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Proton exchange membrane fuel cell

Fuel Cell Stack

. Hydrogen @ Proton (+ve)
. Oxygen Electron (-ve)

Cathode
Hydrogen Oxygen
H, Fuel “ O, From Air
H, Recycling Air and
Water Vapour

Gas Diffusion Layer

Catalyst Catalyst Gas Diffusion Layer

Proton Exchange Membrane




Proton exchange membrane fuel cell

Anodic reaction (HOR)
H2—>2H++26_ EO:OV
Cathodic reaction (ORR)

Fuel Cell Stack

1
=0, +2H" +2¢” > H,0 E° =123 V

H, Recycling ) .
Overall reaction

Gas Diffusion Layer Catalyst Gas Diffusion Layer

Proton Exchange Membrane

1
H2 + 502 —> HzO EO — 123 V



Proton exchange membrane fuel cell

Anodic reaction (HOR)
H2—>2H++26_ EO:OV
Cathodic reaction (ORR)

Fuel Cell Stack

|
502 +2H"+2¢~ - H,O E°=1.23V
Overall reaction

1
H2 + 502 —> HzO EO — 123 V

® Sluggish cathodic oxygen reduction reaction (ORR)
® Scarcity of the platinum group metals for catalyst

w Urgent need of alternative catalyst(s)



Transition metal single atom catalyst (TM-N-C, TM=Fe, Co0)
for ORR



Transition metal single atom catalyst (TM-N-C, TM=Fe, Co0)
for ORR

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

stosgg oz mi* 1 EXperimental Ei/
| . Fe-N-C:0.747 V
¥ Co-N-C:0.747 V
J, Pt/C :0.858V

En (V)

——Fe SAs/N-C 0.3F
—Co SAs/N-C

02 04 06 08 1.0
E (V) vs. RHE

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

Current density ()) . Half-wave potential (E1/)

(@) |E=575Y (m);':; e e .ZZ Experimental Ei»
| -O-WF:CO-SAS-N-C '
5 | 2 1000 B olalz5 Fe-N-C:0.831V
< |} 0,-5at0.1 MHCIO,, 900 rpm, D o7 & ' $20 E
e R ' 1»£ Co-N-C: 0.750 V

-4 :

0.1
e 08 = 0% = 43 e Pt/C . 0867 V
E|V (vs.RHE) E,, |V (vs.RHE ) .20.8V

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

Comparable performance of Fe-N-C and Co-N-C with Pt/C



Ns-C moiety as an active site for ORR
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Transition metal single atom catalyst (TM-N-C, TM=Fe, Co0)
for ORR

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

ofogg oz =3 ' Experimental Eq
3 Fe-N-C:0.747 V
2 Co-N-C:0.747 V

J, Pt/C :0.858V

0.6}

En (V)

——Fe SAs/N-C 0.3F
—Co SAs/N-C

0.0

02 04 06 08 1.0
E (V) vs. RHE

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

Current density ()) Half-wave potential (E1/)
(a) 0F - FeSASNT (b)1 0 ) 40

|
pacy oo Sreewmeeioe | EXperimental Ei
i i —o-WF:Co-SAs-N-c = A

2 1AM 0 olaiz Fe-N-C:0.831V

- Q- PUC

g
= v
Lo § B0 K- 1 Co-N-C: 0.750 V
= '4' mo.o‘t’- 192 -
S 0.00. -‘::, Pt/C . 0867 V
0.4 0.6 0.8 10
EIV (vs.RHE) E,IV(vsRHE) %08V

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



Transition metal single atom catalyst (TM-N-C, TM=Fe, Co0)
for ORR

Current density (j) Half-wave potential (Ej/2)
storgg oz =i 1 EXperimental Ei/
' Fe-N-C: 0.747 V
. Co-N-C:0.747 V
Pt/C :0.858V

(Fe,Copn.c PUC Fe Sasy.q CoSasy o

0.6} 12"

En (V)

J (mA cm)

——Fe SAs/N-C 0.3F
—Co SAs/N-C

0.0

DFT limiting potential (UL)

0.2 0.4 0.6 0.8 1.0

War:sg(\gt;sl'.,Rji\m. Chem. Soc. 139, 17281 (2017). Fe'N4'C: 040 V

Current density (j) " Half-wave potential (E1/2) CO N4'C: 077 V
@) T (ﬁ);j»_ e .ZZ Experimental Ei2 [Pt(111) : 0.80 V
T ofene 03| I II I 25 o Fe-N-C: 0.831 V [|ratniboon and Hansen, ACS Catal. 11, 13102 (2021)
= = ‘ Il I H. ’ o '
g 0,5t 0.1 M HCIO,, 900 rpm, ‘90002 . 20 E C -N- C 0.750 V Hansen et al., Phys. Chem. Chem. Phys. 10, 3722 (2008).
E -3:10mWs.o.6mgcm" < 008} : 1032 O
TRy Wy 0.04} 182N

i Pt/C  :0.867V

04 06 08 1.0
E/V (vs.RHE) E,, IV (vs.RHE) j€0.8v
Yin et al., Angew. Chem. Int. Ed. 59, 21976 (2020).

® DFT predicted limiting potential of Fe-N4-C is underestimated
® DFT predicted limiting potentials of Fe-N4-C and Co-Ns-C are not comparable
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Computational hydrogen electrode (CHE) model
® Vacuum environment

Simulation cell

Explicit solvation model
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Possible problems and a solution in DFT calculation

Computational hydrogen electrode (CHE) model
® Vacuum environment

@& Continuum to model an aqueous environment

Simulation cell

® Neutral condition (point of zero-charge, PZC)

Continuum model

Effective screening medium
+ reference interaction site model (ESM-RISM)

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



Possible problems and a solution in DFT calculation

Computational hydrogen electrode (CHE) model
® Vacuum environment

@& Continuum to model an aqueous environment

Simulation cell

Implicit solvation model
(ESM-RISM)

® Neutral condition (point of zero-charge, PZC)

Continuum model

Effective screening medium
+ reference interaction site model (ESM-RISM)

® DFT for electrode and adsorbates

® Classical solution theory for solution environment
(solvent + electrolyte ions)

e

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



Possible problems and a solution in DFT calculation

Computational hydrogen electrode (CHE) model
® Vacuum environment

& Continuum to model an aqueous environment

Simulation cell

Implicit solvation model
(ESM-RISM)

® Neutral condition (point of zero-charge, PZC)

Continuum model

Effective screening medium
+ reference interaction site model (ESM-RISM)

® DFT for electrode and adsorbates

® Classical solution theory for solution environment
(solvent + electrolyte ions)

e

® Constant electrode potential (non-neutral condition)

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



Outline

Computational hydrogen electrode model



Computational hydrogen electrode (CHE) model

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



Computational hydrogen electrode (CHE) model

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

1
H(aq) + e~ = EHz(g)

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



Computational hydrogen electrode (CHE) model

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

1
H(aq) + e~ = EHz(g)

Free energy of proton at the SHE potential (UsHe = 0)
|

GH+(aq) + po(Ugyg = 0) = 5 H,(g)

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



Computational hydrogen electrode (CHE) model

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

1
H(aq) + e~ = EHz(g)

Free energy of proton at the SHE potential (UsHe = 0)
|

GH+(aq) + po(Ugyg = 0) = 5 H,(g)

Free energy of proton

|
GH+(aq)(U sup) T #(Usyp) = 5 H,(2) ™ |e| Usyg

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



Computational hydrogen electrode (CHE) model

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

1
H(aq) + e~ = EHz(g)

Free energy of proton at the SHE potential (Usne = 0)
|

GH+(aq) + po(Ugyg = 0) = 5 H,(g)

Free energy of proton

|
GH+(aq)(U sup) T #(Usyp) = 5 H,(2) ™ |e| Usyg

1
Gi+ag)(Usap) + #(Usyp) = > H,e)TAGH — [e| Usyg

PH correction
AG,y = — kgT In[H™] = kgT In(10) X pH

Narskov et al., J. Phys. Chem. B 108, 17886 (2004).
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4-electron associative mechanism (in an acid electrolyte)
02 + 4H+ —+ de” — 2H20



ORR mechanism on TM-Ns-C

4-electron associative mechanism (in an acid electrolyte)

0, + 4H" + 4e™ — 2H,0 b
.0 \/
O,+H" +e” +* —»* OOH H
*OOH + H + ¢~ — *0 + H,0 I I
*O+H"+e” — *OH

*OOH

- E /\

*OH + H* + ¢~ > H,0




ORR mechanism on TM-Ns-C

4-electron associative mechanism (in an acid electrolyte)

O, + 4H* + de- — 2H,0
1?; \
O,+H"+e™ +* 5% OOH AG(*OOH) /
*OOH+H"+e” - *O+ H,0 AG(*O) E
*O+H"+e¢™ - *OH AG(*OH) % *OOH
*OH+H" +e¢~ - H,0O AG(H,0) \ / H0
”Jm., ¥




Free energies of ORR intermediates

Free energies of ORR reactants and intermediates wrt the final state

AG(O,) = — AGorr — 4| e| Urpg
AG(*OOH) = AG(*OOH, Uppp = 0) — 3| e| Upyr
AG(*0O) = AG(*O, Uy = 0) — 2| e| Ugyr
AG(*OH) = AG(*OH, Ugyg = 0) — | e | Ugryg

AGpgrr = 2G(H,0(1)) — 2G(Hy(g)) — G(O,(g)) = - 1.23 x4 V
AG(*OOH) = G(OOH) — G(*) — [2G(H,0()) — 3/2G(H,)]

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



ORR mechanism
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Reaction coordinate



ORR mechanism
ldeal catalyst

o T _ogy — Uu=ooo0v i
£ LAG(0:) I'JORR = __ U =123V=U _
\ eq L
4 | . AG(-OOH) ~
> g | _
O " AG(-0)
G - 1.23x4 V N -
> 2 I 1.23x3 V -
I . AG(-OH) -
L 1.23x2V . B
i 1.3V, i
0 N AG(H20)
“ +0O; *OOH “0 “OH
+ 4(H++e") + 3(H++e") + 2(H++e") + (H++e’) +2H20
-1 +H20 +H20

Reaction coordinate



ORR mechanism

Fe-N4-C
° [ — U=0.00V i}
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+ Oo OOH O OH
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-1 +H20 +H-0

Reaction coordinate



ORR mechanism
Fe-N4-C

° [ — U=0.00V i}
5 k& — U=066YV B
4 -  AG(-OOH) —
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o °

B o [ i
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1 AG(-OH) _
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+ O> OOH O OH
+ 4(H++e") + 3(H++e") + 2(H++e") + (H++e’) +2H20

- +H20 +H20

Reaction coordinate



ORR mechanism

Fe-N4-C

— U=0.00V
— U=066V

 AG(-OOH)

Potential determining step:

*O — *OH

\ AG(-O)

" = = = ®m E ®E ® E S ¥ S S S S N S S N S S S S S S S S S S S S S S S S S S ® S S ® N S SN S S S ® 5 S S 5 S S ®E S S ®E S S N N N N E S N S S E S S S S S S E S S E S SN =W e

+ 3(H++e") + 2(H++€e) + (H*+e")
+H-0 +H-0

Reaction coordinate



ORR mechanism

Fe-N4-C

-_AG(Oz)

— U=0.00V

 AG(-OOH)

" AG(-O)
. AG(-OH)

I"ORR i’

norr = 0.57 V  U=066V=U
— U=123V=U
eq

Reaction coordinate

Overpotential: norr = Ueq - UL



Outline

Exchange-correlation functional dependence of the ORR activity



First-principle calculation:
Calculation of the total energy of the many-body system



First-principle calculation:
Calculation of the total energy of the many-body system

Schrodinger equation
H|Y) =E_|Y)
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Total energy A
E [Y]=(VY|H|Y)

OE, oH
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First-principle calculation:
Calculation of the total energy of the many-body system

Total energy A
E [Y]=(VY|H|Y)

OE, oH
= (¥ |—|¥
0A 0A

0’E, . oV | oH 0H | 0¥
02,02, o0AF | 0, oA | 04

(Many-body) Hamiltonian

Hellman-Feynman theorem

2n+1 theorem

2 2 2 2 2
A=_ Z) Zvlz_z Z) V%_l_z Zle +lz € +lz leje
2m, ; I 2M; ; T — Ry 2#]. T, — 1] 21# |R;— Ry|
(Many-body) wave function
Y =Y(r,r,, Ty R, R,, -, Ry)

n



Total energy in density functional theory (DFT)
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Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E,  [n]

Electron density
n(r) = NeJ--- Jdrz---drNe | W(r,r), oo, Ty) B



Total energy in density functional theory (DFT)

Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E,  [n]

Electron density

OCC

n(r) = ) |y, @

Hohenberg & Kohn, Phys. Rev. 136, B664 (1964); Kohn & Sham, Phys. Rev. 140, A1133 (1965).



Total energy in density functional theory (DFT)

Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E,  [n]

Electron density

OCC

n(r) = ) |y, @

Exact exchange-correlation (XC) functional not known!

Hohenberg & Kohn, Phys. Rev. 136, B664 (1964); Kohn & Sham, Phys. Rev. 140, A1133 (1965).



Total energy in density functional theory (DFT)

Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E, [n]

Electron density

OCC

n(r) = ) |y, @
Generalized graident appriximation (GGHA) / semiloal XC functional (e.g., PBE)
Exlnl = Jdrﬁc(n(r), | Va(r)[)

Hohenberg & Kohn, Phys. Rev. 136, B664 (1964); Kohn & Sham, Phys. Rev. 140, A1133 (1965).



Total energy in density functional theory (DFT)

Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E, [n]

Electron density

OCC

n(r) = ) |y, @
Generalized graident appriximation (GGA) / semiloal XC functional (e.g., PBE)

ESU[n] = Jdrgc<n<r>, V() )

Hybrid XC functional (e.g., B3SLYP)
Ef;g °[n] = aEyp + (1 — a)ES" + E>

Hohenberg & Kohn, Phys. Rev. 136, B664 (1964); Kohn & Sham, Phys. Rev. 140, A1133 (1965).



Total energy in density functional theory (DFT)

Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E, [n]

Electron density

OCC

n(r) = ) |y, @
Generalized graident appriximation (GGA) / semiloal XC functional (e.g., PBE)

ESU[n] = Jdrgc<n<r>, V() )

Hybrid XC functional (e.g., B3SLYP)
Efg °[n] = aEyp + (1 — a)ES" + E>

® Less accurate for the dispersion interaction



Total energy in density functional theory (DFT)

Total energy of the electronic system

e” n(r)n(r’)
E, [n] =T,[n]+ Jdrvext(r)n(r) + EX H drdr’ P +E, [n]

Electron density

OCC

n(r) = ) |y, @
Generalized graident appriximation (GGA) / semiloal XC functional (e.g., PBE)

Exr[n] = Jdl‘&c(n(r), | Va(r)|)
Hybrid XC functional (e.g., BALYP)
EM™[n] = aEyp + (1 — a)ESt + ESE
® Less accurate for the dispersion interaction
— dispersion inclusive methods (DFT-Dx, TS-vdW, XDM, LRD, vdW-DEF...)



Dispersion (vdW)-inclusive DFT

Nonempirical XC functional (vdW-DF)
E.=EY+ EXX4+EY

|
Eéﬂ = 5 derldrzn(r1)¢(q1 |1y =1 |,q9,| 1y — 1y | )n(r,)
Semiempirical XC functional (e.g., DFT-D3)
E&::;E§L4—EEL+f%Bp

AB
=1 % Y R
)

A#BOz68
C55¢(3 cos @, cos B, cosO. + 1)

E®) = —— Ja 9(RABC)
é (RasRpcRca)

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



Dispersion (vdW)-inclusive DFT

Nonempirical XC functional (vdW-DF)
E.=EY+ EXX4+EY

|
Eéﬂ = 5 [[drldr2n(r1)¢(q1 |1y =1 |,q9,| 1y — 1y | )n(r,)
Semiempirical XC functional (e.g., DFT-D3)
E&::;E§L4—EEL+f%mp

AB
=1 % Y R
)

A#BOz68
C55¢(3 cos @, cos B, cosO. + 1)

E®) = —— Ja 9(RABC)
é (RasRpcRca)

@ Accuracy depends on the exchange-correlation functional used
Berland et al., Rep. Prog. Phys. 78, 066501 (2015); Grimme, et al., Chem. Rev. 116, 5105 (2016).



Computational details

Quantum-ESPRESSO .
Projector augmented wave potentials ( OHUHNT“MESP““"

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 (5x5) 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-Ns-C




Adsorption free energy (U=0 V)
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Free energy diagram (U=0 V)

Fe-Ns-C

(a) (b)
sk O . 5
> | > |
2 QL
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" — RPBE+D3 " — RPBE+D3
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Reaction coordinate Reaction coordinate



Catalyst activity — limiting potential

“ PBE W RPBE § PBE-D3 W RPBE-D3 W BEEF-vdW ™ PBE W RPBE © PBE-D3 W RPBE-D3 W BEEF-vdW
1.40 1.40
1.20 1.20
% 1.00 % 1.00
5 0.80 S 0.80
§, 0.60 § 0.60
% 0.40 % 0.40
0.20 0.20
0.00 0.00
Fe-N4-C
Potential determining step (PDS)

PBE  RPBE  PBE-D3

Fe-Ng4-C *OH—H20 *O—*OH *OH—H20

Co-Ns+C ~ *O-*OH  *O—*OH  *O—*OH

RPBE-D3 is the most consistent with BEEF-vdW

Abidin and IH, Surf. Sci. 724, 122144 (2022).



Outline

ORR activity of Fe-N4-C and Co-N4-C from ESM-RISM
Solvent effect

Electrode-potential effect



Computational details

Quantum-ESPRESSO

Projector augmented wave potentials { Ouunmmspasssu
Plane-wave basis

RPBE-D3
ESM-RISM
SPC & TIP5P for H20
L-J potentials for H3O+ and other atoms/ions
Fe-N4-C & Co-Ns-C models
Graphene (5x5) supercell
HCI solution to model an acidic environment

(HsO+ & CI-, 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 HCI solution

U=0.7Vvs. RHE
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Distribution of electrolyte ions in a HCI solution
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ORR mechanism on TM-Ns-C



ORR mechanism on TM-Ns-C

4-electron associative mechanism (in an acid electrolyte)
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ORR mechanism on TM-Ns-C

4-electron associative mechanism (in an acid electrolyte)
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Free energies of ORR intermediates
Constant-N (neutral) / CHE method

A=E,_ +AA
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Constant-electrode potential (constant-u) methods
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Free energies of ORR intermediates
Constant-N (neutral) / CHE method

A=E,_ +AA

solv

Constant-electrode potential (constant-u) methods

Q=FE_+ AA;, — AN u,

solv

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



Effect of the solvent (constant-N/ CHE)
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Effect of the solvent (constant-N/ CHE)

Fe-N4-C (U =0 V)
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Reaction coordinate

Solvent (water) stabilizes the ORR intermediates



Effect of the electrode potential with ESM-RISM

Fe-N4-C
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Effect of the electrode potential with ESM-RISM

Fe-N4-C
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Effect of the electrode potential with ESM-RISM
Fe-N4-C
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Effect of the electrode potential with ESM-RISM

Fe-N4-C

O U =0.00 V (Constant-u) —
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Reaction coordinate
Increase in the adsorption free energy from constant-N (neutral) to constant-u

Change in the limiting step (and potential) from constant-N (neutral) to constant-u



Summary — Limiting potentials of Fe-Ns-C and Co-Ns-C
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Summary — Limiting potentials of Fe-Ns-C and Co-Ns-C

B Fe-N4s-C . Co-N4-C
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Summary — Limiting potentials of Fe-Ns-C and Co-Ns-C
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Summary — Limiting potentials of Fe-Ns-C and Co-Ns-C
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® Constant-u method seems to improve the agreement with the experiments



Possible origin of the differences: surface charge



Possible origin of the differences: surface charge

Total charges from constant-u (constant potential) calculations
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Systems are not neutral, even at Urne = 0



Summary

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. B105, 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-Ns-C and Co-N4-C
from constant-N and constant-u calculations



Free energy diagram from and constant-N constant-u
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Free energies and granpotentials of Fe-Ns-C and Co-N;s-C



Free energies of the reaction intermediates
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Grandpotentials
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Simulation cell
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Electronic structures
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Effect of Hubbard U on the reaction free energies,

potential determining steps and overpotentials
PDS and Overpotential

Adsorption free energies
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