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Anodic reaction (HOR)

H2 +
1
2

O2 → H2O Eo = 1.23 V

Overall reaction

1
2

O2 + 2H+ + 2e− → H2O Eo = 1.23 V

Cathodic reaction (ORR)

☹︎ Sluggish cathodic oxygen reduction reaction (ORR)
☹︎ Scarcity of the platinum group metals for catalyst
☛ Urgent need of alternative catalyst(s)
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Comparable performance of Fe-N-C and Co-N-C with Pt/C

Wang et al., J. Am. Chem. Soc. 139, 17281 (2017).

Current density (j) Half-wave potential (E1/2)

Experimental E1/2
Fe-N-C: 0.747 V
Co-N-C: 0.747 V
Pt/C     : 0.858 V

Yin et al., Angew. Chem. Int. Ed. 59, 21976 (2020).

Current density (j) Half-wave potential (E1/2)

Experimental E1/2
Fe-N-C: 0.831 V
Co-N-C: 0.750 V
Pt/C     : 0.867 V
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Xia et al., Nat. Chem. 13, 887 (2021). Vitolo et al., Nat. Mater. 14, 937 (2015).
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Transition metal single atom catalyst (TM-N-C, TM=Fe, Co) 
for ORR

6

☹︎ DFT predicted limiting potential of Fe-N4-C is underestimated
☹︎ DFT predicted limiting potentials of Fe-N4-C and Co-N4-C are not comparable

Wang et al., J. Am. Chem. Soc. 139, 17281 (2017).

Current density (j) Half-wave potential (E1/2)

Experimental E1/2
Fe-N-C: 0.747 V
Co-N-C: 0.747 V
Pt/C     : 0.858 V

Yin et al., Angew. Chem. Int. Ed. 59, 21976 (2020).

Current density (j) Half-wave potential (E1/2)

Experimental E1/2
Fe-N-C: 0.831 V
Co-N-C: 0.750 V
Pt/C     : 0.867 V

DFT limiting potential (UL)
Fe-N4-C: 0.40 V
Co-N4-C: 0.77 V
Pt(111) : 0.80 V
Patniboon and Hansen, ACS Catal. 11, 13102 (2021).
Hansen et al., Phys. Chem. Chem. Phys. 10, 3722 (2008).
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    ☹︎ Vacuum environment
   😑Continuum to model an aqueous environment    
    ☹︎ Neutral condition (point of zero-charge, PZC)
• Effective screening medium  

+ reference interaction site model  (ESM-RISM)   

ESM-RISM: Nishihara & Otani, Phys. Rev. B 96, 115429 (2017).
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Possible problems and a solution in DFT calculation

7

• Computational hydrogen electrode (CHE) model
    ☹︎ Vacuum environment
   😑Continuum to model an aqueous environment    
    ☹︎ Neutral condition (point of zero-charge, PZC)
• Effective screening medium  

+ reference interaction site model  (ESM-RISM)   
    ☻ DFT for electrode and adsorbates
    ☻ Classical solution theory for solution environment 
        (solvent + electrolyte ions)
    ☻ Constant electrode potential (non-neutral condition)

ESM-RISM: Nishihara & Otani, Phys. Rev. B 96, 115429 (2017).

Explicit solvation model Implicit solvation model
(ESM-RISM)Continuum model

εr

Simulation cell
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• Introduction
• Transition metal (Fe, Co) single atom catalysts 

for the oxygen reduction reaction (ORR)
• Computational hydrogen electrode model
• Exchange-correlation functional dependence of the ORR activity
• ORR activity of Fe-N4-C and Co-N4-C from ESM-RISM
• Solvent effect
• Electrode-potential effect

• Summary
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Computational hydrogen electrode (CHE) model

9

H+(aq) + e− ⇌
1
2

H2(g)

At the standard hydrogen electrode (SHE) potential and pH=0:

Free energy of proton at the SHE potential (USHE = 0)
GH+(aq) + μe(USHE = 0) =

1
2

GH2(g)

GH+(aq)(USHE) + μe(USHE) =
1
2

GH2(g)− |e |USHE

Free energy of proton

GH+(aq)(USHE) + μe(USHE) =
1
2

GH2(g)+ΔGpH − |e |USHE

ΔGpH = − kBT ln[H+] = kBT ln(10) × pH
pH correction

Nørskov et al., J. Phys. Chem. B 108, 17886 (2004).
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4-electron associative mechanism (in an acid electrolyte)
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Free energies of ORR intermediates

11Nørskov et al., J. Phys. Chem. B 108, 17886 (2004).

ΔG(O2) = − ΔGORR − 4 |e |URHE

ΔG(*OOH) = ΔG(*OOH, URHE = 0) − 3 |e |URHE

ΔG(*OH) = ΔG(*OH, URHE = 0) − |e |URHE

ΔG(*O) = ΔG(*O, URHE = 0) − 2 |e |URHE

ΔGORR = 2G(H2O(l)) − 2G(H2(g)) − G(O2(g)) = − 1.23 × 4 V

Free energies of ORR reactants and intermediates wrt the final state

ΔG(O2) = − ΔGORR − 4 |e |URHE

ΔG(*OOH) = ΔG(*OOH, URHE = 0) − 3 |e |URHE

ΔG(*O) = ΔG(*O, URHE = 0) − 2 |e |URHE

ΔG(*OH) = ΔG(*OH, URHE = 0) − |e |URHE

ΔGORR = 2G(H2O(l)) − 2G(H2(g)) − G(O2(g)) = − 1.23 × 4 V
ΔG(*OOH) = G(OOH) − G(*) − [2G(H2O(l)) − 3/2G(H2)]

⋯
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Eel[n] = Ts[n] + ∫ drvext(r)n(r) +
e2

2 ∬ drdr′￼

n(r)n(r′￼)
|r − r′￼|

+Exc[n]

Total energy of the electronic system

Electron density

n(r) = Ne ∫ ⋯∫ dr2⋯drNe
|Ψ(r, r2, ⋯, rNe

) |2
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Hohenberg & Kohn, Phys. Rev. 136, B664 (1964); Kohn & Sham, Phys. Rev. 140, A1133 (1965).
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Exact exchange-correlation (XC) functional not known!
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☹︎ Less accurate for the dispersion interaction
→ dispersion inclusive methods (DFT-Dx, TS-vdW, XDM, LRD, vdW-DF…) 
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Dispersion (vdW)-inclusive DFT

17Berland et al., Rep. Prog. Phys. 78, 066501 (2015); Grimme, et al., Chem. Rev. 116, 5105 (2016).

Nonempirical XC functional (vdW-DF)
Exc = ESL

x + ESL
c +Enl

c

Semiempirical XC functional (e.g., DFT-D3)
Exc = ESL

x + ESL
c +Edisp

Enl
c =

1
2 ∬ dr1dr2n(r1)ϕ(q1 |r1 − r2 | , q2 |r1 − r2 | )n(r2)

Edisp = E(2) + E(3)

E(2) = −
1
2 ∑

A≠B
∑

(n=6,8,⋯)

sn fd,n(RAB)
CAB

n

Rn
AB

E(3) = −
1
6 ∑

A≠B

fd,9(R̄ABC)
CABC

9 (3 cos θa cos θb cos θc + 1)
(RABRBCRCA)3
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17Berland et al., Rep. Prog. Phys. 78, 066501 (2015); Grimme, et al., Chem. Rev. 116, 5105 (2016).

Nonempirical XC functional (vdW-DF)
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Semiempirical XC functional (e.g., DFT-D3)
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1
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☹︎ Accuracy depends on the exchange-correlation functional used
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• Quantum-ESPRESSO
• Projector augmented wave potentials
• Plane-wave basis
• PBE, PBE-D3, RPBE, RPBE-D3  

(D3: Grimme’s dispersion correction)
• Bayesian error estimate functional (BEEF-vdW) 

as a reference
• Fe-N4-C & Co-N4-C models
• Graphene (5×5) supercell
• Vacuum condition
• CHE to estimate the limiting- and over-potentials of 

ORR
BEEF-vdW: Wellendorff et al., Phys. Rev. B 85, 235149 (2012).



ORR intermediates on Fe-N4-C and Co-N4-C
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Adsorption free energy (U = 0 V)
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Free energy diagram (U = 0 V)
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Fe-N4-C Co-N4-C



Catalyst activity — limiting potential
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Outline
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• Introduction
• Transition metal (Fe, Co) single atom catalysts 

for the oxygen reduction reaction (ORR)
• Computational hydrogen electrode model
• Exchange-correlation functional dependence of the ORR activity
• ORR activity of Fe-N4-C and Co-N4-C from ESM-RISM
• Solvent effect
• Electrode-potential effect

• Summary



Computational details
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• Quantum-ESPRESSO
• Projector augmented wave potentials
• Plane-wave basis
• RPBE-D3
• ESM-RISM
• SPC & TIP5P for H2O
• L-J potentials for H3O+ and other atoms/ions

• Fe-N4-C & Co-N4-C models
• Graphene (5×5) supercell
• HCl solution to model an acidic environment 

(H3O+ & Cl-, 0, 0.1, 0.5, 1.0 M)
FF parameters: Haruyama et al., Phys. Rev. Materials. 2, 095801 (2018).
C & N FF parameters: Abidin and IH, Phys. Rev. B 105, 075416 (2022).



Distribution of electrolyte ions in a HCl solution
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U = 0.7 V vs. RHE



Distribution of electrolyte ions in a HCl solution
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ORR mechanism on TM-N4-C
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ORR mechanism on TM-N4-C
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4-electron associative mechanism (in an acid electrolyte)

O2 + H+ + e− +* →* OOH

*OOH + H+ + e− → *O + H2O
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ORR mechanism on TM-N4-C
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4-electron associative mechanism (in an acid electrolyte)

O2 + H+ + e− +* →* OOH
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Free energies of ORR intermediates

27

Constant-N (neutral) / CHE method

Constant-electrode potential (constant-μ) methods

G = A + EZPE − TS

A = Etot + ΔAsolv

G = Ω + EZPE − TS

Ω = Etot + ΔAsolv − ΔNeμe



Free energies of ORR intermediates
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Constant-N (neutral) / CHE method

Constant-electrode potential (constant-μ) methods

Effect of the electrode potential is included in   
(no additional potential  needed)

μe
U

G = A + EZPE − TS

A = Etot + ΔAsolv

G = Ω + EZPE − TS

Ω = Etot + ΔAsolv − ΔNeμe



Effect of the solvent (constant-N / CHE)
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Effect of the solvent (constant-N / CHE)
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Effect of the electrode potential with ESM-RISM
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Possible origin of the differences: surface charge
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Total charges from constant-μ (constant potential) calculations

Possible origin of the differences: surface charge

31
Systems are not neutral, even at URHE = 0

Fe-N4-C Co-N4-C



Summary
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• Systematic DFT study of electrochemical ORR on Fe-N4-C and Co-N4-C  
with ESM-RISM
• Choice of the exchange-correlation functional
• Effect of the solvent
• Effect of the electrode potential via the constant-potential calculations

• The results obtained using both constant-potential and ESM-RISM  
(more) consistent with the experiments

Abidin and IH, Phys. Rev. B 105, 075416 (2022).
Abidin and IH, Surf. Sci. 724, 122144 (2022).
Abidin and IH, J. Phys. Chem. C 127, 13623 (2023).
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Summary — Limiting potential
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Summary — Limiting potential
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Free energy diagrams of Fe-N4-C and Co-N4-C  
from constant-N and constant-μ calculations



Free energy diagram from and constant-N constant-μ
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Fe-N4-C Co-N4-C



Free energies and granpotentials of Fe-N4-C and Co-N4-C



Free energies of the reaction intermediates
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Fe-N4-C Co-N4-C



Grandpotentials
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Simulation cell
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Electronic structures
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1.61 𝜇B 0.68 𝜇B



Effect of Hubbard U on the reaction free energies, 
potential determining steps and overpotentials
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U = 0 eV U = 2 eV

Fe-N4-C (V)
PDS *O → *OH *OOH → *O

Lim. potential 0.66 0.77

Overpotential 0.56 0.46

Co-N4-C (V)

PDS O2 → *OOH *OOH → *O

Lim. potential 0.93 0.60

Overpotential 0.30 0.60

U = 0 eV U = 2 eV

Fe-N4-C (V)
ΔG*OOH 3.66 4.14

ΔG*O 1.37 2.27

ΔG*OH 0.71 1.03

Co-N4-C (V)

ΔG*OOH 3.99 4.31

ΔG*O 2.35 2.64

ΔG*OH 1.01 1.32

Adsorption free energies PDS and Overpotential



Effect of Hubbard U on the electronic structures
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