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Derivation of free energies for simultaneous and decou-

pled PCET reactions

Here thermodynamic relations used in the main paper are derived. Expression for both

decoupled electron (ET)/proton transfer (PT) steps and concerted proton-coupled electron

transfer (PCET) steps are developed.

The reaction mechanism and needed thermodynamic identities

We consider the following reaction steps

CO2(aq) + δe− +Gr ⇀↽ CO2(∗)δe− (S1a)

CO2(∗)δe− + (1− δ)e− +H2O(aq) ⇀↽ COOH(∗) +OH−(aq) (S1b)

COOH(∗) + e− ⇀↽ CO(∗) +OH−(aq) (S1c)
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CO(∗)+ ⇀↽ CO(aq) +Gr (S1d)

Next the free energy for each step is derived. We will need the following basic thermo-

dynamic identities and considerations.

• Gibbs energy is G =
∑

i µ̃ini. For the proton the chemical potential is µ̃H+ = µH+ +

φS − kBT ln 10× pH where φS is the (local) electric potential in solution.

• The water dissociation energy is Kw = exp[−∆Gw/kBT ] with ∆Gw = µ̃H+ + µ̃OH− −

µH2O. The water dissociation free energy is obtained from standard electrochemical

tables and at pH=14 ∆Gw=0.83 eV.1

• The absolute electrode potential in the vacuum scale is Uabs = −µ̃e = −(µe − φM) =

−eEF where φM is the electrostatic potential in the electrode. Reference against the

standard hydrogen electrode (SHE) is obtained as U(SHE) = −µ̃ABSe − (−µ̃SHEe ) =

UABS − USHE
ABS .2,3

• The computational hydrogen electrode (CHE)4 is defined from the reaction

H+ + e− ⇀↽ 1/2H2 (S2)

The free energy for this reaction is ∆GCHE = 1/2µH2 − µ̃e− − µ̃H+ = 1/2µH2 − µ̃0
e− +

∆φ− µ0
H+ + kBT ln 10× pH = +∆φ+ kBT ln 10× pH where 1/2µH2 − µ̃0

e− − µ0
H+ = 0

by definition at U = 0 vs. SHE and pH=0. With these definitions the reaction energy

on the SHE/CHE scale becomes ∆G(SHE) = U(SHE) + kBT ln 10× pH

• The SHE scale is converted to the RHE scale by subtracting the pH term

• We note that while the OH− and H+ species appear in the developed and utilized

extended thermodynamics cycles, the (free) energy of neither species has been explicitly

used or evaluated as they cancel in the final equations S9 and S12.
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Step 1: Electrosorption of CO2

The reaction free energy of the CO2 adsorption in step (S1a) is formally

∆G1 = µ̃COδ−2 (∗) −G(Gr)− µCO2(g) − δµ̃e (S3)

The chemical potentials of gaseous and solvated species in equilibrium are equal, there-

fore, we can select either the gas phase or the solution phase chemical potential. Here, in

this work, we have chosen to use the gaseous CO2 at NTP conditions as the reference state.

However, it can be shown5 that dividing the charge between the catalyst and the ad-

sorbate is superficial as the charge transfer depends on the utilized model. In particular,

the thermodynamics from the Gibbs adsorption equation remain unchanged on whether the

adsobate and catalysts are treated as a single constituent or as separate species.5 Therefore

the species’ surface excess free energy determining the free energy change is independent on

whether or not charge transfer takes place as only the total surface charge of the electrode

and the adsorbed species can be determined.

To account for the effect of the electrode potential on the adsorption energy, a recent

study6 utilized a dipolar model for CO2 and adsorption was taken to depend on the electrode

potential as ∆G(U)CO2 = ∆G0 + ν
−→
E (U) | −α|

−→
E (U)|2

2
where ∆G0 is the reference adsorption

energy at U = 0 vs SHE,
−→
E (U) is the electric field felt by the adsorbed CO2 as a function

of the potential, ν is the dipole moment, and α is the polarizability. In this model, the

∆G(U)CO2 has a linear dependence on U with a slope depending on the electrode material

under the assumptions used in Ref. 6 . Another thermodynamically well-defined way to

include the potential dependency in the adsorption energy is obtained through the use of

the electrosorption valency,5 γ(U). Unlike Schmickler and Guidelli,5 we have included the

potential dependence in the definition of the electrosorption valency because the (CO2) ad-

sorption energy may depend non-linearly on the electrode potential. Including the potential

dependency in the electrosoprtion valency gives
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γ(U) =

(
∂∆Gads(U)

∂U

)
Γi

(S4)

where Γi denotes the surface excess of all species. Using the CO2 adsorption free energy

at some reference potential, ∆G1(Uref ), the effect of changing the potential maybe com-

puted using the electrosorption valency. For the ease of calculation, we assume that the

electrosorption valency is independent of the potential (γ(U) ≈ γ) - this assumption should

be valid close to the reference potential but will deteriorate for potentials |U | >> |Uref |.

With the assumption, the adsorption energy as a function of the electrode potential is

∆G1(U) = ∆G1(Uref ) + γ × (U − Uref ) (S5)

The reference potential is chosen on the SHE scale and set to zero. This defines the free

energy change as

∆G1(USHE) = ∆G1(U(SHE) = 0) + γ × U(SHE) (S6)

Step 2: PT and partial ET

To facilitate the use of the CHE model, step (S1b) is separated to three steps using a

thermodynamic cycle in Fig. S1

Figure S1: Thermodynamic cycle for step 2.

The first substep is the water dissociation step and the free energy change for this steps

was given in above: ∆G′2 = ∆Gw. The second substep is the hydrogen evolution step which

we take on the SHE scale using the CHE model. The free energy change for this step also
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discussed above and results in: ∆G′′2 = U(SHE) + kBT ln 10× pH. The final substep is the

formation of the adsorbed carboxyl species and the free energy is formally

∆G′′′2 = µCOOH(∗) −
1

2
µH2 − µ̃COδe−2 (∗) − δµ̃e (S7)

where µCOOH(∗) indicates the free energy of the COOH–graphene adsorption complex. As

discussed for Step 1, µ̃COδe−2 (∗) is thermodynamically indistinguishable from the µ̃CO2(∗) +δµ̃e.

Therefore, we can replace the chemical potential CO2(*) with adsorption energy at some

reference potential and and account the electrode potential using the electrosorption valency

discussed in relation to Step 1. This leads to

∆G′′′2 = µCOOH(∗) −
1

2
µH2 − µCO2(∗,U(SHE)=0 − γ × U(SHE) (S8)

Then, the free energy change of step 2 is

∆G2 = ∆G′2 + ∆G′′2 + ∆G′′′2

= ∆Gw + µCOOH(∗) + (1− γ)U(SHE) + kBT ln 10× pH

− 1

2
µH2 − µCO2(∗,U(SHE)=0)

(S9)

Steps 1+2: Concerted PCET

If the ET and PT take place in one concerted step, the free energy change is simply

∆G1+2 = ∆G1 + ∆G2

= ∆Gw + µCOOH(∗) + U(SHE) + kBT ln 10× pH

− 1

2
µH2 − µCO2(∗,U(SHE)=0)

(S10)

which is the same as derived from the traditional CHE model for concerted PCET, as it
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should be.

Step 3: Concerted PCET

For this step the thermodynamic cycle in Fig S2 is utilized. The addition of water on both

sides of the total reaction does not affect the total thermodynamics but facilitates the use

of the CHE model.

Figure S2: Thermodynamic cycle for step 3.

The first substep is the water dissociation reaction for which the free energy change is

∆G′3 = ∆Gw. The second substep is again the hydrogen evolution step which we take on the

SHE scale and employ the CHE model. The free energy change for this step is also discussed

in relation to Eq. 2 and yields: ∆G′′3 = U(SHE) + kBT ln 10× pH. The final substep is the

formation of CO and the free energy change is obtained using CHE

∆G′′′3 = µCO(∗) + µH2O −
1

2
µH2 − µCOOH(∗) (S11)

The free energy change of step 3 is then

∆G3 = ∆G′3 + ∆G′′3 + ∆G′′′3

= ∆Gw + U(SHE) + kBT ln 10× pH + µCO(∗) + µH2O −
1

2
µH2 − µCOOH(∗)

(S12)
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Sources of thermodynamic parameters

In this section, we present the methodology to calculate the contributions of entropy and

energy resulting from translational, rotational, electronic and vibrational components. Each

calculation starts with the calculation of partition function (q), which will be utilized to

compute the thermodynamic entropy, enthalpy and free energy.

Partition functions

The total partition function (qtot) is a product of partition functions of translational (qt),

rotational (qr), electronic (qe) and vibrational (qv) components, which are as follows:

qtot = qt × qr × qe × qv

qt = (2πMkBT/h
2)3/2V ; qr = π1/2/σr[T

3/2/(Θr,xΘr,yΘr,z)
1/2];

qe = g0; qv =
3N−6∏
i=1

[1/(1− exp−hνi/kBT )

(S13)

where M is the total mass; kB is Boltzmann’s constant; h is Planck’s constant; V is volume;

Θr,x/y/z are the characteristic rotational temperature in terms of moment of inertia; g0 is

the degeneracy of the energy level, which is essentially the spin multiplicity of the system

under the approximation of Gaussian code; νi is the vibrational frequency associated with

ith mode.

Contributions to the internal thermal energy

The total energy (Etot) is a summation of four components, namely, translational (Et),

rotational (Er), electronic (Ee) and vibrational (Ev), which are as follows:
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Etot = Et + Er + Ee + Ev

Et = RT 2(∂ ln qt/∂T )V ;Er = RT 2(∂ ln qr/∂T )V ;

Ee = 0;Ev = R

3N−6∑
i=1

exphνi/kBT [1/2 + 1/(exphνi/kBT −1)]

(S14)

Note that the thermal energy contribution of electronic component is zero because there is

no temperature dependency in its respective partition function (see the expression of qe in

S13).

Contributions to the entropy

The total entropy (Stot) is a summation of four components, namely, translational (St),

rotational (Sr), electronic (Se) and vibrational (Sv), which are as follows:

Stot = St + Sr + Se + Sv

St = R(ln qt + 5/2);Sr = R(ln qr + T (∂ ln qr/∂T )V );

Se = R(ln qe + T (∂ ln qe/∂T )V );

Sv = R

3N−6∑
i=1

[(exphνi/kBT /(exphνi/kBT −1))− ln
(
1− exphνi/kBT

)
]

(S15)

Note that the thermal energy contribution of electronic component is zero because there is

no temperature dependency in its respective partition function (see the expression of qe in

S13).

• The ZPE-corrected electronic energy (Ecorr) is the summation of electronic energy and

zero-point energy (ZPE).

• The enthalpy (H) is the summation of (Ecorr) and kBT (enthalpy correction) ; T is
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Figure S3: Various models of heteroatom doped graphene electrodes: a) M SV, b) M2 SV,
c) MPt SV, d) M2 2SV, e) M 3N, f) M DV, g) M 4N, and h) M2 TV. The elements carbon,
nitrogen and hydrogen are in grey, blue and lavender colors, respectively. The dopant atom
is a model atom in purple color. The anchoring Pt atom in MPt SV model is presented in
teal color.

298.15 K.

• The Gibbs free energy is computed using G = H - TStot.

Theoretical equilibrium, limiting, and overpotential

The theoretical equilibrium potential is the potential at which initial and final states have

equal free energies. The limiting potential is the applied electrode potential at which all en-

ergy steps are either exergonic or thermoneutral. The overpotential is a measure of the extra

potential needed compared to the equilibrium potential and is calculated as the difference

between equilibrium and limiting potentials.
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Table S1: Mulliken charge on metal atom (qM), magnetic moment (m) (eV) and stable spin
multiplicity (SM) of heteroatom doped graphene models.

M
M SV M 3N M DV M 4N

qM m SM qM m SM qM m SM qM m SM

Ag 0.0 0.0 2 0.1 0.0 1 0.5 0.0 2 0.5 0.0 2
Al 1.3 0.0 2 0.5 0.0 1 1.8 0.0 2 1.9 0.0 2
Au 0.3 0.0 2 0.0 0.0 1 1.0 0.0 2 0.1 0.0 2
B -0.6 0.0 2 1.1 0.1 3 0.1 0.0 2 2.5 0.0 2
Co -0.8 0.0 2 0.1 0.5 3 0.3 0.0 2 0.4 0.0 2
Cu -0.3 0.0 2 0.0 0.0 1 0.0 0.0 2 -0.1 0.0 2
Mn 0.0 0.5 4 0.4 1.0 7 0.3 0.8 6 0.3 0.4 4
N 0.1 0.0 2 0.5 0.0 1 0.6 0.0 2 -0.2 0.0 2
Rh 0.0 0.0 2 0.4 0.3 3 0.2 0.0 2 1.1 0.0 2
Cr 0.0 1.6 3 0.8 0.0 2 0.0 1.4 3 0.5 1.9 7
Fe -0.7 0.0 1 0.4 0.5 4 -0.6 0.4 3 0.2 0.8 5
Mo 0.8 0.8 3 1.3 0.0 2 1.2 0.3 3 1.8 0.6 5
Ni -0.7 0.0 1 0.0 0.0 2 -0.1 0.0 1 0.3 0.0 1
Pd -0.5 0.0 1 0.1 0.0 2 -0.6 0.0 1 0.0 0.0 1
Pt 0.0 0.0 1 0.1 0.0 2 1.2 0.0 1 1.2 0.0 1
Ru 0.0 0.0 1 0.9 0.0 2 0.2 0.0 1 1.2 0.4 3
Zn 0.4 0.0 1 0.2 0.0 2 0.5 0.0 1 1.5 0.0 1

M
M2 2SV M2 TV M2 SV MPt SV

qM1 qM2 m SM qM1 qM2 m SM qM1 qM2 m SM qM1 qPt m SM

Ag -0.1 0.1 0.0 1 -0.2 0.3 0.0 1 0.0 0.0 0.0 1 0.0 0.7 0.0 2
Al 2.2 0.5 0.0 1 2.0 0.6 0.0 1 1.5 0.6 0.0 1 1.6 0.5 0.0 2
Au -0.4 -0.8 0.0 1 0.2 -0.1 0.0 1 0.0 -0.3 0.0 1 -0.9 0.5 0.0 2
B -0.4 -0.5 0.0 1 -0.2 -0.4 0.0 1 -0.4 0.2 0.0 1 -1.1 0.4 0.0 2
Co -0.7 -0.7 0.1 3 -1.1 -0.9 0.6 3 -0.5 -0.1 1.0 3 -0.7 0.4 0.0 2
Cu 0.0 0.0 0.0 1 -0.9 -0.3 0.0 1 -0.1 -0.5 0.0 1 -0.5 0.7 0.0 2
Mn -0.4 -0.4 1.6 5 -0.8 -0.6 1.9 7 -0.3 0.4 3.4 7 0.2 0.6 1.0 4
N 0.1 0.1 0.0 1 0.0 0.2 0.0 1 0.4 -0.5 0.0 1 0.4 0.5 0.0 2
Rh 0.0 0.0 0.2 3 0.0 0.0 0.0 1 0.0 0.1 0.0 1 0.1 0.5 0.0 2
Cr -0.1 -0.1 0.8 3 -0.5 -0.5 0.1 3 0.0 0.3 2.4 3 0.2 0.6 1.0 3
Fe -0.7 -0.7 0.4 3 -1.0 -0.9 1.8 5 -0.4 0.0 2.0 5 -0.1 0.7 0.6 3
Mo 0.6 0.6 0.0 1 1.2 0.7 0.0 1 0.6 0.5 1.7 3 1.1 0.3 0.5 3
Ni -0.6 -0.6 0.0 1 -1.2 -0.6 0.0 1 -0.8 -0.2 0.0 1 -0.4 0.8 0.0 1
Pd -0.5 -0.6 0.0 1 -0.3 -1.5 0.0 1 -0.4 0.0 0.0 1 -0.2 0.6 0.0 1
Pt 0.1 0.0 0.0 1 0.2 0.6 0.0 1 0.1 0.5 0.0 1 0.1 0.5 0.0 1
Ru 0.0 0.0 0.0 1 0.0 0.1 0.0 1 0.2 0.2 0.0 1 0.7 0.5 0.0 1
Zn -0.3 0.0 0.0 1 -0.2 -0.1 0.0 1 0.3 0.1 0.0 1 0.5 0.2 0.0 1
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Formation of M2 SV and MPt SV models

In the dimetallic (M2 SV) models, heteroatom dimers occupies over a mono-vacant graphene

site (see Figure S3). Similar to M2 SV models, the bi-metallic MPt SV electrodes (see Figure

S3) are based on the anchoring of Pt atom on the metal site of M SV models. In general,

both the M2 SV and MPt SV electrodes are highly unstable and only three systems (B,

Mn, and N dimers) are stable. Experimental evidence for the existence of MPt SV and

M2 SV electrodes could not be found even though the results of a previous computational

study7 suggest that the nucleation of homo- and heteroatoms over M SV graphene sheets

may take place. However, the absence of experimental evidence and computational results

herein indicate that MPt SV and M2 SV are not likely to exist. Below, we do analyse the

CO2 binding over these models for academic interest and to compare them to other graphene

systems.

Figure S4: Sample optimized geometries of M2 TV: (a) both dopants above the graphene
plane (b) one atom above and one below the graphene plane, and (c) the relative instabilities
of former.
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Formation energetics

The formation energetics presented in Tables S2-S5 are based on eq. 1. The formation

energy (Table S2) is computed by replacing G terms in eq. 1 as electronic energy (E). The

formation energy corrected with ZPE (Table S3) is based on Ecorr, i.e., free energies are

replaced by Ecorr. Table S4 presents formation enthalpy, which is computed using enthalpy

(H = Ecorr + kBT) parameters. Finally, Table S5 presents free energies (G = H - TStot),

which is computed using eq. 1.

Table S2: Formation energy (eV) of graphene based electrodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag 0.48 -2.68 -2.54 -3.58 -2.72 0.01 1.41 0.27
Al -1.66 -3.25 -5.50 -3.30 -3.70 -2.22 -0.20 0.33
Au 1.02 -2.32 -4.01 0.17 -2.65 -0.45 1.31 1.99
B -7.63 -4.11 -6.45 -6.67 -3.49 -4.61 -1.68 -1.72
Co -1.49 -2.60 -3.89 -1.66 -3.36 -1.18 0.56 0.73
Cu 0.08 -2.88 -4.05 -3.59 -3.29 -1.17 1.09 1.29
Mn -3.09 -3.17 -5.62 -3.34 -3.79 -2.58 -0.99 -0.53
N -7.26 -2.51 -4.65 -6.39 -2.66 -4.40 -1.51 -1.39
Rh -1.63 -2.26 -3.70 -1.89 -3.17 -1.03 1.13 0.79
Cr -0.63 -2.48 -3.11 -0.48 -3.19 0.47 1.21 1.05
Fe -1.50 -2.87 -4.04 -1.97 -3.43 -1.71 0.31 0.29
Mo 0.41 -2.01 -2.70 -0.74 -2.65 0.26 2.99 1.40
Ni -0.82 -2.78 -3.76 -1.38 -3.47 -1.57 0.82 0.55
Pd -0.72 -2.53 -3.43 -1.19 -3.27 -1.58 0.46 0.73
Pt -1.01 -2.19 -4.79 -1.59 -3.34 -1.97 0.54 0.54
Ru -1.29 -2.24 -4.01 -1.74 -2.94 -0.55 2.08 1.14
Zn -0.36 -3.12 -3.69 -2.75 -3.52 -1.24 -0.13 0.95

CO2 bindings over M2 SV, MPt SV and M2 TV models

On the M2 SV and MPt SV models, CO2 is often activated during adsorption. The adsorp-

tion free energies are mostly exergonic or close to thermoneutral over both models except for

Mn-, Fe-, and Mo-based MPt SV (more than 2.5 eV). We excluded the M2 SV and MPt SV
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Table S3: Formation energy (eV) corrected with zero-point energy (ZPE) of graphene based
electrodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag 0.88 -2.31 -1.94 -3.18 -2.33 0.36 1.61 0.48
Al -1.25 -2.87 -4.92 -2.91 -3.30 -1.84 0.02 0.56
Au 1.40 -1.94 -3.38 0.50 -2.27 -0.06 1.53 2.19
B -7.03 -3.69 -5.74 -6.12 -3.07 -4.10 -1.35 -1.41
Co -1.07 -2.22 -3.28 -1.28 -2.96 -0.79 0.80 0.96
Cu 0.48 -2.51 -3.42 -3.17 -2.89 -0.81 1.29 1.50
Mn -2.67 -2.78 -5.03 -2.95 -3.40 -2.19 -0.77 -0.30
N -6.67 -2.10 -3.90 -5.82 -2.26 -3.85 -1.13 -1.06
Rh -1.20 -1.89 -3.09 -1.52 -2.77 -0.66 1.36 1.01
Cr -0.22 -2.11 -2.51 -0.09 -2.79 0.87 1.43 1.28
Fe -1.06 -2.50 -3.42 -1.59 -3.03 -1.32 0.54 0.53
Mo 0.82 -1.65 -2.11 -0.36 -2.26 0.63 3.20 1.62
Ni -0.40 -2.41 -3.13 -1.01 -3.06 -1.18 1.05 0.79
Pd -0.30 -2.16 -2.85 -0.86 -2.87 -1.21 0.68 0.96
Pt -0.60 -1.82 -4.19 -1.24 -2.94 -1.59 0.78 0.78
Ru -0.85 -1.88 -3.37 -1.36 -2.54 -0.17 2.31 1.38
Zn 0.05 -2.74 -3.15 -2.39 -3.13 -0.91 0.09 1.17

Table S4: Formation enthalpy (eV) of graphene based electrodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag 0.81 -2.35 -2.02 -3.19 -2.37 0.35 1.58 0.44
Al -1.35 -2.92 -4.99 -2.94 -3.34 -1.87 -0.04 0.50
Au 1.34 -1.99 -3.47 0.48 -2.31 -0.09 1.49 2.15
B -7.16 -3.75 -5.83 -6.19 -3.12 -4.16 -1.43 -1.48
Co -1.17 -2.27 -3.36 -1.32 -3.00 -0.83 0.74 0.91
Cu 0.40 -2.55 -3.51 -3.19 -2.94 -0.83 1.25 1.46
Mn -2.76 -2.84 -5.11 -2.98 -3.45 -2.22 -0.82 -0.35
N -6.79 -2.16 -4.00 -5.89 -2.31 -3.91 -1.22 -1.14
Rh -1.29 -1.94 -3.16 -1.55 -2.82 -0.69 1.30 0.96
Cr -0.32 -2.16 -2.57 -0.13 -2.84 0.83 1.38 1.23
Fe -1.16 -2.55 -3.49 -1.62 -3.07 -1.35 0.47 0.47
Mo 0.73 -1.70 -2.17 -0.39 -2.30 0.60 3.14 1.57
Ni -0.49 -2.45 -3.22 -1.04 -3.11 -1.21 1.00 0.73
Pd -0.39 -2.20 -2.92 -0.88 -2.92 -1.24 0.63 0.91
Pt -0.68 -1.86 -4.27 -1.26 -2.98 -1.62 0.73 0.73
Ru -0.95 -1.93 -3.45 -1.40 -2.59 -0.20 2.25 1.32
Zn -0.03 -2.79 -3.21 -2.41 -3.17 -0.93 0.04 1.13
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Table S5: Formation free energy (eV) of graphene based electrodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag 1.41 -1.89 -1.43 -2.78 -1.94 0.79 2.05 0.95
Al -0.66 -2.45 -4.42 -2.50 -2.89 -1.42 0.49 1.05
Au 1.94 -1.53 -2.83 0.98 -1.86 0.38 2.00 2.69
B -6.47 -3.28 -5.28 -5.70 -2.68 -3.69 -0.87 -0.94
Co -0.46 -1.79 -2.73 -0.81 -2.55 -0.33 1.30 1.47
Cu 1.02 -2.09 -2.88 -2.76 -2.49 -0.39 1.77 1.98
Mn -2.08 -2.35 -4.47 -2.46 -2.99 -1.72 -0.29 0.20
N -6.09 -1.68 -3.39 -5.37 -1.87 -3.45 -0.63 -0.55
Rh -0.57 -1.47 -2.53 -1.03 -2.36 -0.18 1.88 1.53
Cr 0.39 -1.69 -1.96 0.40 -2.38 1.34 1.91 1.79
Fe -0.42 -2.07 -2.85 -1.11 -2.62 -0.85 1.04 1.03
Mo 1.44 -1.22 -1.53 0.15 -1.84 1.13 3.72 2.13
Ni 0.20 -2.00 -2.58 -0.55 -2.65 -0.73 1.55 1.30
Pd 0.30 -1.75 -2.30 -0.42 -2.46 -0.77 1.16 1.46
Pt 0.04 -1.40 -3.59 -0.76 -2.52 -1.10 1.31 1.31
Ru -0.19 -1.45 -2.79 -0.86 -2.12 0.31 2.85 1.90
Zn 0.60 -2.33 -2.70 -1.97 -2.74 -0.50 0.52 1.65

Table S6: Magnetic moment (eV) and stable spin multiplicity (in the parenthesis) of CO2

binding modified-graphene geometries.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
Al 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
Au 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
B 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
Co 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.09 (3) 0.00 (2)
Cu 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
Mn 0.00 (2) 0.04 (5) 0.41 (4) 0.86 (5) 0.13 (4) 2.83 (7) 2.06 (7) 0.16 (4)
N 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
Rh 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (2)
Cr 0.38 (3) 0.02 (4) 0.35 (3) 1.11 (3) 0.72 (3) 1.38 (3) 2.01 (3) 1.28 (3)
Fe 0.00 (1) 0.41 (4) 1.83 (5) 0.00 (1) 0.00 (1) 1.68 (5) 1.08 (3) 0.34 (3)
Mo 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.58 (3)
Ni 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1)
Pd 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1)
Pt 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1)
Ru 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1)
Zn 0.00 (1) 0.00 (2) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1) 0.00 (1)
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electrodes from further studies as their formations are thermodynamically unstable and they

have not been experimentally observed.

Among the M2 TV electrodes, only Zn, Cu, and Al derivatives spontaneously bind and

activate CO2. The charge transfer by Al2 TV electrode to the CO2 molecule is reported

as ∼-0.3e, whereas, over Cu and Zn electrodes, rather high charge transfer (∼ -0.8 e) is

observed. Other M2 TV electrodes are either unable to bind or activate CO2.

Figure S5: The optimized binding geometries of CO2 over: a) Mn2 SV, b) BPt SV, and
c) Al2 TV. The elements carbon, oxygen, and nitrogen are in grey, red, and blue colors,
respectively.
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Adsorption energetics

The adsorption energetics presented in Tables S7-S10 are based on eq. 2. The adsorption

energy (Table S7) is computed using the electronic energy instead of free energy, as presented

in eq. 2. The adsorption energy corrected with ZPE (Table S8) is computed by replacing G

in eq. 2 as Ecorr. Table S9 presents adsorption enthalpy, which is computed using enthalpy

(H = Ecorr + kBT) parameters. Finally, Table S10 presents free energies, which is computed

according to eq. 2.

Table S7: Adsorption energy (eV) of CO2 over heteroatom modified graphene based elec-
trodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag -0.34 -0.26 -0.20 -0.36 -0.19 -0.39 -0.36 -0.29
Al -0.31 -0.73 -0.28 -0.85 0.18 -1.06 -0.30 -0.90
Au 0.56 -0.25 -0.21 -6.94 -0.19 0.00 -0.32 -0.54
B -0.22 0.47 -0.44 -1.04 0.50 -0.24 -1.06 -0.70
Co -0.32 -1.08 -0.19 -0.74 -0.24 0.64 -0.64 -1.00
Cu 0.18 -0.31 -0.18 -0.55 -0.17 -0.92 -0.57 -1.10
Mn -0.13 -0.25 -0.23 -0.77 0.50 -0.15 -1.27 3.43
N -0.20 -0.47 -0.23 -0.85 -0.37 0.51 -0.33 -0.63
Rh -0.28 -1.12 -0.20 -0.36 -0.23 0.63 -1.19 -0.63
Cr -0.67 -0.93 0.97 -1.94 0.02 -0.25 -1.54 -1.49
Fe -0.50 -0.95 -0.50 -0.54 0.35 1.33 -0.73 2.08
Mo -0.22 -1.23 -0.14 -1.18 -1.42 -0.32 -1.30 2.67
Ni -0.33 -0.89 -0.18 -3.15 -0.18 -0.48 -1.06 -0.55
Pd -0.30 -0.39 -0.19 -0.32 -0.21 -0.42 -0.41 -0.57
Pt -0.27 -1.26 -0.21 -0.22 -0.26 -0.46 -0.50 -0.50
Ru -0.36 -0.85 -0.26 -0.53 -0.41 0.35 -1.63 -1.18
Zn -0.47 -0.07 -0.23 -3.14 -0.22 -1.99 -0.33 -1.03
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Table S8: Adsorption energy (eV) corrected with zero-point energy (ZPE) of CO2 over
heteroatom modified graphene based electrodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag -0.32 -0.24 -0.18 -0.32 -0.18 -0.38 -0.33 -0.25
Al -0.28 -0.68 -0.24 -0.80 0.22 -1.04 -0.27 -0.89
Au 0.55 -0.21 -0.18 -6.75 -0.16 0.01 -0.29 -0.52
B -0.20 0.56 -0.44 -1.02 0.52 -0.23 -1.00 -0.69
Co -0.28 -1.00 -0.17 -0.66 -0.23 0.72 -0.58 -0.94
Cu 0.17 -0.29 -0.17 -0.56 -0.15 -0.81 -0.53 -1.06
Mn -0.11 -0.18 -0.21 -0.70 0.55 -0.04 -1.25 3.43
N -0.17 -0.37 -0.22 -0.82 -0.34 0.53 -0.30 -0.63
Rh -0.26 -1.04 -0.18 -0.31 -0.22 0.69 -1.15 -0.60
Cr -0.64 -0.87 1.01 -1.90 0.11 -0.25 -1.49 -1.44
Fe -0.51 -0.84 -0.49 -0.46 0.43 1.34 -0.66 2.12
Mo -0.17 -1.17 -0.09 -1.16 -1.34 -0.29 -1.22 2.71
Ni -0.29 -0.82 -0.17 -3.04 -0.16 -0.44 -1.02 -0.53
Pd -0.30 -0.35 -0.17 -0.29 -0.16 -0.39 -0.38 -0.56
Pt -0.24 -1.20 -0.17 -0.17 -0.24 -0.43 -0.48 -0.48
Ru -0.33 -0.73 -0.23 -0.46 -0.34 0.39 -1.55 -1.12
Zn -0.44 -0.08 -0.20 -3.02 -0.20 -1.90 -0.31 -1.00

Table S9: Adsorption enthalpy (eV) of CO2 over heteroatom modified graphene based elec-
trodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag -0.30 -0.22 -0.16 -0.32 -0.15 -0.36 -0.31 -0.24
Al -0.27 -0.69 -0.23 -0.83 0.23 -1.06 -0.26 -0.89
Au 0.58 -0.22 -0.16 -6.73 -0.14 0.04 -0.27 -0.52
B -0.18 0.54 -0.45 -1.00 0.52 -0.20 -1.00 -0.69
Co -0.27 -1.01 -0.15 -0.69 -0.21 0.69 -0.60 -0.96
Cu 0.19 -0.27 -0.14 -0.56 -0.15 -0.85 -0.51 -1.07
Mn -0.11 -0.19 -0.18 -0.73 0.56 -0.06 -1.26 3.43
N -0.15 -0.39 -0.19 -0.80 -0.32 0.55 -0.28 -0.61
Rh -0.24 -1.06 -0.16 -0.33 -0.20 0.67 -1.16 -0.63
Cr -0.65 -0.87 1.00 -1.92 0.09 -0.26 -1.51 -1.45
Fe -0.50 -0.86 -0.49 -0.48 0.41 1.32 -0.67 2.10
Mo -0.18 -1.17 -0.10 -1.17 -1.35 -0.29 -1.24 2.70
Ni -0.28 -0.84 -0.17 -3.05 -0.14 -0.43 -1.03 -0.53
Pd -0.27 -0.35 -0.15 -0.28 -0.13 -0.38 -0.39 -0.56
Pt -0.22 -1.22 -0.16 -0.18 -0.22 -0.42 -0.48 -0.48
Ru -0.32 -0.73 -0.21 -0.48 -0.35 0.37 -1.57 -1.14
Zn -0.43 -0.06 -0.18 -3.04 -0.18 -1.92 -0.29 -1.01
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Figure S6: The flow-chart of a four-level selection criteria to study the electrocatalytic
CO2RR.
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Figure S7: The parametric details, namely, adsorption free energies of CO2 (GAds), net charge
transfer (q), and O–C–O angle, for the selection criteria over the considered electrodes: a)
M SV, b) M 3N, c) M DV, d) M2 2SV, e) M 4N, and f) M2 TV. The M2 SV and MPt SV
electrodes are omitted from electrocatalytic CO2RR thermodynamics because of their high
instabilities.
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Figure S8: Linear scaling relationships between the binding free energies of COOH vs. CO2

and COOH vs. CO over M 3N electrodes.
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Figure S9: Linear scaling relationships between the binding free energies of COOH vs. CO2

and COOH vs. CO over M2 2SV electrodes.
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Table S10: Adsorption free energy (eV) of CO2 over heteroatom modified graphene based
electrodes.

M M SV M 3N M DV M2 2SV M 4N M2 TV M2 SV MPt SV
Ag 0.06 0.10 0.15 -0.03 0.14 0.01 0.04 0.13
Al 0.06 -0.24 0.13 -0.30 0.62 -0.55 0.07 -0.45
Au 0.96 0.24 0.13 -6.50 0.18 0.35 0.09 -0.12
B 0.11 1.01 0.02 -0.68 0.97 0.11 -0.59 -0.30
Co 0.11 -0.54 0.16 -0.18 0.10 1.22 -0.09 -0.51
Cu 0.56 0.06 0.14 -0.09 0.23 -0.27 -0.17 -0.65
Mn 0.33 0.26 0.12 -0.21 0.96 0.45 -0.77 3.89
N 0.13 0.09 0.11 -0.49 0.06 0.92 0.06 -0.25
Rh 0.12 -0.57 0.16 0.15 0.09 1.17 -0.72 -0.14
Cr -0.20 -0.46 1.46 -1.41 0.57 0.25 -0.99 -0.98
Fe -0.12 -0.39 -0.10 0.01 0.87 1.83 -0.13 2.59
Mo 0.31 -0.74 0.36 -0.70 -0.89 0.15 -0.68 3.18
Ni 0.10 -0.35 0.16 -2.62 0.17 -0.02 -0.59 -0.12
Pd 0.07 0.09 0.15 0.08 0.17 0.00 0.07 -0.14
Pt 0.13 -0.73 0.17 0.29 0.11 -0.03 -0.07 -0.07
Ru 0.03 -0.28 0.13 0.02 0.10 0.88 -1.07 -0.67
Zn -0.05 0.27 0.18 -2.63 0.16 -1.40 0.07 -0.54
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