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Supplementary Figure 1 | TEM image of the Se(9.1)-MoS,-NF.
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Supplementary Figure 2 | XRD patterns of a series of Se-MoS,-NF samples in comparison with MoS,-NF.



Supplementary Figure 3 | Raman spectra of the Se(9.1)-MoS,-NF and MoS,-NF.
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Supplementary Figure 4 | Comparison in the XAFS spectra of the Se K-edge of the Se-MoS,-NF and

MoSe, samples. a,b, The Se K-edge XANES spectra (a) and k*-weighted EXAFS spectra (b) of the

Se(9.1)-MoS,-NF and MoSe,.



Supplementary Figure 5 | a-c, HRTEM images of the MoS,-FL (a), MoS,-NF (b) and Se(9.1)-MoS,-NF

(©).



S-edge

Supplementary Figure 6 | a, Nanoribbon models of MoS; for simulating the over-doping effect of Se on
the edge reactivity. The red-dotted square labels the further substitution of S by Se at the Se-terminated Mo-
or S-edges. b, Adsorption free energies of H* (AGags(H*)) at the Se site of the Se-terminated Mo-edge with

increasing doping content of Se.
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Supplementary Figure 7 | The Tafel slope plots of the Se-MoS2-NF samples with different Se doping

contents in comparison with those of the MoS2-NF and 40% Pt/C.
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Supplementary Figure 8 | Electrochemical impedance spectroscopy (EIS) Nyquist plots of MoS,-NF and
Se(9.1)-MoS,-NF at 150 mV versus RHE, the inset is the corresponding equivalent circuit model. The
equivalent circuit contains a resistor (R;), in series connection with two parallel units of a constant phase
element (CPE;, CPE) and a resistor (Ry, Rct), where Rs represents the solution resistance, the CPE;-R; pair
is probably related to the interfacial resistance resulting from the electron transport between the catalysts and
GCE, and the CPE-R¢; pair reflects the charge transfer resistance at the interface between catalysts and the

electrolyte.
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Supplementary Figure 9 | The chronopotentiometric measurements of long-term stability for the MoS,-NF,

Se(9.1)-MoS,-NF and 40% Pt/C at 10 mA cm™ for 30 hours.
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Supplementary Figure 10 | TEM image of the Co(10.4)/Se-MoS,-NF.
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Supplementary Figure 11 | SEM image of the Co(10.4)/Se-MoS,-NF.

12



Supplementary Figure 12 | a,b, HRTEM images of the Co(10.4)-MoS,-NF (a) and Co(10.4)/Se-MoS,-NF

(b).
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Supplementary Figure 13 | XRD patterns of a series of Co/Se-MoS,-NF samples.
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Supplementary Figure 14 | The Co K-edge XANES spectra of the Co(10.4)/Se-MoS,-NF,

C0(10.4)-MoS,-NF, CoS, Co304and Co foil.
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Supplementary Figure 15 | Decomposition of the S 2p XPS spectra of the Co(10.4)/Se-MoS,-NF,

Se(9.1)-MoS,-NF, MoS,-NF and MoS,-FL catalysts.
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Supplementary Figure 16 | The S 2p XPS spectra of a series of Co/Se-MoS,-NF in comparison to those of

the Co(10.4)-MoS,-NF and MoS,-NF.
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Supplementary Figure 17 | The HER activity of a series of Co(x)/Se-MoS,-NF catalysts in dependence on
the Co-doping content, measured at a constant overpotential of 200 mV (red) and a constant current density

of 10 mA cm™ (blue), respectively.
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Supplementary Figure 18 | Analysis of Tafel slopes from the EIS measurements of the MoS,-NF,

C0(10.4)-MoS,-NF, Se(9.1)-MoS,-NF, Co(10.4)/Se-MoS,-NF and commercial 40% Pt/C.
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Supplementary Figure 19 | Cyclic voltammetry curves of the MoS,-NF (a), Se(9.1)-MoS,-NF (b),
C0(10.4)-MoS,-NF (c), and Co(10.4)/Se-MoS,-NF (d), measured at various scan rates (20, 40, 60 mV s™,

etc.) from 0.1V t0 0.2 V vs. RHE.
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Supplementary Figure 20 | The differences in current density variation (Aj = ja- jc) at an overpotential of
150 mV (versus RHE) plotted against scan rate fitted to a linear regression, which can be used to estimate

the Cq.
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Supplementary Figure 21 | HER polarization curves with and without iR correction for the

C0(10.4)/Se-MoS,-NF and 40% Pt/C catalysts loaded on carbon paper.

22



Supplementary Figure 22 | The production rate of H, and the corresponding faradaic efficiency at various

working potentials using the Co(10.4)/Se-MoS,-NF catalyst loaded on carbon paper.
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Supplementary Figure 23 | XRD patterns of the fresh Co(10.4)/Se-MoS,-NF and that after 360 hours of

durability test.
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Supplementary Figure 24 | a,b, SEM images of the fresh Co(10.4)/Se-MoS,-NF (a) and that after 360

hours of durability test (b).
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Supplementary Figure 25 | The Tafel slope plots of 40% Pt/C loading on the carbon paper in

comparison with 40% Pt/C loading on the glassy carbon electrode.
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Supplementary Figure 26 | The supercell structures for modeling the pure MoS, basal plane and
edges (a), and the Co/Se-codoped MoS, basal plane, Mo-edge, and S-edge with doping

configurations of Co/Se-separated and Co/Se-adjacent (b).
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Supplementary Table 1 | Lattice parameters of the Se-MoS,-NF and MoS,-NF samples derived from the

XRD data using the software Jade6.

Sample a/b (A) c(A)
MoS,-NF 3.152 12.47
Se(2.8)-MoS,-NF 3.152 12.54
Se(5.7)-MoS,-NF 3.151 1253
Se(9.1)-MoS,-NF 3.153 12.45
Se(10.3)-MoS,-NF 3.152 12,51

Se(12.9)-MoS,-NF 3.152 12.46
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Supplementary Table 2 | Electrochemical impedance parameters obtained by simulating the Nyquist plots

to the equivalent circuit model in Fig. 4c and Supplementary Fig. 8.

Sample Rs [€] CPE; [F] R; [] CPE [F] Re: [] n; n,
Co(10.4)/Se-MoS,-NF 5.51 0.005212 1.71 0.005378 7.196 0.8042 0.9336
Se(9.1)-MoS,-NF 5.492 0.01224 0.3076 0.006521 11.58 0.8 0.8
Co(10.4)-MoS,-NF 5.32 0.001759 0.3067 0.00269 23.85 0.8 0.8

MoS,-NF 5.495 0.02434 0.09948 0.004167 44.08 0.8 0.8
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Supplementary Table 3 | HER performances of heteroatom-doped MoS; catalysts in 0.5 M H,SO..

Counter Overpotential at 10 ~ Overpotential at
Catalyst Reference
electrode mA cm?(mV) 1000 mA cm (mV)
Co(10.4)/Se-MoS,-NF graphite rod 104 382 This work
NP-MoS,/CC graphite rod 116 ~480 1
MOSg/
graphite rod ~150 450 2
CNF-PHH-U
MoS, graphite rod ~190 ~570 3
Zn@MoS, platinum wire 194 N/A 4
N-MoS,/CN graphite rod 114 N/A 5
Cu@MoS; graphite rod 131 N/A 6
P, Se-Mo0S,/CNTs graphite rod 110 N/A 7
Pt-1T° MoS; graphite rod 180 N/A 8
platinum/
Re.55M0¢ 455> 147 N/A 9
graphite rod
Co-*MoS, platinum coil 220 N/A 10
Mog s Wi 5S, graphite rod 138 N/A 11
MCM@MoS,-Ni graphite rod 161 N/A 12
1% Pd-MoS; graphite rod 78 N/A 13
MoSSe graphite rod 140 N/A 14
NF-MoS, platinum wire 220 N/A 15
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Zn-MoS,

mPF-Co-Mo0S,-16.7

Co-MoSe,/NG

CoMoS-2-C

Ni-Co-MoS,
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MoS,CI-VG
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graphite rod

graphite rod
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graphite rod
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graphite rod

graphite rod

graphite rod
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Supplementary Table 4 | The experimental data of the vibrational frequencies, ZPE, integrated heat

capacity (f0298'15 C,dT), and entropy of the H, and H,S molecules at 298.15 K from the NIST database, for

calculating the free energy corrections. AG is calculated as ZPE + |

298.15

o C,dT —TS, where T is 298.15 K.

Integrated Heat

Molecules ;ﬁ :ebrj:r?cniz!s ZPE Capacity from 0 to S AG
(‘1 e (V) 298.15 K @mol*KY  (ev)
(kJ mol™)
H, 4161 0.26 8.47 130.68 -0.06
2615, 2626,
H.S 1183 0.40 9.96 205.81 0.13
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