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Experimental section:
1. Characterization

Power X-ray diffraction (XRD) was tested on a Briiker D8 Advance diffractometer at 40 kV and 40 mA
for Cu Ka (A= 0.15406). Scanning electron microscope (SEM) images were observed on an ULTRA 55 SEM
at 20 kV. Transmission electron microscopy (TEM) was performed on JEM-2100 at 200 kV. High-resolution
transmission electron microscopy (HRTEM) was performed on a Tecnai G> F20 S-Twin at 200 kV. High-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was carried out on
Tecnai G F20 S-Twin HRTEM operating at 200 kV. X-ray photoelectron spectra (XPS) was measured on a
PHI 5000 Versaprobe system using monochromatic Al Ka radiation (1486.6 eV). The C 1s graphitic peak
(284.6 eV) is referred to as the reference. Inductively coupled plasma optical emission spectrometer (ICP-
OES) was performed on iCAP7400 (Thermo Fisher Scientific). Renishaw Micro—Raman System 2000
spectrometer with spectral resolution of 2 cm™' was used to record Raman spectra. A laser line at 532 nm of a
He/Cd laser was used as an exciting source, and the output power was 20 mW. The spectra were recorded at
a 1 cm™! resolution with the condition of 50 s integral time at room temperature. N, adsorption/desorption
isotherms were conducted at —196 °C using a kubo X10000 static volumetric gas adsorption instrument. The
samples were degassed at 200 °C for 3 h in a vacuum before measurements. The specific surface area of the
sample was calculated from the adsorption branches (p/py: 0.05—0.20) by the Brunauer—Emmett—Teller (BET)
method. The mesopore size distribution was calculated from desorption branches by the
Barret—Joyner—Halenda (BJH) method, and the single point adsorption total pore volume was taken at the

relative pressure of 0.96.
2. Calculation method

Electrochemically active surface area (ECSA) was estimated from the double-layer capacitance (Cg))
measurements. The Cgy was obtainbed from a series of CVs measured from the potential range of 0.52 to 0.62

V (vs RHE).
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The mass activity and turnover frequency (TOF) of the catalysts were calculated according to the
following equations

mass activity =j/ m (1)

TOF =J x A/ (2 x F x n) 2)
where J is taken from the current density at a specifc overpotential (mA cm™2), A is 0.07065 cm? (the
geometric area of GC), F is 96 485 mol C™! (the Faraday constant), and n is the number of total moles of Pt.

Faradic efficiency of the HER was calculated by the ratio of the H, produced in cathode to the theoretical
amount of H,. The generated H, was collected by a water drainage method and then the molar of H, was
obtained using the ideal gas law. The corresponding theoretical H, value was determined by assuming that

HER was the only process that took place in cathode (100% electrolysis efficiency).!?



48  Table S1. Compositions of FeNi@C, Pt-FeNi@C and Pt-FeNi@C-0.19 wt% determined by ICP-OES and

49 EDAX.
m Bulk content (wt%) by ICP-OES
Pt Ni Fe Ni:Fe (atom)
FeNi@C - 17.60 37.00 1:2.10
Pt-FeNi@C 0.66 16.96 35.47 1:2.09
s Pt-FeNi@C-0.19 wt% 0.19 17.08 36.80 1:2.15
m Surface content (wt%) by EDAX
Pt Ni Fe Ni:Fe (atom)
FeNi@C - 13.44 29.14 1:2.27
Pt-FeNi@C 0.04 12.96 29.80 1:2.41

51 Pt-FeNi@C-0.19 wt% - 13.25 29.27 1:2.32
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54
55 Figure S1. SEM image of FeNi-MOF.
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57
58 Figure S2. EDX analysis of the Pt-FeNi@C.
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Figure S3. (a) SEM image of FeNi-MOF after the impregnation of platinum salt (inset: size distribution
histogram). (b) SEM, (c) TEM and (d) HR-TEM images of Pt-FeNi@C-0.19 wt%. (e-i)) HAADF-STEM and

corresponding EDX mapping of FeNi@C-0.19 wt%. (j) EDX analysis of the Pt-FeNi@C-0.19 wt%.
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65
66 Figure S4. (a) SEM, (b) TEM, and (c) HRTEM images of FeNi@C (inset: size distribution histogram). (d-h)

67 HAADF-STEM image and corresponding EDX mapping of FeNi@C. (i) EDX analysis of the FeNi@C.
5



68

69 Figure S5. SEM images of Ru-FeNi@C, Au-FeNi@C, Pd-FeNi@C and Ag-FeNi@C samples.
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72 Figure S6. The high resolution XPS spectra for O 1s of Pt-FeNi@C. The peak O1 corresponds to metal—

73 oxygen bonds while the peak O2 could be attributed to oxygen in —OH groups.?
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76 Figure S7. LSV polarization curves of catalysts with different annealing temperature.



50

PYC 5% Pt-FeNi@C 5553 Pt-FeNi@C-0.19 wt%

A\
A))

78

@-0.05V (vs. RHE)

79 Figure S8. TOF values at the overpotential of 50 mV.
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82 Figure S9. CV curves at different scan rates for (a) Pt-FeNi@C, (b) Pt-FeNi@C-0.19 wt% and (c) FeNi@C.
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85 Figure S10. (a) Electrochemical impedance spectra (EIS) of commercial Pt/C, FeNi@C, Pt-FeNi@C, and Pt-

86 FeNi@C-0.19 wt% catalysts; (b) electric equivalent circuit model was used to fit EIS procedures.

87 Table S2. Summary of R, and R, for different samples by fitting the Nyquist plots using the equivalent

88 circuit model.

Samples R (Ohm) R (Ohm)
Pt-FeNi@C 6.19 19.91
Pt/C 7.92 28.56
Pt-FeNi@C-0.19 wt% 7.69 47.97
FeNi@C 6.25 9218
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92 Figure S11. (a) EIS and LSV analyses of Pt-FeNi@C before and after i-¢ test.
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95 Figure S12. (a-1) The SEM, TEM, SAED pattern, HR-TEM, STEM and EDX analyses of post electrocatalyst

96 for Pt-FeNi@C. (The F element could be correlated to Nafion.)
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99 Figure S13. (a-d) XPS analyses of of post electrocatalyst for Pt-FeNi@C.
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102 Figure S14. Faradaic efficiency of Pt-FeNi@C for HER.
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105 Table S3. Comparison of the electrocatalytic HER properties of the high performance electrode materials
106 reported in recentliteratures.

107
Specific activity / n
Catalysts Electrolyte Content of Pt wt% References
(mA cm? / mV)

Pt-FeNi@C 0.5 M H,SO4 21/50 0.16 This work
ALDS0Pt/NGNs 0.5 M H,SO4 15/50 2.1 4
Pt; sMoS, 0.5 M H,SO4 2/50 - 5
MoS,@Pt-3 0.5 M H,SO4 5/50 0.41 6
Pt-MoO,/MWCNTs 0.5 M H,SO4 10/50 0.5 7
Pty;Ni7/C 0.5 M H,SO4 58/50 72.2 8
DR-MoS,-Pt 0.5 M H,SO,4 30/50 - 9
Pt Sas/DG 0.5 M H,SO4 53/50 2.1 10
CDs/Pt-PANI-4 0.5 M H,SOy4 35/50 - 11
Pt/CNTs-ECR 0.5 M H,SO4 25/50 0.2 12

Ru-NGC 0.5 M H,SO4 40/50 6.55 13
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