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Figure S1: Optimized structures of the TM SAs in their respective preferred doping sites.
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Figure S2: Projected density of states (PDOS) of the TM@B-Gr catalysts (TM = Fe, Co and Ni). 
Red dotted line is the fermi level.

Figure S3:  Energy variations with time in Ab Initio Molecular Dynamics (AIMD) simulation 
for 5 ps at 300 K on TM@B-Gr.
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Figure S4: CO2 and H2O co-adsorption on TM@B-Gr.

Figure S5: Projected density of states (PDOS) of TM-3d, CO2-2p and H2O for Sc- and V@B-Gr.
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Figure S6: (a) DFT-optimized structural geometries for preferred reaction pathway and (b) Free 

energy profiles for two PCET CO2RR pathway in presence of H2O on TM@B-Gr.
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TM BE
(eV)

Sc -3.81

Ti -4.02

V -3.42

Cr -2.37

Mn -2.04

Fe -2.97

Co -3.86

Ni -3.51

Cu -2.51

Zn -0.15

Table S1: Binding energy of TM SAs in presence of H2O.

Table S2: Contributions of zero-point energy and entropic corrections to adsorbate free 

energies[1,2].

Adsorbate ZPE (eV) -TS (eV) G – Eelec (eV)

𝐶𝑂 ∗
2 0.330 -0.255 0.075

COOH* 0.619 -0.098 0.521

CO* 0.219 -0.131 0.088

OCHO* 0.592 -0.158 0.434

HCOOH* 0.940 -0.150 0.790
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H-Adsorption
TM Eads

(eV)
ΔG
(eV)

Sc 2.283 2.523

V 2.057 2.297

Cr -0.336 -0.096

Mn -0.761 -0.521

Fe -0.698 -0.458

Co -0.229 0.011

Ni -0.198 0.042

Table S3: Adsorption energies and free energies for H-adsorption on TM@B-Gr catalysts.

DFT DFT+U

TM
d

TM-O  

 (Å)
<O-C-

O O—C
 (Å)

 𝐸𝐶𝑂2𝑎𝑑𝑠

(eV)
Δ𝐺𝐶𝑂2

(eV)
𝑞𝐶𝑂2
(e)

 𝐸𝐶𝑂2𝑎𝑑𝑠

(eV)
Δ𝐺𝐶𝑂2

(eV)
𝑞𝐶𝑂2
(e)

Sc 1.90 141 1.29 -0.87 -0.19 -0.99 -0.62 -0.06 -0.84

V 2.03 140 1.29 -1.45 -0.77 -0.81

Cr 1.88 133 1.33 -0.39 0.29 -0.81

Mn 1.98 141 1.29 -1.26 -0.58 -0.64

Fe 1.90 141 1.29 -0.55 0.13 -0.57 -0.24 0.44 -0.51

Co 1.90 142 1.28 -0.32 0.36 -0.54

Ni 1.92 145 1.27 -0.47 0.21 -0.46

Table S4: TM—O (O of CO2 molecule) and O—C bond length, O-C-O bond angles, bader charge 

for CO2, adsorption energy (Eads), adsorption free energies (ΔG) of CO2 in presence of H2O.



S7

Table S5: Adsorption energies and free energies for different intermediates on TM@B-Gr in 
presence of H2O.

DFT DFT+U

COOH OCHO COOH OCHOTM

Eads

(eV)
ΔG
(eV)

Eads

(eV)
ΔG
(eV)

Eads

(eV)
ΔG
(eV)

Eads

(eV)
ΔG
(eV)

Sc -3.13 0.23 -5.75 -2.26 -3.03 0.07 -5.72 -2.47
V -2.93 1.01 -3.65 0.42
Cr -2.44 0.44 -3.94 -0.93
Mn -3.01 0.64 -4.68 -0.80
Fe -2.19 0.85 -3.67 -0.49 -1.73 1.00 -3.95 -1.00

Co -2.48 0.32 -2.79 0.16

Ni -2.37 0.59 -2.65 0.45

DFT DFT+U

CO HCOOH CO HCOOHTM
Eads

(eV)
ΔG
(eV)

Eads 
(eV)

ΔG
(eV)

Eads

(eV)
ΔG
(eV)

Eads 
(eV)

ΔG
(eV)

Sc -1.36 0.15 - - -1.28 0.14 - -

V -1.01 0.90 - -

Cr -1.30 -0.48 -0.19 1.81
Mn -1.84 -0.35 - -
Fe -1.63 -1.06 -0.63 1.09 -1.23 -1.12 -0.65 1.35

Co -1.56 -0.70 -0.62 0.23

Ni -1.80 -1.04 -0.36 0.34
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System UL (V) PDS

V@B-GrThis work -0.22 COOH*CO*

Co@B-GrThis work -0.60 OCHO*HCOOH*

Ni@B-GrThis work -0.57 COOH*𝐶𝑂 ∗
2

Co-N4@Gr[2] -0.69 CO2COOH*

Ni-N4@Gr[2] -1.51 CO2OCHO*

NiN4@Gr[3] -1.01 CO2COOH*

VN4[4] -1.03 OCHO*HCOOH*

VN4-GN[4] -1.19 OCHO*HCOOH*

Ni-N2@Gr[5] -0.63 CO2COOH*

Ni-N3@Gr[5] -0.62 CO2COOH*

Ni-N4@Gr[5] -1.29 CO2COOH*

Co-GN4[6] -0.72 CO2COOH*

V-N4[7] -0.84 COOH*CO*

Ni-N4[7] -1.35 CO2OCHO*

Ni-N1C2[8] -0.94 CO2COOH*

Ni-N3C1[8] -0.83 CO2COOH*

Table S6: Comparison of limiting potentials (UL) for CO2 reduction on TM@B-Gr and TM@N-

Gr catalysts.
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