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Calculation method

The adsorption energy is calculated by:

AEads = Etotal _(Eadsorbate + Eslab)

Evotat, Esiab and Eadsorbate represent the energy containing the catalyst adsorbate,

where
catalyst and adsorbate, respectively.

The formula for calculating the free energy of adsorption of reactants or
intermediates:

AG,y, = AE 4 + AZPE - TAS

AEqas is calculated from the adsorption energy equation, AZPE and AS are the

where
zero-point energy and entropy changes at 298.15 K, which are calculated from the
vibrational frequency, and the entropy of the gas-phase molecules from the NIST
database.

Equation for the change in Gibbs free energy (A6) of CO,RR:

AG = AE + AZPE - TAS + AGpH + AGy
where AE is the reaction energy difference of the reaction step in CO,RR, which can be
obtained directly from the DFT calculation, and A2PE and AS are the same values as in

AG

the adsorption free energy equation; ~“rH is the free energy correction for pH, which is

zero in this work; and 20v = —€U

, where U 1is the electrode potential of the
electrochemical step.
The binding energy (E) is calculated as:

E, = EM—N/C - Ey_¢-Ey

where EM—N/C, En_c and Em are the structure after anchoring the metal atom, the



structure without anchoring the metal atom and the energy of the metal single atom,
respectively.

The cohesive energy (E0) is calculated as:
E. = Epy — Ey
where Ebulk is the energy of a single metal atom in the bulk phase.

The energy of formation (Ep) is calculated as:
Er = Ey_yic + neie = (Ev_gra + Nwkty + Epui)
where "¢ and ™ are the number of C atoms replaced by N atoms and the number of
nitrogen atoms in the catalyst, respectively, #c and #~ are the chemical potentials of C
and N, respectively, corresponding to the energy of a single C atom in bulk-phase
graphene and the energy of a single N atom in nitrogen, and Ey_gra is the energy of the
graphene structure without the intercalated N and metal atoms.

The dissolution potential (Waiss) is calculated as:

Ey

Udiss = Udiss - _
ne

where Ydiss is the standard dissolution potential of the metal and n is the number of

electrons involved in the dissolution (n=2).

The d-band center of the catalyst is calculated as:

Q,

fnd(e)s de

-
&g = -

f ny(e) de

- 00

where (&) represents the total d state of the copper atoms in Cu-N/C.
we consider the following surface electrochemical process on model Cu-N/C:

Cu’® + 2¢” + N/C— Cu-N/C (1)



Cu-N/C+H' + e —H-Cu-N/C )
OH-Cu-N/C + H + ¢ — Cu-N/C + H,0 3)
O-Cu-N/C + 2H" + 2¢” — Cu-N/C + H,0 @)

The electromotive force of a hypothetical galvanic cell is obtained by dividing
calculated AG (in eV) by the number of electrons exchanged in the reaction. Taking
that the anode is SHE (E° = 0 V), the obtained values are numerically equal to the
standard electrode potentials for reactions (2)-(4). For the construction of the surface
Pourbaix plots, the activity (a) of Cu’* ions was taken to be 1 x 1078 mol-dm™3. This is
a typical value for construction of Pourbaix plots and the change of Cu’* concentration
by one order of magnitude only shifts the potential of Eq. (1) vertically along the
potential axis of a given Pourbaix plot by 0.059 V (at room temperature).

We constructed surface Pourbaix plots for the studied model Cu-N/C at standard
conditions and at 298 K. Considered surface processes include:

(1) metal dissolution, Eq. (1), with Nernst equation:

E(Cu’ " /Cu - N/C) = E°(Cu’ " /Cu-N/C) - (0.059/2) x loga(Cu’ ") ()
(i1) hydrogen deposition, Eq. (2), with Nernst equation:

E(H - Cu - N/C/Cu - N/C) = E°(H - Cu-N/C/Cu-N/C) - 0.059 xpH  (6)
(ii1) Cu-N/C oxidation via deposition of OH,g4s, Eq. (3), with Nernst equation:

E(OH - Cu - N/C/Cu - N/C) = E°(OH - Cu - N/C/Cu - N/C) - 0.059 x pH (7)

(iv) Cu-N/C oxidation via deposition of O,4, Eq. (4), with Nernst equation:

E(O - Cu - N/C/Cu-N/C) = E°(O - Cu - N/C/Cu-N/C) - 0.059 x pH (8)

The calculated standard potentials (E°(O/R)) are summarized in Table S2. Metal


https://www.sciencedirect.com/topics/chemistry/electromotive-force
https://www.sciencedirect.com/science/article/pii/S0013468622003279#eqn0001
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dissolution, Eq. (1) is not pH-dependent, but H,45, OH,qs, and O,4s formation are, with
the slope of the equilibrium potential versus pH line of 0.059 mV per pH unit in all the
cases. When the equilibrium potentials were calculated using Egs. (5)-(8) for pH
ranging from 0 to 14, the stable phases were identified following the rule that the most
stable oxidized phase had the lowest equilibrium potential, while the most stable

reduced phase was the one with the highest equilibrium potential.
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Fig. S1 Electron density of states diagram for 11 kinds of catalysts; pink dashed line:

d-band center of Cu atom, gray dashed line: Fermi energy level.
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localization function. The iso-surface value was set to be 0.005 e-A-3 and the positive
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Fig. S3 Optimized geometries of CO,RR adsorbates on (a) saturated coordination

catalysts and (b) unsaturated coordination catalysts.
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Fig. S7 HER free energy diagram for single-atom Cu (Cu-N/C) catalysts.



Fig. S8 Position number of hydrogen protons adsorbed on CuN;V.

Fig. S9 Position number of hydrogen protons adsorbed on CuN,V,.
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Fig. S11 The adsorption configurations of multiple hydrogen protons on CuN;V with

their corresponding numbers.
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CuNj3V saturated by hydrogen protons.
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Table S1 Average bond length (dc,.n), Bader charge transfer (Qc, and Qy), binding
energy (E,), the d-band center of Cu atoms (&4), binding energy, (E,) formation energy
(Ep), and solvation potential (Ug;s) for Cu-N catalysts. The bond length is in A, the
Bader charge is in e, the d-band center, the binding energy (Ey), and the formation

energy (E¢) are in eV, and the solvation potential (Ug;s) is in V.

System dcun Qcu Qn &4 Ey E¢ Uldiss
CuN, 1.93 -0.92 1.21 -3.46 -5.42 -7.80 4.24
CuN;C 1.91 -0.85 1.19 -3.87 -7.75 -6.77 3.72
CuN,(C, 1.91 -0.81 1.15 -3.85 -8.46 -5.73 3.21
CuN,C,-1 1.91 -0.77 1.22 -3.72 -8.69 -5.80 3.24
CuN,C,-2 1.93 -0.74 1.22 -3.77 -9.59 -6.28 3.48
CuN,;GC; 1.94 -0.71 1.20 -3.05 -8.97 -5.03 2.86
CuN; 1.72 -0.63 1.27 -2.13 -4.26 -5.10 2.89
CuN5-1 1.81 -0.73 1.10 -1.81 -7.34 -9.24 4.96
CuN;V 1.88 -0.74 1.28 -2.30 -5.88 -7.77 4.23
CuN,V, 1.75 -0.58 1.22 -1.95 -6.71 -7.32 4.00

CuN,V,-1 1.93 -0.79 1.25 -2.09 -5.32 -3.20 1.94




Table S2 Calculated standard potentials for reactions given by Eq. (1) to (4), standard

conditions, 298 K, pH = 0.

System E°(Cu?*/Cu- E°(Cu-N/C/H- E°(0-Cu-N/C/ E°(OH-Cu-N/C/
N/C)/V Cu-N/C)/V Cu-N/C)/V Cu-N/C)/V

CuN, 1.06 -1.65 1.96 1.76

CuN; 0.49 0.54 0.49 -0.66
CuN;C 2.23 0.02 0.62 1.73
CuN;V 1.30 -0.82 1.42 0.91
CuN;-1 2.02 111 1.59 1.41
CuN,C, 2.58 -1.20 2.01 1.73
CuN,C-1  2.70 -1.33 2.11 1.80
CuN,C»2  3.15 -1.43 2.03 1.66
CuN,V, 1.71 -0.94 1.39 0.79
CuN,V,-1  1.01 -0.13 0.91 -0.13
CuN,C; 2.83 -0.24 0.74 2.25




Table S3 The adsorption energy corresponding to the position number of the hydrogen

proton adsorbed on CuN;V.

*H I(C) 2(C) 3(C) 4C) 5C) o6(N) 7T(N) 8(N) 9(Cu)

AE_,(eV) 097 063 -0.56 -0.40 0.89 066 022 0.80 0.62

Table S4 The adsorption energy corresponding to the position number of the hydrogen

proton adsorbed on CuN,V,.

*H 1 2 3 4 5 6 7

AE,45(eV) 0.84 0.57 -0.10 -0.18 0.92 0.50 0.77

Table S5 The CO,RR and HER transition state energy barriers for hydrogen proton

adsorption at different sites on CuN;V.

*H-site 4 7 2
CO;RR (eV) 1.19 0.99 0.77
HER (eV) 2.16 2.30 243

Table S6 The adsorption energy corresponding to the position of multiple hydrogen

protons adsorbed on CuN;V.

*H 3 3-4 3-9 3,4-2 3,4-9 3,4-7

AE_, (eV) -0.56 -1.89 0.90 1.36 0.90 0.58




Table S7 Average bond lengths (dcy.~ and dey.c) of Cu-N and Cu-C (*COOH), Bader

charge transfer of Cu atoms (Qc,), and d-band center of Cu atoms (g4) of the catalysts

for CulNy, CuN;V, and CuN,V, without adsorbed intermediates and after adsorption of

COOH. The bond lengths are in A, the Bader charges are in e, and the d-band centers

are in eV.

System Qcu dcun &4 dcu-c
CulNy -0.92 1.93 -3.46 \
CuN4-COOH -0.87 2.01 -2.71 1.96
CuN;V -0.74 1.88 -2.30 \
CuN;V-COOH -0.82 1.95 -2.44 1.94
CuN,V, -0.58 1.75 -1.95 \
CuN,V,-COOH -0.73 1.97 -2.22 1.91




