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Experimental Section

Theoretical calculations

For NisFe, y-NiOOH, the real active species of the oxygen evolution reaction
catalyst, is used as a prototype, and K* and protons are cross-solvated because 1 M
KOH is used as the electrolyte in the experiments.!-* The cell parameters are a = 90°, B
=90°,7=90° a=28523 A, b=9.991 A, and c = 15.469 A. For Pt/Ni;Fe, the (100)
crystallographic plane of 4 x 3 x 1 is chosen for doping Pt nanodots. Because (100) is
a high index crystal plane, this plane exposes unsaturated metal sites, which facilitates
the adsorption and desorption of oxygenated intermediates at the metal sites. The
chemical formula of NisFe is (Fe);K4(Ni)9H;703,, and the chemical formula of Pt/NisFe
is (Fe);PtK4(Ni)sH7032.

For Pt, the Pt(111) is employed with the lattice parameters of a = 8.32 A, b = 8.32
A, c=24.53 A. A 15 A vacuum layer is built up in the c-axis to avoid modeling in the
periodicity in the c-axis direction.

Computational Methods

Density Functional Theory is calculated using Materials studio software 6.1

(Accelrys Software Inc., San Diego, CA). The calculations in this paper were all carried

out using the CASTEP module.>® The Perdew-Burke-Ernzerhof (PBE) exchange
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correlation in the generalized gradient approximation (GGA)’ was used in the
calculations. However, transition metal systems containing d electrons have strong
electron-electron interactions that cannot be accurately described by DFT methods.
Hubbard-corrected density functional theory was used. The electronic density of states
of the hydroxyl oxides were calculated by setting the Ueff values for Ni, and Fe to
6.45.% and 4.30 eV’ respectively. The energy and displacement convergence standards
are 5 x 10 eV and 0.005 A, respectively. The k-point grid in the Brillouin zone is set
to be 3 x 3 x 1 by the Monkhorst-Pack scheme. The cut-off energy is 420 eV.

When the pH is fixed at 0, the entire OER!? can be defined as

2H,0 > 0,+4H™ +4e”™ #(1)

The following are the four electronic reaction steps of the OER approach: In the first
step, the catalyst (denoted as *) absorbs an H,O molecule from the solvent and releases
H*+e, leading to the formation of *OH. Next, the H*+e" pair continues to separate from
*OH, leaving *O. Then, another H,O molecule joins and reacts with *O to form *OOH,
while releasing H"+e". Finally, *OOH can form O, and return to *, while releasing a H*
+ e pair.

R1:H,0+ "> "0H+H" +e™ #(2)
R2: *OH -» "0+ H"' +e #(3)
R3: "0+ H,0- "00H+H"' +e #(4)
R4: "00H- *+ 0,+H" +e #(5)
In the calculation of the OER overpotential, the standard hydrogen electrode

approximation is used, and the standard hydrogen electrode is an assumed ideal state in
1

which 2 H, — H* + ¢~.!! The Energy, entropic contribution and zero point energies!?
of hydrogen, oxygen, and water molecules are listed in Table S1.

The Gibbs free energy difference for all of the above primitive steps (AGxoy *

AG+o * AG+pon) contains an electron transfer calculated by Eq. (6):
AG = AE + AZPE - TAS + AG, + AG,,# (6)

In this equation AE, AZPE and AS represent the difference in adsorption energy, zero
point energy, and entropy, respectively. The adsorption energy AE (E,4s) was calculated

using DFT. The values of AZPE and AS were calculated using standard thermodynamic

AGy = -eU

data and density functional theory. , where U represents the potential based
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on a standard hydrogen electrode. AGPH represents the Gibbs free energy correction

with respect to pH, which can be calculated by
being the Boltzmann constant (1.380649 x 10723 J K™!), where the temperature is
298.15 K. The sum of AG; » AG, > AG; and AG, is equal to the Gibbs free-energy

2H,0()) = 2H, (g) + 0,(9)

change for the total reaction , 1.e., 4.92 eV. Since, in

the calculation of the Gibbs function, the standard hydrogen electrode assumption, and

in that assumption pH = 0 and U = 0, both AGy and AGPH are 0 in Egs. 6. The value of
the OER overpotential (#°FR) is unaffected by either the electrolyte pH or the applied
bias voltage (U).

The change in Gibbs free energy during OER is defined as
AG, = AG #(7
1 *OH ( )

AG, = AG, -AG #(8
2 0 * OH ®)

*

AGy = AG, ~ ~AG, #(9)

OOH

AG, = 492 -A #(1
G4— G*OOH ( 0)

A theoretical system is constructed to systematically evaluate the performance of
different catalysts for oxygen evolution reaction in alkaline electrolytes. The free
energies of the four-electron transfer radical steps of the ideal OER catalysts at zero
potential should be equal, i.e.,4.92 V /4 =1.23 V vs. the standard reversible hydrogen
electrode (RHE), in other words, the Gibbs free energies of all the four-electron transfer
reactions at a starting potential of 1.23 V are 0 eV, and the exceeding value is defined
as an overpotential if the actual potential is greater than 1.23 V. The overpotential 7ogr

is given by Eq. (11):

AGOER

O = ( ) ~1.23V > AG™R = max [AG,,AG,AG5,AG,] #(11)
e

The Gibbs free energy calculation for hydrogen evolution reaction can be

calculated by Eq. (12):
AG 0= AE*H + AZPE -TAS#(12)

*
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AG

*

In which s the adsorption energy of hydrogen atom on the crystal surface,

AZPE is the zero point energy difference between adsorbed hydrogen and hydrogen in

the gas phase, and AS is the entropy change of *H adsorption.
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Figure S1
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Figure S1 The XRD pattern of the PtCls>/MgNiFe-LDH/GO precursor.
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Figure S2

Figure S2 TEM images of (a) Pt/NizFe/rGO after etching MgO, and (b) Pt/Ni;Fe/rGO
that was directly derived from a Mg-free PtCls>/NiFe-LDH precursor.
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Figure S3

Figure S3 The HRTEM image shows the presence of pores of the Pt/NisFe/rGO
catalyst after selectively removing the MgO that was formed from the MgNiFe-LDH

during the calcination.
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Figure S4
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Figure S4 (a) N, adsorption and desorption isotherms and (b) the pore size distribution
of the Pt/MgO/Ni3Fe/rGO intermediate composite, (c) N, adsorption and desorption
isotherms and (d) the pore size distribution of the Pt/Niz;Fe/rGO composite after the

selective removal of MgO.
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Figure S5
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Figure S5 Comparison of XPS spectra: (a) a full scan survey and (b) Mgls spectra for
the Pt/MgO/Ni;Fe/rGO intermediate composite; (c) a full scan survey and (d) Mg 1s

spectra for the Pt/Ni3;Fe/rGO composite, showing no signal of Mg Is.
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Figure S6
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Figure S6 (a) Raman spectrum and (b) TG analysis of the Pt/NizFe/rGO composite.
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Figure S7
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Figure S7 Electrochemical impedance spectra of Pt/Ni;Fe/rGO, Pt/MgO/NisFe/rGO,

NizFe/rGO, IrO, for the OER.
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Figure S8
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Figure S8 XPS spectra of the Pt/NisFe/rGO composite after OER stability test: (a) a

full scan survey, (b) Pt 4f, (¢) Ni 2p, (d) Fe 2p, (e) C 1s and (f) O 1s.
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Figure S9
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Figure S9 Electrochemical impedance spectra of Pt/Ni;Fe/rGO, Pt/MgO/NisFe/rGO,

NizFe/rGO, Pt/C for the HER.
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Figure S10
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Figure S10 Cyclic voltammograms (CVs) for (a) Pt/NizFe/rGO, (b)

Pt/MgO/Ni;Fe/rGO, (c) NizFe/rGO measured at different scan rates from 10 to 50 mV/s

and (d) corresponding Cq at 0.2 V vs Ag/AgCl.
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Figure S11
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Figure S11 LSV curves of OER normalized by ECSA of Pt/Ni;Fe/rGO, Pt/MgO

/NisFe/rGO, and Niz;Fe/rGO.
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Figure S12
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Figure S12 Optimized structures of (a) NizFe and (b) Pt(111).
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Table S1

Energy, entropic contribution, zero point energy, and Gibbs free energy of H,, O,, and

H,O0.

. Zero point Gibbs free
Molecular ~ Energy (eV) Entropic (eV)
energy (eV) energy
Hy(g) -30.87 0.40 0.27 -31.00
0,(g) -868.41 0.63 0.10 -868.94
H,O() -467.83 0.67 0.57 -467.93
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Table S2

ICP analysis for Ni, Fe, Pt of Pt/Ni3Fe/rGO composite.

Flement Ni Fe Pt

Content /wt% 33.15 10. 42 0.71

S18



Table S3

R, values of Pt/NisFe/rGO, Pt/MgO/NisFe/rGO, Ni;Fe/rGO and IrO, for the OER.

Catalyst Pt/NisFe/rGO Pt/MgO/NizFe/rGO Ni;Fe/rGO 1rO,

R/Q 1.3 4.1 2.2 9.3
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Table S4

R, values of Pt/NisFe/rGO, Pt/MgO/NisFe/rGO, Ni;Fe/rGO and IrO, for the HER.

Catalyst Pt/Ni;Fe/rGO Pt/MgO/NizFe/rGO NizFe/rGO Pt/C

R/Q 3.2 6.7 5.6 1.4

S20



Table S5

Comparison of the OER performance between the Pt/NisFe/rGO composite and those
Pt-based electrocatalysts reported previously (in 1.0 M KOH).

Pt content Overpotential Tafel

Catalysts (Wt%) @) (i dlee) References
Pt-NiO/Gr-SUS 0.09 240 101.2 1
Pt-SnFeNi/CF 0.42 - 103 2
NF-Na-Fe-Pt 0.60 261 39.68 3
Pt—aFe,0;/NF 2.05 304 49.6 4
Pt-WO;3-x@rGO 1.58 174 48 5
Pt;@Fe-N-C 2.10 310 62 6
Pt-NizSe, @NiOOH/NF 8.20 - 31 7
Pt/NiFeV 16.80 - 48 8
Pt/LiCo0O, 30.00 258 46.8 9
Ptlr/IrOx-50 50.97 266 44 10
Pt-NiFe PBA - 210 43.5 11
NM@Pt 15-Ni(OH), - 309 52 12
B-Pt-NiFe-LDH 0.781 208 304 13
Pt/NizFe/rGO 0.71 240 35 This work
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Table S6

Comparison of the HER performance between the Pt/NisFe/rGO composite and those

Pt-based electrocatalysts reported previously (in 1.0 M KOH).

Pt content

Overpotential

Tafel

Catalysts (Wt%) (mV) a cles ) References
Pt-NiO/Gr-SUS 0.09 79 41 1
Pt-SnFeNi/CF 0.42 20 - 2
NF-Na-Fe-Pt 0.60 31 35.98 3
Pt—aFe,O;/NF 2.05 90 50.6 4
Pt-WO;3-x@rGO 1.58 37 35 5
Pt;@Fe-N-C 2.10 60 42 6
Pt-Ni;Se,@NiOOH/NF 8.20 46 45 7
Pt/NiFeV 16.80 19 33 8
Pt/LiCo0O, 30.00 61 39.5 9
Ptlr/IrOx-30 69.80 20 38 10
Pt-NiFe PBA - 29 58.3 11
Pt/SnS, 0.37 117 69 14
hep Pt-Ni 30.16 65 78 15
Pt-Ni/LDH 5.50 52 47 16
Pt1/Co(OH),/C 1.41 50 48.7 17
Pt/NizFe/rGO 0.71 76 43 This work
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Table S7

Comparison of overall-water-splitting performance at 10 mA cm™ between the
Pt/NisFe/rGO composite and those Pt-based electrocatalysts reported previously (in 1.0
M KOH).

Pt content Overall voltage Durability

Catalysts (Wi%) V) ) References
Pt-NiO/Gr-SUS 0.09 1.6 12 1
NF-Na-Fe-Pt 0.60 1.56 12 3
Pt-aFe,03/NF 2.05 1.51 50 4
Pt-WO;,@rGO 1.58 1.55 12 5
Pt-NizSe, @NiOOH/NF 8.20 1.52 12 7
Pt-NiM0O4-GO/NF 4.63 1.515 48 18
Pt-CoS,/CC 4.5 1.55 20 19
Pt-Cu@CuxO NWs/3DF 0.74 1.56 27 20
Pt-NiysFe;5(OH), 6.15 - 15 21
PtCo-FeCo PBAs 8.4 1.68 50 22
Pt/VC 2.84 1.59 12 23
Pt/NizFe/rGO 0.71 1.55 50 This work
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