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Figure S1. SEM images CNT (a), M300 (b), CNT modified M300 (c-g) and CNT modified M300 after 19 h
electrochemical measurement under -179 mV vs RHE (h). Scale bars of a-c and h 500 nm. Scale bars of d,

e, fand g, 2 um, 2 um, 500 um and 1mm, respectively.
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Figure S2. SEM images of M80 (al and a2), M300 (b1 and b2), M500 (c1 and c2) and M700 (d1 and d2).

Scale bars of a1, b1, c1 and d1, 5 um. Scale bars of a2, b2, c2 and d2, 1 um.



Figure S3. TEM images of M80 (al and a2), M300 (b1 and b2), M500 (c1 and c2) and M700 (d1 and d2).
HRTEM images of M80 (a3), M300 (b3), M500 (c3) and M700 (d3). Scale bars of a1, b1, c1 and d1, 100 nm.

Scale bars of a2, b2, c2 and d2, 50 nm. Scale bars of a3, b3, ¢c3 and d3, 20 nm.



Figure S4. SAED patterns of M80 (a), M300 (b), M500 (c) and M700 (d) correspond to c1, c2, c3 and c4 in
Fig. 1, respectively. The vaguely bright circles in a and b indicate amorphous structure of M80 and M300.

The bright dots in c and d indicate crystallized structure of M500 and M700.
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Figure S5. Mo 3d XPS spectra of MoSx.
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Figure S6. The first 10 polarization curves of M80 (a), M80-C (b), M300 (c), M300-C (d), M500 (e), M500-C
(f), M700 (g) and M700-C (h). All the measurements were performed in 0.5 M H2SOa electrolyte. The

polarization curves were not IR- and background-corrected.
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Figure S7. lllustration of IR- and background-correction (using the data of M80-C). The IR-corrected
potential is calculated by the formulation of Vir-corrected = Vrre — | X Rs. Rs is obtained by the fitting results of
EIS measurement. The background is fit to a line in the region prior to the onset potential. The IR- and
background-corrected polarization curve is obtained by subtracting the background from the IR-corrected

polarization curve.
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Figure S8. The optimization of catalyst loading. (a) Polarization curves of M300-C with varied catalyst
loading. (b) The Tafel plot of M300-C with a catalyst loading of 0.43 mg cm™. (c) Comparison of the first
and the 1000°t polarization curve of M300-C with a catalyst loading of 0.43 mg cm™. (d) Stability test of
M300-C (0.43 mg MoSx cm™) under a potential of -179 mV vs RHE. (e) Stability test of M300-C (0.43 mg
MoSx cm2) under a current density of 10 mA/cm?.The measurements were performed in 0.5 M H2S0a

electrolyte. The polarization curves and the Tafel plot were IR- and background- corrected.



Figure S9. The equivalent circuit for EIS fitting. Rs is solution resistance. CPE is constant phase element
related to double layer capacitance. Rct is charge transfer resistance. C, and R, are capacitance and

resistance related to hydrogen adsorption.
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Figure S10. Double layer capacitance measurement. CV scans at varied scan rate of M80 (a), M80-C (b),
M300 (c), M300-C (d), M500 (e), M500-C (f), M700 (g) and M700-C (h). The current density difference
between the positive and negative potential sweep at 220 mV versus RHE is fit to the scan rate to obtain
the double layer capacitance. Ca=0.5xslope. The measurements were performed in 0.5 M H2SO4 electrolyte.

The curves were not IR- and background-corrected.

Table S1. Elemental analysis of MoSx.

Catalyst Atomic ratio of Atomic ratio of Atomic ratio of low- Atomic ratio of high-
S/Mo by ICP-OES S/Mo by XPS BE? sulfur/ total sulfur | BE sulfur/ total sulfur
M80 3.7 3.8 0.25 0.69
M300 2.9 3.7 0.44 0.53
M500 1.9 2.3 0.68 0.18
M700 1.9 2.4 0.74 0.16

2BE, binding energy.



Table S2. Summary of representative MoS,-based HER catalysts in acidic electrolyte.!

Catalyst loading Overpotential at Tafel slope
Catalyst (mg cm?) Electrolyte 10 mA cm? (mV) (MV dec?)
MoSx-CNT? 0.24 0.5 M H2S04 167 35
MoSx-CNT? 0.43 0.5 M H2S04 154 31
mPF-Co-Mo0S;-16.71 0.5 0.5 M H2S04 156 74
H-MoS2? 1 0.5 M H2S04 167 70
MoS./CNT-graphene? 0.65 0.5 M H2S04 255 100
CoMoSs* 0.5 0.5 M H2S04 171 56.9
SV-M0S2° - H2S04 (pH=0.2) 170 60
MoS:@0MC® 0.3 0.5 M H2S04 178-192 60-65
Exfoliated MoS,’ - 0.5 M H2S04 187 43
M-MoSz2 0.043 0.5 M H2S04 175 41
'”tef'ayer-exgpanded 0.28 0.5 M H2504 149 49
MoS>
Defect-rich Mo0S2*° 0.285 0.5 M H2S04 195 50
MoSx/N-doped CNT*! - 0.5 M H2S04 110 40
MoS2-CNT*? ~0.05 0.5 M H2S04 ~290 ~90

2Results of this work.

Note S1. Relationships between hydrogen evolution reaction mechanism and Tafel slope.

Mechanism of HER in acidic solution:

Volmer reaction: H* + e — Hads

Heyrovsky reaction: Hadgs + H* + e — Hz

Tafel reaction: 2Hads = H2




Tafel slopes of 116 mV dec?, 38 mV dec? and 29 mV dec! correspond to Volmer reaction, Heyrovsky

reaction and Tafel reaction as the rate-determining step, respectively.’

Note S2. The calculation of turnover frequency.

The per-site turnover frequency is calculated with the method reported in reference 14. TOF is calculated

with the following formula:

#Total hydrogen turn overs / cm? geometric area

TOF per site=
perst #Surface sites (catalyst) / cm? geometric area

The total number of hydrogen turn overs is calculated as follows:

Hy /s
)=3.12x1015j2—/2
cm

(_ mA)( 1A ) <1 c/ S) ( 1 mol e ) <1 mol Hz) 6.02214x102% molecules H,
Yem?)\1oooma/\ 14 /\964853¢C 1 mol H,

2 mol e

The number of ecectrochemically assessible surface sites of MoSx is calculated as follows:

#Surface sites (catalyst) #Surface sites (flat standard)

7 : 3 - xRoughness factor
cm? geometric area cm? geometric area

The number of the surface sites of flat standard is estimated as 1.164 x 10 MoS2 cm™. The roughness

factor is calculated as follows:

Cq (catalyst)
Cq (flat standard)

Roughness factor=

Cal (catalyst) is extracted from Fig. S9, Fig. 4c and Fig. 4d. Ca (flat standard) is estemated as 60 puF cm™.

References

1. Deng J, Li H, Wang S, Ding D, Chen M, Liu C, et al. Multiscale structural and electronic control of
molybdenum disulfide foam for highly efficient hydrogen production. Nat Commun. 2017;8:14430.

2. Zhang J, Liu S, Liang H, Dong R, Feng X. Hierarchical transition-metal dichalcogenide nanosheets for
enhanced electrocatalytic hydrogen evolution. Adv Mater. 2015;27(45):7426-31.

3. Youn DH, Han S, Kim JY, Kim JY, Park H, Choi SH, et al. Highly active and stable hydrogen evolution
electrocatalysts based on molybdenum compounds on carbon nanotube-graphene hybrid support.
ACS Nano. 2014;8(5):5164-73.



10.

11.

12.

13.

14.

Yu L, Xia BY, Wang X, Lou XW. General formation of M—MoSs (M= Co, Ni) hollow structures with
enhanced electrocatalytic activity for hydrogen evolution. Adv Mater. 2016;28(1):92-7.

Li H, Tsai C, Koh AL, Cai L, Contryman AW, Fragapane AH, et al. Activating and optimizing MoS2 basal
planes for hydrogen evolution through the formation of strained sulphur vacancies. Nat Mater.
2016;15(1):48-53.

Seo B, Jung GY, Sa YJ, Jeong HY, Cheon JY, Lee JH, et al. Monolayer-precision synthesis of
molybdenum sulfide nanoparticles and their nanoscale size effects in the hydrogen evolution
reaction. ACS Nano. 2015;9(4):3728-39.

Lukowski MA, Daniel AS, Meng F, Forticaux A, Li L, Jin S. Enhanced hydrogen evolution catalysis
from chemically exfoliated metallic MoS2 nanosheets. J Am Chem Soc. 2013;135(28):10274-7.

Geng X, Sun W, Wu W, Chen B, Al-Hilo A, Benamara M, et al. Pure and stable metallic phase
molybdenum disulfide nanosheets for hydrogen evolution reaction. Nat Commun. 2016;7:10672.

Gao M-R, Chan MK, Sun Y. Edge-terminated molybdenum disulfide with a 9.4-A interlayer spacing
for electrochemical hydrogen production. Nat Commun. 2015;6:7493.

Xie J, Zhang H, Li S, Wang R, Sun X, Zhou M, et al. Defect-rich MoS; ultrathin nanosheets with
additional active edge sites for enhanced electrocatalytic hydrogen evolution. Adv Mater.
2013;25(40):5807-13.

Li DJ, Maiti UN, Lim J, Choi DS, Lee WJ, Oh Y, et al. Molybdenum sulfide/N-doped CNT forest hybrid
catalysts for high-performance hydrogen evolution reaction. Nano Lett. 2014;14(3):1228-33.

Voiry D, Salehi M, Silva R, Fujita T, Chen M, Asefa T, et al. Conducting MoSz nanosheets as catalysts
for hydrogen evolution reaction. Nano Lett. 2013;13(12):6222-7.

Morales-Guio CG, Stern L-A, Hu X. Nanostructured hydrotreating catalysts for electrochemical
hydrogen evolution. Chem Soc Rev. 2014;43(18):6555—69.

Benck JD, Chen Z, Kuritzky LY, Forman AJ, Jaramillo TF. Amorphous molybdenum sulfide catalysts
for electrochemical hydrogen production: insights into the origin of their catalytic activity. Acs Catal.
2012;2(9):1916-23.



