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1. Simulation details

The Gibbs free energy is calculated using with calculation hydrogen electrode

(CHE) method,! as follows:

AG = AEpg; + AZPE-TAS - [e]U+ Gpy (S1)

AG is the free energy change of each step. AEpgr obtained by DFT calculations is
the difference of energy between reactants and products. AZPE is the zero-point energy
correction. Zero point energy can be calculated using vibrational frequencies by
applying normal-mode analysis through density functional theory (DFT) calculations.
T is the temperature (298 K), and AS is the change in entropy. U is the electrode applied
potential relative to reversible hydrogen electrode (RHE). G,y = — kgTln [H] = pH x
kgT % In10 (kg, Boltzmann constant), denoting the correction of pH. In this work, we

assumed pH equal to 0, so Gibbs free energy calculation formula is as follow:

AG = AEpg; + AZPE—TAS - |¢[U (S2)



According to the standard hydrogen electrode model (SHE) of electrode reaction

in fuel cells proposed by Norskov et al?. define the electrode potential U=0 V, the free
energy of 22 is equal to H' (aq) + ¢,
12 H, (g)\_—‘H+ (aq) + e (83)

Therefore, the OER thermodynamics of the y-NiOOH surface was evaluated using
the CHE method, and the electrochemical potentials of H" and e~ were estimated by

electrochemical equilibrium of the SHE.

u[H'] + p [e7] = 12GH,] (S4)
#[H"] is the electrochemical potential of a proton; e is the

Electrochemical potential of an electron in SHE; e is the standard Gibbs free

energy for hydrogen.

In the reversible potential of corresponding reaction (Upgr = 1.23 V vs RHE), the
thermodynamic overpotential (1)) is the most unfavorably occurring free energy change,
which can represent the catalytic activity exhibited during OER catalysis.?

n = max[(AG, - 1.23eV),(AG, - 1.23 eV),...]/e (S5)

AG, (n=1,2,3,4)is the free energy change in the step n; e is the elementary charge.

In CHE model, only the thermodynamics of the reaction is calculated, but the kinetic

process is ignored. It's not that kinetics is unimportant, but we're only going to look at

thermodynamics because thermodynamics dictates the minimum energy required for a

reaction in terms of energy.

For Fe atom doping NiOOH to form NiFeOOH, the formation energy Et can be
deduced by the following expression:

E; = E(Ni,_,FeOOH) - E(Ni OOH) + py; - K, (S6)

Where E(Ni, . FeOOH) and E(Ni,O0H) separately represent the total energy of the

doped and undoped Fe quantum dots. The subscripts “n”” mean the numbers of Ni

atoms. "Ni and Mfe are the chemical potentials of Ni and Fe atoms.






2. Additional table

Table S1. Values used for the entropy and zero-point energy corrections in determining the
free energy of reactants, products, and intermediate species adsorbed on catalysts. For the
adsorbates, the ZPE values are averaged over all NiOOH (NiFeOOH) catalyst systems since

they have rather close value.

Species TxS (eV) (298K) ZPE (eV)
*H,0 0 0.64
*OH 0 0.33

*O 0 0.05

*OOH 0 0.39
*00 0 0.06
H,(g) 0.41 0.22

H,0(g) 0.58 0.54




Table S2. Free Energy Changes of Each Elementary Step of the NiOOH Surface by PBE + U

A-1— A-2
A-2 — A-3
A-3 — A4
A-4 — A-5
A-5 — A-6
A-6 — A-1
A-1 — B-2

B-2 — B-3
B-3 — B4
B-4 — B-5
B-5 — A-1
A-3 - C+4
C-4—-C-5
C-5—C-6

C-6 —» C-7
C-7 — A-1

S*HZO — 3kQtopH + (H++ e-)

v¥QtorH —s Y*Qtop + (H++ e-)
*0top + H,0 — 7*OPOH + (H' + ¢°)
Y*QUPOH — Y*0P0 + (H' + ¢°)
T*OPO — * + Ox(g)

v* 4+ H,0 + 9*OtPH — v*O"PH + 5*H,0
T*QPH + H,0 + 7*03%* — "*OO0OH + *O3°H
+(H*+¢)

T*QYOH — Y*OMO + (H* + )
T*Q¥*H — 1*0% + (H" + )
QPO + 1*Q©PH — Y*OPTH + Oy(g) + *
7%+ H,0 — ™*OH + (H' + &)
Y*Qop + vEQbH + Y*03¢ — Y*QbrQ + T*Q3°H
v + H,0 — *O©PH + (H' + )
T*Q3cH + 3*QtopH + 3*QbrQ — Y*(3¢ +
8*QbrH +3%QrQ + (H + ¢7)
%P — 3% + Oy(g)
5 + H,0 — %*H,0

2.47
2.13
1.56
-0.58
0.83
-1.49
1.30

2.57
0.52
-0.60
1.13
-0.90
1.24
0.36

0.28
-0.66

2.50
2.11

-0.88
1.27
0.40

0.13
-0.60




Table S3. .Free Energy Changes of Each Elementary Step of the Fe-doped NiOOH Surface by

PBE+U

A-1— A-2
A-2 — A-3
A-3 — A4
A-4 — A-5
A-5 — A-6
A-6 — A-1
A-2 — B-3

B-3 — B4
B-4 — B-5
B-5 — A-6
A-6 — A-2
A-3 — C4
C-4—-C-5
C-5—C-6

C-6 —» C-7
C-7— C-8
C-8 — A-1

*H,0 — *O©PH + (H" + ¢)
*QtopH —*Otor + (H* + ¢°)
*Otr + H,O — *OPOH + (H* + ¢)
*QPOH — *0©PQ + (H* + ¢°)
*OPPO — * + 0,(g)
*+ H,0 — *H,0
*O'H + H,0 + *03¢ — *O0H +*0O*H
+(H*+¢)
*OP'OH — *OPO + (H" + ¢)
*O3CH — *030 + (H++ e-)
*QbrQ + *OQPH — *O"H + Oy(g) + *
* + H,0 —*OH + (H* + ¢)
*Qtop + Y¥ Qb + Y*O3c —s Y*QbrQ) + Y*Q3H
7*H,0 — T*OPH + (H' + ¢)

Y*O3cH + *Obro N 7*030 + *Qtop() + (H+ +e

)
*QtopQ+ v*QtorH  — * + Oz(g) + y*Oer
* + Hzo — *HZO
v* + H,0 — "*H,0

1.56
1.28
1.08
0.52
0.81
-0.32
1.51

1.66
1.64
-1.12
1.24
-0.23
1.38
1.53

0.15
-0.52
-0.23

1.58
1.35

-0.29
1.26
1.54

0.04
-0.40
-0.16




Table S4 . Magnetic moments (ug) of the atoms at NIOOH surface

Ni“ Nif Ni¥ Obr Nid
A71
i P 8 90
A-1 ‘iﬂi{ﬁ‘ -0.01 1.05 0.99 -0.02 1.91

Table S5. Magnetic moment (ug) of the atoms at NiFeOOH surface.

Ni“ Nif NiY orr Fe
A
Lo
A-1 W’?‘”‘Y", ,JM ~0.10 0.98 1.64 0.156 4.22

Table S6. Atom-projected magnetic moment M (ug) - net atomic spin projections - as a

function of oxidation state for Ni and Fe* 5.

Oxidation M(Ni) M(Fe)
State PBE+U
2 1.70-1.80 --

3 1.00-1.30 4.10-4.20



4 0.10 3.50-3.70
Table S7. Magnetic moment (i) of the atoms at in NiOOH surface.
Ni¥ obr Ni® Otop
A-1 0.99 -0.02 1.91 0.03
A-2 0.94 0.04 1.67 0.35
A-3 0.99 0.06 0.98 0.75
C+4 1.71 0.27 0.99 0.39




3. Additional Figure.
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Fig. S1. Dopant site search of Fe dopant on y-NiOOH surface. Here we considered two different
possible dopant sites on NiOOH (see above) and found that Fe prefers to substitute the Ni® (site

1). Red, gray, white, and brown balls represent O, Ni, H, and Fe, respectively.
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Fig. S2. Free energy diagram corrected for implicit solvation of NIOOH and NiFeOOH models

toward OER. Pathway C (the designed MDSM mechanism) for NIOOH (a) and NiFeOOH (b).



AG=1.53eV

0-0
coupling

Without O-O coupling

AG=2.14eV

Fig. S3. Schematic diagram of the Ni¥ site deprotonation process. The dark cycles represents

the Ni¥ that will participate in the reaction.
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Fig. S4. PDOS of O 2p and M 3d orbit in state A-1 for NIOOH (a) and NiFeOOH (b) models.

The black dash line represents the Fermi level.



Fig. S5. Schematic diagram of magnetic moments (ug) of O species.

4. Crystal Structure
Crystal Structure for y-NiOOH in VASP CONTCAR format
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Crystal Structure for Fe-doped y-NiOOH in VASP CONTCAR format
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0.3750744705474923
0.3760170392458486
0.3798639621917808
0.3679549476240819
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