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Experimental section

Chemicals

Ni(NO)3·6H2O, Fe(NO)3·6H2O, NH4F, CO(NH2)2 and selenium powder were provided 

from Aladdin. Na2S⋅9H2O, NaBH4 and NaOH were purchased from Sinopharm Group 

and Adamas-beta®. Nickel foam (NF) was supplied by Taiyuan source of power 

company.

Synthesis of Fe-Ni0.85Se

The growth of Fe-Ni0.85Se on the surface of NF was accomplished vis hydrothermal and 

selenization reaction processes. Initially, 1.6 mmol Ni(NO3)2, 0.4 mmol Fe(NO)3, 10 

mmol CO(NH2)2, 6 mmol NH4F were added in 35 mL water under the agitation to form 

uniform solution, and the NF put into in above solution, which was heated at 120 °C 

for 6 h to obtain the NiFe LDH precursor. Then, the NiFe LDH precursor was placed in 

an autoclave containing 0.118 g selenium powder and 5 mL NaBH4, which was heated 

up to 140 °C for 12 h to synthesize Fe-Ni0.85Se. For comparison, the Ni0.85Se was also 

fabricated under similar conditions except for the absence of Fe(NO)3.

Materials characterization

The crystal phases, morphologies, microstructures, elemental mapping and chemical 

states of catalysts were analyzed by X-ray diffraction (XRD, Bruker D8), scanning 

electron microscopy (SEM, FIB-SEM GX4), transmission electron microscopy (TEM, FEI 

Tecnai G20) and X-ray photoelectron spectrometer (XPS, Thermo ESCALAB 250Xi), 

respectively.

Electrochemical measurements

The electrochemical tests were performed on the electrochemical workstation (CHI 

760E) with a standard three-electrode system using the as-fabricated samples as the 

working electrodes. The polarization curves were recorded at a scan of 2 mV s-1 to 

analyze catalytic performances. The electrochemical impedance spectroscopy was 

tested in the frequency range of 10-1-105 Hz. The double layer capacitances was 

obtained utilizing cyclic voltammetry (CV) method with various applied potentials 

from 0.2 to 0.3 V.

Theoretical calculations.



All spin polarized DFT calculations were carried out using the Perdew-Burke-Ernzerhof 

(PBE) functional with DFT-D3 correction as implemented in the Vienna ab initio 

simulation package (VASP 5.4).1-4 A plane-wave basis set with energy cut-off of 450 eV 

was employed within the framework of projector augmented-wave (PAW) method.5 

The Brillouin zone was sampled using a Monkhorst–Pack 2 × 2 × 1 k-points mesh. 

Gaussian smearing with a smearing width of 0.2 eV was used. A 3 × 3 supercell, four 

layers of pristine Ni0.85Se (111) and Fe-Ni0.85Se (111) surface were chosen to construct 

the investigated models. The bottom two layers were fixed, while the top two layers 

and the adsorbates were allowed to relax. A vacuum region of 15 Å was added to avoid 

interaction between neighboring layers. All the atoms were allowed to relax until the 

maximum Hellman-Feynman force on each atom was less than 0.02 eV·Å-1, except the 

atoms on the boundary which were fixed in all directions. The Gibbs free energy (G) 

values of the adsorbed species were calculated by using the equation: G = E + ZPE - TS, 

where G, E, ZPE and TS represent the free energy, total energy from DFT calculations, 

zero-point energy and entropic contributions (T was set to be 298.15 K), respectively. 

The adsorption energy (Eads) of species M is calculated by formula of Eads = EM/slab - EM 

- Eslab, where EM, Eslab and EM/slab represent total energy of free molecule, clean 

substrate and adsorbed complex between them. With this definition, a negative value 

of Eads means a thermodynamically preferred adsorption process. To investigate the 

kinetic processes of H2O dissociation, climbing image nudged elastic band (CI-NEB) 

method was employed to trace the minimum energy pathways (MEPs) and locate its 

transitional state (TS).6,7 The TS was verified with a single imaginary frequency.

  The oxidation of S2− into S8 proceeds in the following steps:8-10

S2- ‒ 2e → S*                             (1)

S* + S2- ‒ 2e → S2*                        (2)

S2* + S2- ‒ 2e→ S3*                        (3)

S3* + S2- ‒ 2e→ S4*                        (4)

2S4* → S8*                              (5)



S8* → S8 + *                             (6)

The asterisk (*) designates the reaction surfaces of Ni0.85Se and Fe-Ni0.85Se covered by 

a layer of sulfur atoms. The symbols S*, S2*, S3*, S4*, and S8* represent the models 

featuring the respective chemisorbed species on the reaction surfaces.



Fig. S1 XRD pattern of NiFe LDH precursor. Several characteristic diffraction peaks 

confirm the formation of NiFe LDH.

5 μm

Fig. S2 SEM image of Fe-Ni0.85Se. The Fe-Ni0.85Se possesses similar nanosheets 

morphology.
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Fig. S3 Cyclic voltammetry curves at various scanning rates for (a) Ni0.85Se and (b) Fe-

Ni0.85Se. Non-Faradaic scans show that the Fe-Ni0.85Se has higher capacitive tendency 

than the Ni0.85Se.



10 μm

Fig. S4 SEM image of Fe-Ni0.85Se after the HER measurement. SEM image of Fe-Ni0.85Se 

after the HER stability shows well-maintained nanosheets morphology.
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Fig. S5 LSVs of Fe-Ni0.85Se for SOR in 1.0 M NaOH with various concertations of Na2S.



5 μm

Ni

Fe Se

a b

c d

Fig. S6 SEM and homologous element mapping images of Fe-Ni0.85Se after the HER 

measurement. These images show uniform distribution of Ni, Fe and Se elements over 

the Fe-Ni0.85Se nanosheets.



5 μm

Fig. S7 SEM image of Fe-Ni0.85Se after the SOR measurement. SEM image of Fe-Ni0.85Se 

after the SOR stability shows well-maintained nanosheets morphology.
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Fig. S8 SEM and homologous element mapping images of Fe-Ni0.85Se after the SOR 

measurement. These images show uniform distribution of Ni, Fe and Se elements over 

the Fe-Ni0.85Se nanosheets.
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Fig. S9 Structural models of (a) Ni0.85Se and (b) Fe-Ni0.85Se.
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Fig. S10 Structural evolution models of H2O dissociation on the Ni0.85Se. As we know, 

the HER in alkaline media mainly includes three steps: the initial H2O adsorption, the 

H2O adsorption to generate intermediate H*, and final H2. Small H2O dissociation 

energy guarantees effective H* production on catalyst, which is significant for 

subsequent reaction. Fig. S9 shows the dissociation process of H2O molecule on the 

Ni0.85Se to produce H* intermediate and Ni acts as active site to dissociate H2O 

molecule (Fig. 10c, 10d).
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Fig. S11 Structural evolution models of H2O dissociation on the Fe-Ni0.85Se. Fig. S11 

shows the adsorption and dissociation process of H2O molecule on the Fe-Ni0.85Se to 

generate H* intermediate and Fe acts as active site to dissociate H2O molecule with 

low dissociation energy barrier (Fig. 11c, 11d).
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Fig. S12 Structural evolution models of H* adsorption on the Ni0.85Se (a,b) and Fe-

Ni0.85Se (c,d). Generally, a moderate value of ΔGH* is beneficial to the HER and neither 

too strong nor too weak binding would favor the HER process. To reveal the pivotal 

role of introducing Fe, the ΔGH* values were calculated based on structural evolution 

models of Ni0.85Se (Fig. S12a, S12b) and Fe-Ni0.85Se (Fig. S12c, S12d).
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Fig. S13 Structural evolution of SOR intermediates adsorbed on the Ni0.85Se. Fig. S13 

shows structural adsorption model of *S (Fig. S13a), *S2 (Fig. S13b), *S3 (Fig. S13c), *S4 

(Fig. S13d), and *S8 (Fig. S13e) on the Ni0.85Se and corresponding calculated free 

energy changes were calculated.



Table S1 The comparison of HER performance of Fe-Ni0.85Se with developed catalysts.

Catalysts Overpotential at 10 

mA cm-2 (mV)

Stability (h) Reference

Fe-Ni0.85Se 114 50 This work

NiFeP/SG 115 30 S11

Co-Fe2P 117 22 S12

Ti3CN(OH)x/MoS2 120 10 S13

MC-M2C/PNCDs 121 24 S14

Ni2P-Ni5P4 128 48 S15

Al-Ni2P/TM 129 20 S16

c-NiP2/m-NiP2 134 14 S17

P-CoNi2S4 135 40 S18

Ni-N3 139 14 S19

MoS2/CeO2 147 200 S20

Co-BNCNTs 155 20 S21

1T-MoS2 158 24 S22

N,O-carbon 161 24 S23

CoP 173 -- S24

Co1Mn1CH/NF 180 10 S25

Mn-Ni2P/NiFe LDH 184 20 S26

WS2-NSs 214 14 S27

MoS2 248 10 S28

Ni1.5Fe0.5P 282 -- S29

Co0.25Fe0.75-LDH 365 8 S30



Table S2 The comparison of SOR performances of Fe-Ni0.85Se with reported catalysts.

Catalysts Potential (V) at 10 mA 

cm-2

Stability (h) Reference

Fe-Ni0.85Se 0.340 20 This work

Ni-MoS2/SM 0.35 ~22 S31

HEDP-Rh 0.385 20 S32

v-NiS2 0.41 4 S33

IrO2 0.43 -- S34

WS2 NSs 0.48 1 S35

VPd-Pd4S MNRs/CP 0.511 20 S36

SP-Rhlene 0.550 30 S37

PdCo/C 0.69 -- S38

TiO2/GC 0.77 -- S39

CoS 0.90 -- S40
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