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The thermodynamic calculation of FeEOR mechanism during ORR process
Generally, in an acid electrolyte ([H*] = 1 mol/L, pH=0), H,0 can act as the OH™
donor, the oxidation of Fe site on FeNC catalyst, and formed of Fe(OH)2 (s) or Fe(OH)s (s)

can be written as:
Fe(s) + 2H,0(1) © Fe(OH),(s) + 2H" (aq) + 2e~ AG,; = —0.203 eV (S1)
Fe(s) + 3H,0(1) «& Fe(OH);(s) + 3H*(aq) + 3e~ AG,, = —0.092eV  (S2)

Here, the reaction free energy ( AGy; = 2AG.5 — AGy3 — AGe and AGy, =

3AG;s — AGy4 — AG,;) of equations (S1 and 2) are calculated using the follow equations

(53-7) 51

Fe?*(aq) + 2e~ © Fe(s) EC = —0.447V AG.; = 0.894 eV (S3)
Fe3*(aq) + 3e~ © Fe(s) E® = —-0.037V  AG, =0.111eV (s4)
H,0(1) & OH™(aq) + H*(aq) AGys = —RTInK 4,0y = 0.828 eV (S5)

Fe(OH),(s) « Fe?*(aq) + 20H (aq) AG = —RTInKgppe(ony,) = 0.965 eV (S6)

Fe(OH)3(s) « Fe’*(aq) + 30H (aq) AG; = —RTInKpre(ony,) = 2.281 eV (S7)

Here, the standard reduction potentials (E© values) and solubility product constant
( KSp(HZO) =487 X 10_14, Ksp(Fe(OH)z) =487 X 10_17 and KSp(Fe(OH)g) = 2.79 X

1073%) at 298.15 K.

Then, the FeOR without the participation of ORR intermediates on FeNC catalyst may

proceed through the following elementary steps:

* +Fe(s) —* Fe (S8)
* Fe + H,0(1) > = FeOH + H*(aq) + e~ (S9)
* FeOH + H,0(1) » * Fe(OH), + H*(aq) + e~ (S10)

* Fe(OH), —» * +Fe(OH),(s) (S11a)



* Fe(OH), + H,0(1) » =* + Fe(OH)5(s) + H"(aq) + e~ (S11b)

While, the FeOR intermediate (i.e. *FeOH) also formation during ORR process:

* Fe + 0,(g) + H*(aq) + e~ —»* FeOOH (S12)
* FeOOH + H* (aq) + e~ —»x FeO + H,0(1) (S13)
* FeO + H* (aq) + e~ —»* FeOH (S14)
* FeOH + H* (aq) + e~ —* Fe + H,0(1) (S15)

where * stands for carbon-base catalyst surface without Fe site, and the (1), (aq), (g)
and (s) refer to liquid, aqueous, gas and solid phase.

In this model, we set up RHE as the reference electrode, which allows us to replace
chemical potential (1) of the proton-electron pair with that of half a hydrogen molecule:
u(H*(aq) +e7) = %“Hz — eU, at conditions with Py,=1 bar.

The chemical potential of each adsorbate is defined as: p = E + Eypg — TS. where
the E is the total energy obtained from DFT calculations, Ezpe is the zero point energy, and
S is the entropy at 298.15 K. *2 In order to obtain the reaction free energy of each
elementary step of ORR and FeOR, we calculated the adsorption free energy of * Fe, *
FeO, * FeOOH, * FeOH, and * Fe(OH),. Because it is difficult to obtain the exact free

energy of Fe, FeO, FeOOH, FeOH, Fe(OH), and Fe(OH); radicals in the electrolyte
solution, the free energy AG.pe, AGipeo, AGireoon, AGireon, AGireom), Go,
Grecony, and Gge(om),, are relative to the free energy of stoichiometrically appropriate
amounts of H,0(g) (on DFT scale, the potential of water in the gas phase is described as
Hu,0(8) = up,o(1) (T=298.15 K, P=0.035 bar), H,(g), and Fe in its ground-state body-
centered cubic (BCC) crystal phase, defined as follows % 3;

AG,pe = AG(Fe(s) +x—* Fe) = tipe — Me — Hre

AG,peoy = AG <Fe(s) + H,0(g) +*—* FeOH + %Hz(g)>

1
= W«Fe(OH) T 5 MH, ~ e = Hre = HH,0



AG,reomy, = AG(Fe(s) + 2H,0(g) +*—+ Fe(OH), + H,(g))
= HMuFe(0H), T HH, — Hx — Hre — 2H1H,0

3
AG,geoon = AG(Fe(s) + 2H,0(g) +*—* FeOOH + EHZ(g))

3
= HlireooH T 5 MH, M~ Hpe 21y,0

AG,peo = AG(Fe(s) + H,0(g) +*—x FeO + H,(g)) = Mupeo + Mu, — W — Hpe — Hi,0

Gre(on), = 2Gu,0(1) — Gy, (8) + Gpe — 0.203 eV

1
Gre(on), = 3 (GHZO(I) - EGHz(g)) + Gpe — 0.092 eV

Go,(g8) = 2Gy,o(1) — 2Gy,(g) +4.92eV
Furthermore, for each elementary step, the reaction free energy change (AG,) is
defined as the difference between of free energy of the reactants and products 5%

AGy = AE + AEzpg — TAS + AGy + AGpy

Then, the reaction free energy of step (S8-11a/b) can be calculated using the

following equations (S16-19a/b):

AG.g = AG,pe (S16)
AGyg = AG,peon — AGpe + AGpp(H*) —eU (517)
AGy1o9 = AG.pe(on), — AGipeon + AGp(H™) — eU (518)
AGrr1a = —0.203 €V — AG.ecom, (519a)
AGyy1p = —0.092 eV — AG,pe(omy, + AGpy(H) — eU (519b)

And, the reaction free energy of step (512-15) can be calculated using the following

equations (520-23):

AGFIZ = AG*FeOOH — 492 eV — AG*Fe - AGpH(H+) + eU (520)

AG1"13 = AG*FeO - AG>'=FeOOH - AGpH(H-F) +eU (521)



AGr14 = AG*FeOH - AG*FeO - AGpH(H-l-) +elU (522)

AGyys = AGupe — AGupeon — AGpH(H-I-) +elU (523)

Here, AGy = —eU, the e is the elementary charge and U is the potential difference
between electrode and RHE, here, UR'E = 0.9 V (about the half-wave potential of FeNC

catalyst when catalyzing ORR). In an acid electrolyte (pH=0), the free energy change of H*
is derived according to AGpg(H*) = —kgTIn(10) X pH =0 ( kg is Boltzmann’s

constant) 2. And when the OH desorption and the further OH adsorption of *FeOH have

URHE —

the same probability, meaning that AGrg = AGys TMOR =

AG.pe(0H), —AGuFe+2AGpy(HY)
2e )
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Figure S1. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of FeNsH system at 500 K within 10 ps AIMD simulation.
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Figure S2. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of FeNsH; system at 500 K within 10 ps AIMD simulation.
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Figure S3. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of FeNsHs system at 500 K within 10 ps AIMD simulation.



2.5

1(a)
20 - Fe-N
‘ Fe-HO
1.5
. 2-5 I I I I I I I I 12
< 1(b) [
= 20 gy o) 1o
15, / \ b ""u‘ WM- 8
g 15 % Fe-H1 :6
2 10 oo g H1-H2 [ 4
o M
m 2
0.5 -
T T T T T T T T 0
3.0 . I I I I I I I I I
1(c)
2.5

2.0

1.5

1 Fe-HO
1.0

Time (fs)

USSR UR
10|00 2000 3000 4000 5000 6000 7000 8000 9000 10000

Figure S4. At 500 K within 10 ps AIMD simulation, the trajectory of different atoms pair in

(a) FeNsH, (b) FeN4H2 and (c) FeN4H3 systems.
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Figure S5. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of FeNsH system in real water solution at 500 K within 10 ps AIMD simulation.
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Figure S6. In real water solution at 500 K within 10 ps AIMD simulation: (a) the radial
distribution functions (RDF) for Fe-N atom pair in FeNsH system, (b) the trajectory of Fe-

H atom pair in FeNsH system.
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Figure S7. The charge effect (a) and spin effect (b) of FeNC surface. For the charge
distribution, the color of the balls represents the value of the Bader charge, which
increases gradually from blue to red. For the spin density distribution, yellow and blue iso-
surfaces correspond to positive and negative spin density, respectively, and the iso-surface
levels are 0.0005 e/A3,
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Figure S8. The free energy change value of OH adsorption (AGon) on Fe and 16 C sites of

FeNC catalyst.
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Figure S9. DFT and AIMD optimized configurations of a, b) *Fe(OH), with COR (*Fe(OH).-
C(OH)x (X=1 and 2)); c) The radial distribution functions (RDF) for Fe-N atom pairs in the
*Fe(OH)2-C(OH)x systems obtained from AIMD simulations at 500 K.
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Figure S10. (a) Dynamic optimized configuration snapshot (b) total energy and (c)
temperature of *Fe(OH). system in real water solution at 500 K within 10 ps AIMD

simulation.
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Figure S11. In real water solution at 500 K within 10 ps AIMD simulation, the radial

distribution functions (RDF) for Fe-N atom pairs in *Fe(OH), system.
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Figure S12. The average ICOHP of the Fe-N bond of clean FeNC, *FeOH, OH*FeOH and

*Fe(OH)2 systems.



Table S1. The Bader charge (Q), d electron number (d) on Fe atom, and the average ICOHP
value of Fe-N bond.

Qre(e) Qn(e) d(e) ICOHP (e)
*FeOH 1.23 -1.17 6.18 -1.85
OH*FeOH 1.36 -1.14 6.17 -1.72
*Fe(OH): 1.37 -1.18 6.15 -1.44
DFT
thermodynamic
___________________________ optimized deeo=2.43 A

dpon=1.92A deo=1.91A

Figure S13. DFT thermodynamic optimized configuration of the OH*FeOH protonation
(OH*FeOH-NH).
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Figure S14. (a) Dynamic optimized configuration snapshot, (b) total energy and (c)
temperature of *Fe(OH),-NH (proton attacks N from the same side of adsorbed OH)
system at 500 K within 10 ps AIMD simulation.
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Figure S15. (a) Dynamic optimized configuration snapshot (b) total energy and (c)
temperature of *Fe(OH),-NH (proton attacks N from the opposite side of adsorbed OH)
system at 300 K within 15 ps AIMD simulation.
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Figure S16. (a) Dynamic optimized configuration snapshot (b) total energy and (c)
temperature of *Fe(OH),-NH (proton attacks N from the opposite side of adsorbed OH)

system at 400 K within 10 ps AIMD simulation..
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Figure S17. (a) Dynamic optimized configuration snapshot (b) total energy and (c)
temperature of *Fe(OH),-NH (proton attacks N from the opposite side of adsorbed OH)

system at 500 K within 10 ps AIMD simulation..
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Figure S18. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of *Fe(OH),-NH + H system at 300 K within 10 ps AIMD simulation.
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Figure S19. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of *Fe(OH),-NH + H system at 400 K within 10 ps AIMD simulation.
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Figure S20. (a) Dynamic optimized configuration snapshot (b) total energy and (c)

temperature of *Fe(OH),-NH + H system at 500 K within 10 ps AIMD simulation.
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Video S1. The AIMD dynamic graph of the protonation and oxidation of Fe site on FeNC
in real water solution.
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Video S2. The AIMD dynamic graph of the protonation of *Fe(OH)..
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