                         (12)
Φ =

𝑁
𝑟𝑇𝑀 ∗ 𝑛

where N, rTM and n are the number of d electrons, the atomic radius, and the periodic number of 

TMs, respectively, and the corresponding values are shown in Table S4. Actually, the number of 

d electrons (N) plays a critical role in indirectly determining the catalytic behavior. The atomic 

radius (rTM) and periodic number (n) strongly influence the geometric configuration and 

topological structure in adsorbing intermediates. The CO2RR catalytic activities , as well as its 

catalytic mechanism, of TM-CTFs could be predicted by utilizing this descriptor. 

6. The molecule orbital of CO2 gaseous

The molecule orbital of CO2 was carried out using the Gaussian 09.D01 program suite.[16] 

The ground state geometry was optimized by the density functional theory (DFT) B3LYP 

(Becke’s three-parameter hybrid function with the non-local correlation of Lee–Yang–Parr) 

method combining with the 6-31G(d) basis set.[17] Frequency analysis was performed under the 

same theoretical level to ensure that the structure was the local minimum on the potential energy 

surface. The results are shown in Figure S3.
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Supplementary Tables

Table S1. The values of U-J parameters for DFT calculations.[18-22]

3d Sc Ti V Cr Mn Fe Co Ni Cu Zn

U-J 2.11 2.58 2.72 2.79 3.06 3.29 3.42 3.40 3.87 4.12

4d Y Zr Nb Mo / Ru Rh Pd Ag /

U-J 2.00 2.00 2.04 2.18 / 2.42 2.80 3.35 3.50 /

5d / Hf Ta W Re Os Ir Pt Au /

U-J / 1.95 2.05 2.20 2.26 2.19 2.34 2.41 3.00 /

Table 2. The equilibrium potential (V) and calculation values (V) of reaction potential at 0 V 

applied voltage for CO2RR.[8]

Half-reaction Calculated Equilibrium

CO2 + 2(H+ + e-) → CO(g) + H2O(l) -0.120 -0.12

CO2 + 2(H+ + e-) → HCOOH(l) -0.201 -0.20

CO2 + 4(H+ + e-) → HCHO(l) + H2O(l) -0.073 -0.07

CO2 + 6(H+ + e-) → CH3OH(l) + H2O(l) 0.031 0.03

CO2 + 8(H+ + e-) → CH4 (g) + 2H2O(l) 0.167 0.17

2H+ + 2e- → H2(g) 0.000 0.00
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Table 3. Corrections including zero-point energy (ZPE), heat capacity (Cp) and entropy (S) at 

298K for converting the calculated total energy to free energy (eV)

Adsorbate ZPE TS ∫CpdT

*CO2 0.30 0.09 0.06

*COOH 0.63 0.17 0.09

*OCHO 0.62 0.20 0.10

*HCOOH 0.82 0.09 0.05

*CO 0.22 0.08 0.05

*OH 0.40 0.04 0.03

CO2 0.31 0.65 0.10

CO 0.14 0.67 0.09

HCOOH 0.90 1.02 0.11

H2O 0.58 0.65 0.10

H2 0.27 0.42 0.09
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Table 4. The number of d electrons (NTM), atomic radius (rTM), and periodic number (n) of 

transition metals, and their corresponding descriptor ().[23]

NTM rTM/Å n 

Ti 2 1.76 3 0.38 

V 3 1.71 3 0.58 

Cr 5 1.66 3 1.00 

Mn 5 1.61 3 1.04 

Fe 6 1.56 3 1.28 

Co 7 1.52 3 1.54 

Ni 8 1.49 3 1.79 

Cu 10 1.45 3 2.30 

Zn 10 1.42 3 2.35 

Nb 4 1.98 4 0.51 

Mo 5 1.90 4 0.66 

Ru 7 1.78 4 0.98 

Rh 8 1.73 4 1.16 

Pd 10 1.69 4 1.48 

Ag 10 1.65 4 1.52 

Ta 3 2.00 5 0.30 

W 4 1.93 5 0.41 

Re 5 1.88 5 0.53 

Os 6 1.85 5 0.65 

Ir 7 1.80 5 0.78 

Pt 9 1.77 5 1.02 

Au 10 1.74 5 1.15 
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Table 5. The number of transferred electrons ( ), standard dissolution potential ( ), the 𝑁𝑒 𝑈 𝑜
𝑑𝑖𝑠𝑠

calculated formation energy ( ) and dissolution potential ( ) of TM-CTFs.𝐸𝑓 𝑈𝑑𝑖𝑠𝑠

𝑁𝑒 𝑈 𝑜
𝑑𝑖𝑠𝑠 𝐸𝑓 𝑈𝑑𝑖𝑠𝑠

Sc 3 -2.08 -3.67 -0.86

Ti 2 -1.63 -3.45 0.09

V 2 -1.18 -2.72 0.18

Cr 2 -0.91 -2.91 0.55

Mn 2 -1.19 -1.43 1.90

Fe 2 -0.45 -1.82 0.46

Co 2 -0.28 -2.06 0.75

Ni 2 -0.26 -1.99 0.74

Cu 2 0.34 -1.03 0.86

Zn 2 -0.76 -1.74 0.11

Y 3 -2.37 -3.89 -1.07

Zr 4 -1.45 -4.36 -0.36

Nb 3 -1.10 -3.34 0.01

Mo 3 -0.20 -4.79 1.40

Ru 2 0.46 -2.21 1.57

Rh 2 0.60 -1.80 1.50

Pd 2 0.95 -2.00 1.95

Ag 1 0.80 -1.79 2.59

Hf 4 -1.55 -4.41 -0.45

Ta 3 -0.60 -3.82 0.67

W 3 0.10 -2.39 0.90

Re 3 0.30 -1.12 0.67

Os 8 0.84 -2.13 1.11

Ir 3 1.16 -2.84 2.11

Pt 2 1.18 -1.49 1.92

Au 3 1.50 -1.40 1.97
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Table 6. The ICOHP values of TM-C, TM-O and their average in TM-CTFs-*CO2 configuration, 

and the ICOHP value of C-O and C-O in *CO2 adsorbate. 

𝐼𝐶𝑂𝐻𝑃𝑇𝑀 ‒ 𝐶 𝐼𝐶𝑂𝐻𝑃𝑇𝑀 ‒ 𝑂' 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝐶𝑂𝐻𝑃𝐶 ‒ 𝑂'
𝐼𝐶𝑂𝐻𝑃𝐶 ‒ 𝑂''

Ti -1.61 -2.93 -2.27 -3.45 -5.53

V -1.23 -1.59 -1.41 -4.48 -7.42

Cr -1.39 -1.62 -1.51 -4.44 -6.77

Mn -1.10 -1.46 -1.28 -7.33 -8.57

Fe -1.72 -1.57 -1.65 -7.07 -8.26

Co -1.62 -1.31 -1.47 -7.58 -8.38

Ni -1.12 -1.10 -1.11 -8.10 -8.75

Cu -1.45 -0.65 -1.05 -7.18 -7.71

Zn -1.48 0.00 -1.48 -7.80 -7.80

Nb -2.12 -2.22 -2.17 -2.82 -5.32

Mo -1.91 -1.33 -1.62 -6.64 -8.20

Ru -1.90 -0.86 -1.38 -7.09 -8.11

Rh -1.54 -0.66 -1.10 -7.55 -8.37

Pd -1.73 -0.68 -1.21 -6.98 -7.68

Ag -1.16 0.00 -1.16 -7.32 -7.36

Ta -2.39 -2.53 -2.46 -2.69 -5.41

W -2.05 -1.78 -1.92 -3.82 -6.16

Re -2.00 -1.77 -1.89 -4.46 -6.28

Os -2.15 -1.31 -1.73 -7.11 -8.37

Ir -1.85 -0.83 -1.34 -7.13 -8.23

Pt -1.45 0.00 -1.45 -6.92 -7.15

Au -1.50 0.00 -1.50 -7.12 -7.36
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Table 7. The overpotential of CO (ηCO/V), HCOOH (ηHCOOH/V), H2 (ηH2/V) in electrocatalytic 

CO2RR and HER, respectively.

ηCO ηHCOOH ηH2

Ti 1.32 1.35 0.28

V 0.61 1.07 0.05

Cr 0.45 1.30 0.25

Mn 0.54 1.73 0.63

Fe 0.51 1.34 0.70

Co 0.42 1.38 0.77

Ni 0.34 1.66 0.46

Cu 0.51 0.76 0.32

Zn 0.86 0.97 0.81

Nb 0.91 1.03 0.31

Mo 0.55 1.18 0.13

Ru 1.12 0.57 0.41

Rh 0.81 0.54 0.13

Pd 0.56 0.72 0.25

Ag 0.50 0.77 0.63

Ta 1.67 1.21 0.64

W 1.03 1.50 0.59

Re 1.62 1.92 0.65

Os 0.77 1.08 0.63

Ir 1.46 0.43 0.47

Pt 1.30 0.49 0.77

Au 0.54 0.71 0.86
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Table S8. Free energy (eV) and overpotential (η/V) of CO2RR (ηCO) on noble metals.

G1 G2 G3 G4 ηCO

Ag (2 1 1) -0.02 0.98 -0.24 -0.48 0.86

Au (2 1 1) -0.08 0.82 -0.31 -0.19 0.70

Table S9. The bond length of simulation TM-CTFs versus experimental results[24].

TM-N1 TM-N2 TM-N3 Average Experimental

Co-CTF 2.17 1.90 2.18 2.08 2.00  0.10

Ni-CTF 2.20 1.88 2.27 2.11 2.08  0.05
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Table S10. Representative SACs with coordinately-unsaturated transition metal for 

electrocatalytic CO2RR, including Faraday efficiency (FECO/%), current density (jCO/ mA cm-2), 

and Tafel plot.

Catalysts active site Electrolyte FECO jCO Tafel Ref

Co-CTF Co-N3 0.1 M KHCO3 ~ 85
-1.20

@ -1.10 V
162 24

Ni-CTF Ni-N3 0.1 M KHCO3 ~ 96
-1.50

@ -1.10 V
154 24

Cu-CTF Cu-N3 0.1 M KHCO3 ~ 12
-0.05

@ -1.10 V
305 24

Co-N3 0.5 M KHCO3 ~ 63
-18.1

@ -0.63 V
- 25

Co-SAC

Co-N2 0.5 M KHCO3 ~ 91
-32.7

@ -0.78 V
- 25

C-Zn1Ni4 

ZIF-8 
Ni-N3 0.5 M KHCO3 ~ 98

-71.5

@ -1.05 V
- 26

Cu-N2/GN Cu-N2 0.1 M KHCO3 81
-10.0

@ -0.75 V
245 27

Ni-N3-V 

SAC
Ni-N3 0.5 M KHCO3 90

-65.0

@ -0.90 V
124 28

Fe1NC/S1-

1000
Fe-N3 0.5 M KHCO3 96

-6.8

@ -0.60 V
96.5 29

Ni-N-Gr
Ni-Nx

(x = 2, 3)
0.1 M KHCO3 ~ 95

-4.0

@ -1.20 V
126 30

Ni@NCH-

800
Ni-N2 0.1 M KHCO3 ~ 86

-35.0

@ -1.00 V
- 31
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Table S11. The comparison of zero-point energy (ZPE), heat capacity (Cp) and entropy (S) at 

298K for Ti-CTF, Ni-CTF, Cu-CTF, and Zn-CTFs, calculated from DFT and cited from 

literatures

Adsorbate EZPE TS ∫CpdT EZPE + ∫CpdT - TS

*CO2 0.30 0.09 0.06 0.27

*COOH 0.63 0.17 0.09 0.55Corrections 
cited [4,5]

*CO 0.22 0.08 0.05 0.19

*CO2 0.30 0.08 0.03 0.25

*COOH 0.57 0.16 0.12 0.53Ti-CTF

*CO 0.19 0.09 0.08 0.18

*CO2 0.31 0.11 0.07 0.27

*COOH 0.63 0.17 0.08 0.54Ni-CTF

*CO 0.21 0.07 0.05 0.19

*CO2 0.30 0.11 0.07 0.26

*COOH 0.61 0.16 0.09 0.54Cu-CTF

*CO 0.20 0.08 0.08 0.20

*CO2 0.29 0.10 0.06 0.25

*COOH 0.63 0.19 0.09 0.53Zn-CTF

*CO 0.19 0.11 0.09 0.17

Table S12. The solvation corrections cited from previous and calculated by using the implicit 

solvation model for Ti-CTF, Ni-CTF, Cu-CTF, and Zn-CTFs.

*CO2 *COOH *CO

Cited [7] 0.25 0.25 0.10

Ti-CTF -0.41 -0.36 -0.26

Ni-CTF 0.27 0.28 0.12

Cu-CTF 0.30 0.27 0.08

Zn-CTF 0.27 0.27 0.11
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Supplementary Figures

  

Figure S1. The possible intermediates in CO2RR on TM-CTFs via four elementary steps, 

including CO2 chemisorption, CO2 activation, chemical formation, and product desorption, the 

proton and electron (H++e−) in the elementary reactions are omitted for simplification. The g and 

l represent the gas and the liquid, respectively. The black, green, blue, red and pink represent 

carbon, hydrogen, nitrogen, oxygen, and TM atoms, respectively.
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Figure S2. Free energy diagram of ideal and equilibrium states for CO2RR toward CO on ideal 

electrocatalysts.
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Figure S3. The molecule orbitals of free CO2.
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Figure S4. The DOS and PDOS calculations of typical 3d TM-CTF after adsorbing a *CO2 

intermediate, (A) Ti-CTF, (B) V-CTF, (C) Cr-CTF, (D) Mn-CTF, (E) Fe-CTF, (F) Co-CTF, (G) 

Ni-CTF, (H) Cu-CTF, (I) Zn-CTF.
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Figure S5. The COHP and ICOHP calculations of free CO2 molecules.
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ICOHPTi-C = -1.62 ICOHPTi-O′ = -2.93 ICOHPC-O′ = -3.45 ICOHPC-O′′ = -5.53

ICOHPCu-C = -1.45 ICOHPCu-O′ = -0.66 ICOHPC-O′ = -7.18 ICOHPC-O′′ = -7.71

ICOHPZn-C = -1.48 ICOHPC-O′ = -7.80 ICOHPC-O′′ = -7.80

Figure S6. The COHP calculations and corresponding ICOHP values of typical TM-CTFs, A) Ti-

CTF, B) Cu-CTF, C) Zn-CTF. From left to right including TM-C, TM-O, C-O, C-O, 

respectively. The inset configuration of TM-CTF-*CO2 was simplified for clarity.
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Figure S7. Optimized adsorption configurations and charge density distribution of CO2 

chemisorbed on 3d TM-CTF. A) Ti-CTF, B) V-CTF, C) Cr-CTF, D) Mn-CTF, E) Fe-CTF, F) 

Co-CTF, G) Ni-CTF, H) Cu-CTF, and I) Zn-CTF.
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+CO2 +H+/e- -CO+H+/e-

-H2O
Ti-CTF

Figure S8. The elementary reactions of Path 1 on Ti-CTF. The black, green, blue, red and pink 

represent carbon, hydrogen, nitrogen, oxygen, and Ti atoms, respectively.

 

+CO2 +H+/e- -CO+H+/e-

-H2O
Ni-CTF

Figure S9. The elementary reaction of Path 2 on Ni-CTF. The black, green, blue, red and pink 

represent carbon, hydrogen, nitrogen, oxygen, and Ni atoms, respectively.

+CO2/e- +H+ -CO+H+/e-

-H2O
Cu-CTF

Figure S10. The elementary reaction of Path 3 on Cu-CTF. The black, green, blue, red and pink 

represent carbon, hydrogen, nitrogen, oxygen, and Cu atoms, respectively.

 

+CO2/e- +H+ -CO+H+/e-

-H2O
Zn-CTF

Figure S11. The elementary reaction of Path 4 on Zn-CTF. The black, green, blue, red and pink 

represent carbon, hydrogen, nitrogen, oxygen, and Zn atoms, respectively.
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A B

Figure S12. (A) The adsorption energy and ICOHP of CO2 on different catalysts as a function of 

the descriptor. There are positive correlations between the descriptor and adsorption energy of 

intermediates or the bond strength of TM-intermediates; (B) A volcano-shaped relationship 

between the overpotential (ηCO) and descriptor () for TM-CTFs and TM-TPPs.

 

A B

Figure S13. Volcano-shaped relationships between the overpotential (ηCO) and descriptor () for 

(A) 4d and (B) 5d TM-CTFs. Both the CO2RR catalytic activity and mechanism are predicted by 

using this descriptor.
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5 4
23

Figure S14. The geometric structures of NiNx based catalysts with different coordinate number (x 

= 2 to 5) anchored on graphene substrates. The black, green, blue, red and pink represent carbon, 

hydrogen, nitrogen, oxygen, and Ni atoms, respectively.

Figure S15. The free energy diagram of five TM-CTFs (Ru-CTF, Rh-CTF, Ta-CTF, Ir-CTF, Pt-

CTF) in electroreduction CO2 to HCOOH.
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A B

Figure S16. (A) Volcano-shaped relationship between the overpotential (ηHCOOH) and the 

adsorption energy of G*HCOOH – G*OCHO for TM-CTFs. (B) The volcano relationship between 

the overpotential (ηHCOOH) and descriptor ().

 

A B

*COOH ➔ *CO *COOH ➔ *HCOOH

Ni-CTF

C D

*COOH ➔ *CO *COOH ➔ *HCOOH

Cu-CTF

Figure S17. The transition state (TS) calculations of the elementary reactions toward *CO or 

*HCOOH intermediates on Ni-CTF (A, B) and Cu-CTF (C, D).
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A B C

Figure S18. (A) The overpotential of CO (ηCO) as a function of the overpotential of HCOOH 

(ηHCOOH); (B) The overpotential of CO (ηCO) as a function of the overpotential of H2 (ηH2); (C) 

The overpotential of HCOOH (ηHCOOH) as a function of the overpotential of H2 (ηH2).

 

Site 2

Site 3

Site 1

Figure S19. Three possible active sites in a unit, including site 1, site 2, site 3. The black, green, 

blue, red, pink, cyan and orange balls represent carbon hydrogen, nitrogen, oxygen, TM1, TM2, 

and TM3 atoms, respectively. Note here, these three TM atoms can be  homometallic or 

heterometallc.
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Figure S20. The catalytic activity (ηCO) in electrocatalytic CO2 to CO on single, double, triple 

TM-CTFs. 
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