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Experimental section
Chemicals

The following chemicals were used without further treatment: manganese chloride
hexahydrate (MnCl,-4H,0), nickel nitrate hexahydrate (Ni(NOs),-6H,0), iron nitrate
hexahydrate (Fe(NOs);-9H,0), ammonium chloride (NH4CI), Se powder and
potassium hydroxide (KOH) were purchased from Aladdin Reagents Ltd. The nickel
foam (NF, 1.70 mm) was provided by Tianjin An Nuohe Chemical Industry-Trade Co.,
Ltd.
Electrochemical measurements

The HER performance of the catalysts was performed on CHI660e workstation
with a three-electrode setup in 1.0 M KOH electrolyte. The as-prepared electrocatalysts
were used as working electrodes, and Pt sheet and Hg/HgO were used as counter
electrode and reference electrode, respectively. The HER activity of NiggsSe, Fe-
NipgsSe and Fe/Mn-Nijg;Se was evaluated via polarization plots with 95% IR
correction at a scan rate of 5 mV-s'l. The R was the solution resistance, which measured
for all electrocatalysts based on electrochemical impedance spectroscopy (EIS). EIS
was performed from 10° to102 Hz. The potentials were converted into reversible
hydrogen electrode (RHE): Erpg = Escg + 0.059pH + 0.098 without special illustration.
Electrochemical surface area (ECSA) was measured by cyclic voltammetry (CV) with
different scan rates to determine the double-layer capacitance (Cy). The stability of the
samples was determined by polarization plots after 5000 cycles, chronoamperometry

and multi-current plot.



Theorical calculations

Theoretically calculations were performed with Vienna Ab Initio Simulation
Package (VASP) according to density functional theory (DFT). Fe/Mn-NiggsSe was
applied for the bulk structure. NipgsSe (101) was employed to generate the surface.
Also, no strain and other external ambient pH and potentials were employed for the
models during calculation. Electronic exchange-correction interaction was determined
by GGA with Predew-Burke and Ernzerhof (PBE). The energy cutoff of 450 eV and
iteration of 105 eV were adopted. A 15 A vacuum was employed to separate the slab

in z direction. A k-point mesh (3*3:*1) was applied.
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Figure S2 CV curves of (a) NigpgsSe, (b) Fe-NiggsSe and (c) Fe/Mn-NijgsSe in the

capacitance current range at various scan rates.
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Figure S3 LSV plots of NiggsSe, Fe-NijgsSe and Fe/Mn-Nij gsSe after normalized by

ECSA.
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Figure S4 The contact angles of (a) Nig gsSe, (b) Fe-Nig gsSe and (¢) Fe/Mn-Nig gsSe.
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Figure S5 The polarization plots of Fe/Mn-Niy gsSe before and after 100 h HER stability

tests.

Figure S6 SEM images of Fe/Mn-Nij gsSe after 100 h HER long-term stability test.
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Figure S7 XRD patterns of Fe/Mn-NijgsSe before and after 100 h HER long-term

stability tests.
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Figure S8 EIS plots of Fe/Mn-Ni, gsSe before and after 100 h HER long-term stability

tests.
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Figure S9 CV curves of Fe/Mn-Nig gsSe after 100 h HER long-term stability test in the

capacitance current range at various scan rates.
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Figure S10 Capacitive current densities of Fe/Mn-Ni g;Se after 100 h HER long-term

stability test as a function of scan rate.
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Figure S11 XPS spectra of (a) Mn 2p, (b) Fe 2p, (c) Ni 2p and (d) Se 3d for Fe/Mn-

Nig gs5Se before and after HER stability tests.
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Figure S12 Chronopotentiometric curve of Fe/Mn-NiggsSe at 500 mA cm? for 120 h.
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Figure S13 The evaluated H, amount and faradaic efficiency of Fe/Mn-Nijgs;Se for
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Figure S14 The side and top views of the optimized structures of (a,d) NigssSe, (b,e)

Fe-Nig gsSe and (c,f) Fe/Mn-Nij gsSe.

P P
a o Al Al

sk
OF & ‘J»’ . 3
O J ’H o T .
T op view
ON o 4
O se I}ig Rf:
/ J
Side view

Fe-Nij, 4-Se

Figure S15 The charge density difference of Nij gsSe, Fe-Nij gsSe and Fe/Mn-Nij gsSe.



Figure S16 The charge density difference of NijgsSe and Fe-NijgsSe with adsorbed

H,O0.

Figure S17 The charge density difference of Nij gsSe and Fe-Ni, gsSe with adsorbed *H.
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Figure S18 (a, b) In situ Raman spectra of Fe/Mn-NijgsSe with various applied

potentials.




Figure S19 The optimized structures of adsorbed H,0O intermediates on Nig gsSe.
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Figure S21 The optimized structures of adsorbed H,0O intermediates on Fe/Mn-Nij gsSe.
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Figure S22 Free energy difference for RDS during water dissociation.

Figure S23 The optimized structures of adsorbed *H intermediate on (a) NijgsSe, (b)

Fe-Nig gsSe and (c¢) Fe/Mn-Ni, gsSe.
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Table S1 Contents of Fe and Mn on the electrocatalysts by ICP-OES.

Electrocatalysts Fe Mn Ratio of Fe/Mn
Fe-Ni0.85Se 3.62% -- --
Fe/Mn-Nij g5Se 3.72% 3.68% 1.01

Table S2 Summary information details of elements on Nij gsSe, Fe-Nij gsSe and Fe/Mn-

Nij gsSe measured by XPS.
Samples Element Peak BE (eV) Relative area (%)

Ni* 855.2/873.1 38.1

Ni 2p
Ni3* 852.9/870.6 61.9

NiggsSe

M-Se 54.4/55.3 95.3

Se 3d
SeOy 57.5 4.7
Fe?* 708.1/724.1 21.8

Fe 2p
Fe3* 713.2/726.3 78.2
Ni2* 855.6/873.5 31.7

Fe-Ni().g5S€ Ni 2p
Ni3* 853.3/871.0 68.3
M-Se 54.2/55.1 76.9

Se 3d
SeOy 57.3 23.1
Fe?* 708.3/724.3 45.9

Fe 2p
Fe3* 713.5/726.6 54.1
Mn?2* 641.5/652.9 67.3
Mn 2p Mn3* 644.5/653.9 20.2
Fe/Mn-Ni gsSe Mn** 647.0/655.2 12.5
Niz* 856.1/874.0 46.6

Ni 2p
Ni3* 853.8/871.5 53.4
M-Se 54.0/54.9 88.2

Se 3d

SeOy 57.1 11.8
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Table S3 A survey of the catalytic performance of various electrocatalysts for HER.

Electrolyte Electrocatalytic performance
Overpo
Electrocatalysts KOH Jj Tafel slope Ref.
tential Stability
(mol'L)  (mA-cm?) (mV dec™)
(mV)
60h @ 10
NiSe,/Ni;Ses/NF 1.0 10 142 72.9 [1]
mA cm™
NF/NiSe/Ni;Se,-Fe- 120h @ 10
1.0 10 144 77 2]
5@5min mA cm?
50h@ 10
Fe-NiSe,-Ni;Ses/NF-2 1.0 10 29 95.2 [3]
mA cm
10h@ 10
Moy ¢-CoSe, NS@NF 1.0 10 89 69 [4]
mA cm™?
12h @ 50
Moy »-NizSe,/NiSe 1.0 100 296 135 [5]
mA cm
72h@>5
NiFeSe( ¢-MOF 1.0 10 156 193 [6]
mA cm
30h @ 20
V-NiSe,/NF 1.0 10 100.7 74.2 [7]
mA cm
10 71 20h @ 10
P-NiSe, 1.0 116 [8]
150 226 mA cm
150 h @ 10
Fe-NiCoSe/NiCoSe/NF 1.0 10 120 132.6 [9]
mA cm™2
72 h @ 50
Ni-Se-Yb/NF 1.0 10 50 60.4 [10]
mA cm
10 22.4 120h @
This
Fe/Mn-Nig gsSe 1.0 500 114.7 37.0 500 mA
work

2000 136.4 cm?
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