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DFT Calculation and Experimental Section

DFT Calculation: The theoretical calculations were performed based on density functional theory
(DFT) using the Vienna ab initio simulation package (VASP). The ion-electron interactions were
estimated by the projected augmented wave pseudopotential. The exchange-correlation energy was
determined by Perdew-Burke-Ernzerhof functional based on the generalized gradient approximation.
The slab models were based on the (111) plane of NiCoP and a vacuum layer of 15 A was applied to
exclude interactions in nonperiodic directions. The energy cutoff of 480 eV and Monkhorst-Pack k-
points of 3x3x1 were employed to optimize the slab models and calculate the change of Gibbs free

energy. The ionic force and energy convergence were set as 0.02 eV A-! and 10 eV, respectively.

The adsorption energy of 1 ) (AEl) and H,O (AEZ) could be calculated as following:
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Where H is the surface adsorption energy of hydrogen on the catalyst, £~ is the energy of catalyst,

E .
M2 is the formation energy of Hy, 29" is the surface adsorption energy of H,O on the catalyst,

E
20 is the energy of H,O.

The Gibbs free energy for H ) adsorption was determined by following equation:

AG , =AE + AE,,.-TAS
i ZPE 3)

Where AEzpg and AE represent the differences in the zero-point energy and total energy difference

between the reactant and product models in each step, AS is the entropic contribution.
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Preparation of Fe-NiCoP: Firstly, Ni foam substrate was cleaned in 3.0 M HCI and washed with
deionized water and ethanol for three times. Ni(NO;),-6H,0 (4 mmol), Co(NOs3),-6H,0 (2 mmol),
Fe(NO3)3-9H,0 (2 mmol), NH4F-6H,O (8 mmol) and urea (20 mmol) were dissolved in 60 mL
deionized water under stirring for 30 mins to form a homogeneous solution. The solution was
transfered into 100 mL Teflon-lined stainless autoclave with a piece of 3x4 cm Ni foam. The
autoclave was remained at 120 °C for 9 h. Fe-NiCo hydroxide precursor was obtained after drying at
60 °C for 8 h under vacuum. Then, the phosphorization process of Fe-NiCo precursor was conducted
by using NaH,PO, (4 mmol) as the phosphorus source in a tube furnace at 300 °C for 2 h under Ar,
atmosphere with a heating rate of 5 °C min'!. NiCoP was prepared according to the above method

without Fe(NOs)3-9H,0. All the chemicals were analytical grade without further purification.

Characterizations: The morphologies and microstructure were characterized by scanning electron
microscopy (SEM, Inspect F50, FEI) and transmission electron microscopy (TEM, F200X, Talos).
The crystal structure was analyzed by X-ray diffraction (XRD, Ultima IV, Rigaku) using Cu-Ka
radiation (AL = 1.54 A). The X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI) was

used to analyze the surface chemical states.

Electrochemical measurements: The electrochemical measurements were performed on the
electrochemical workstation (CHI 760E) using a three-electrode cell in 1M KOH. The Fe-NiCoP,
graphite rod, and saturated calomel electrode (SCE) were used as the working electrode, counter
electrode, and reference electrode, respectively. The Linear sweep voltammetry (LSV) was measured
at the scan rate of 2 mV s™!. The Tafel slope was calculated according to the curves of the overpotential
versus the logarithm of current density. All potentials were converted to a reversible hydrogen

Epng = Escp + 0.059pH + 0'241. The electrochemical

electrode (RHE) using the equation:
impedance spectroscopy (EIS) was measured in the frequency range of 0.01 Hz ~ 10° Hz at the
amplitude of 5 mV. The electrochemical active surface area (ECSA) was calculated using the

Cdl

equation: s, where is the double layer capacitance calculated from cyclic voltammetry

(CV) curves at different scan rates, Cs represents the general specific capacitance (0.04 mF cm?). The

HER turnover frequency (TOF) could be calculated according to the following equation:!-3
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J XN,

2n x F x ECSA 4)

TOF =

where J is the current density, N, is the Avogadro’s number (6.02x1023), n is the number of active
sites (2.02x10'5 cm2), F is the Faraday constant (96485 C mol™!"), and ECSA is the electrochemical

active surface area.
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Fig. S1 Calculated models of (a;) Fe-NiCoP and (b;) NiCoP. H* adsorption models of (a,) Fe-NiCoP
and (b,) NiCoP.
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Fig. S2 (a) H,O adsorption models of NiCoP and Fe-NiCoP. (b) H,O adsorption energy.
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Fe-NiCo precursor
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Fig. S3 Schematic illustration of the fabrication process of Fe-NiCoP.
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Fig. S4 XRD patterns of Fe-NiCoP and NiCoP.
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Fig. S5 TEM image of Fe-NiCoP.
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Fig. S6 The energy dispersive spectroscopy mapping of Fe-NiCoP.
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Fig. S7 XPS survey profile of Fe-NiCoP.
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Fig. S8 Cyclic voltammetry curves of (a) NiCoP and (b) Fe-NiCoP.
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Fig. S9 Comparison of TOF values of NiCoP and Fe-NiCoP.

Table S1 Parameters of the theoretical models

Samples
NiCoP

Fe-NiCoP

a(A) b (A) c(4) o’ pe
11.6088 11.6088 3.3331 90 90
11.6297 11.6297 3.3313 90 90

120

120
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Table S2 Comparison of HER activity with other reported catalysts

Materials

S-NiCoP

Ce-

CoMoP/MoP

Fe-CoP

NI(OH)Q/MOSZ

CoP/ZIF-67

C-COP4

FeCoP,@NPPC

NiFeP@C

CoFe/Ny-C NS

Fe-NiCoP

Electrolytes

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

1 M KOH

Overpotential (mV, 10

mA/cm?)

102

188

115

227

154

123

150

160

230

84

Tafel slope

(mV/dec)

63.3

72

72

105

85.1

131

79

75.8

97.5

67.8

TOF (s

0.024@100 mV

0.082@200 mV

6@300 mV

0.0477@180

mV

1.95@100 mV

Ref.

10

11

This

Work
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Table S3 The simulated data from EIS curves

Samples R/Q R./Q
NiCoP 1.46 3.61
Fe-NiCoP 1.36 2.86
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