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1. Supplementary Tables S1–S7 and Figs. S1–S10

Table S1 Contents (wt.%) of W, S, and C in WSx@OMC, determined by quantitative EDS 
analysis.a

Sample Nominal 
loading b

W S c C

2% WSx@OMC 2 1.1 ± 0.3 6.0 ± 1.4 92.9 ± 1.2

5% WSx@OMC 5 2.7 ± 1.0 6.9 ± 0.9 90.4 ± 1.6

10% WSx@OMC 10 6.2 ± 0.7 5.7 ± 0.7 88.1 ± 1.0

15% WSx@OMC 15 8.1 ± 0.9 6.1 ± 1.2 85.8 ± 2.0

20% WSx@OMC 20 12.0 ± 2.5 5.5 ± 0.7 82.5 ± 2.7
a The contents were determined by averaging seven quantitative EDS results measured on different sites.
b The nominal loading was determined by the quantity of PTA precursor used in the synthesis.
c S species can exist as WSx and S–C.
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Fig. S1 SEM images of (a) SBA-15, (b) 2% WSx@OMC, (c) 5% WSx@OMC, (d) 10% 
WSx@OMC, (e) 15% WSx@OMC, and (f) 20% WSx@OMC.
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Fig. S2 Small-angle XRD patterns of SBA-15, S-OMC, and WSx@OMCs.
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Fig. S3 (a) Nitrogen adsorption-desorption isotherms of SBA-15, S-OMC, and WSx@OMCs. 
Filled circles and empty circles represent adsorption and desorption branches of the isotherms, 
respectively. The isotherms of S-OMC, 2 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.% 
WSx@OMC were offset by 100, 600, 1000, 1500, 2000, and 2500 cm3 g−1, respectively, for 
clarity. (b) The BJH pore size distributions of SBA-15, S-OMC, and WSx@OMCs obtained 
from the adsorption branches of their isotherms.
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Table S2 BET surface areas, total pore volumes, and pore sizes obtained from nitrogen 
adsorption–desorption analysis.

Sample BET surface area a
(m2 g−1)

Pore volume b
(cm3 g−1)

Pore size c
(nm)

SBA-15 337 0.90 12.2

OMC@SBA-15 464 0.52 7.2–10.7

S-OMC 1112 2.18 7.2, 24.4

2% WSx@OMC 1265 2.32 7.2, 28.1

2% WSx@OMC_20 h 1243 2.28 7.2, 32.3

5% WSx@OMC 1259 2.37 7.2, 24.4

10% WSx@OMC 1172 2.28 7.2, 24.4

15% WSx@OMC 1217 2.18 7.2, 32.3

20% WSx@OMC 1210 2.21 7.2, 32.3
a BET surface area was obtained in the relative pressure range of 0.05–0.2.
b Pore volume was determined at the relative pressure of 0.98–0.99.
c Pore size was determined by using the BJH method from the adsorption branch of the isotherms.

S7



Table S3 Basal plane crystallite sizes of WS2 nanoplates determined by the TEM images.

Sample Basal plane size a 
(nm)

2% WSx@OMC - b

2% WSx@OMC_20 h 7.1 ± 4.5

5% WSx@OMC 4.4 ± 2.1

10% WSx@OMC 4.7 ± 2.5

15% WSx@OMC 4.1 ± 2.0

20% WSx@OMC 4.6 ± 2.6

a Basal plane sizes were measured on the particles in TEM images. The values were obtained by averaging the 
measured sizes of at least one hundred of particles.
b In this sample, most of WSx exist in the form of subnanometer-sized clusters.
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Fig. S4 W 4f XPS spectra for bulk-WS2 and WSx@OMCs.
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Fig. S5 (a) SEM image of 2% WSx@OMC prepared with a sulfidation time of 20 h. (b) Small-
angle XRD patterns for SBA-15 and 2% WSx@OMCs prepared with different sulfidation time 
of 5 h and 20 h. (c) Nitrogen adsorption-desorption isotherms for 2% WSx@OMCs prepared 
with different sulfidation time. Filled circles and empty circles represent adsorption and 
desorption branches of the isotherms, respectively. The isotherms of the 20 h sample was offset 
by 500 cm3 g−1, for clarity. (d) The BJH pore size distributions obtained from the adsorption 
branches of the isotherms.
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Fig. S6 W L3-edge XANES spectra of 2% WSx@OMCs prepared with different sulfidation 
times of 5 h and 20 h, displayed with reference samples.
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Table S4 Structural parameters derived from fitted EXAFS spectra for bulk-WS2 and 2% 
WSx@OMC samples prepared with different sulfidation times of 5 h and 20 h.

Sample Shell CN R (Å) ∆E0 σ2 
(×10−3 Å−2)

R factor
(%)

W-S1 6 2.394 (8) 6.0 1.9 (9)

W-W 6 3.161 (16) 6.4 2.4 (9)Bulk-WS2

W-S2 6 3.949 (25) 6.0 4.4 (30)

0.96

W-S1 4.8 ± 0.5 2.399 (5) 7.1 1.9 a

W-W b 3.8 ± 0.6 3.151 (12) 5.3 2.42%_20 h

W-S2 3.8 ± 0.6 3.952 (22) 7.1 4.4

1.31

W-S1 3.8 ± 0.4 2.408 (8) 8.7 1.9

W-W 2.6 ± 0.6 3.129 (23) 2.6 2.42%_5 h

W-S2 2.6 ± 0.6 3.996 (44) 8.7 4.4

3.13

a Debye-Waller parameter (σ2) was fixed to the same value in the same type of bond.
b Bonds of W–W and W–S2 were set to have the same CN.

S12



Fig. S7 TEM images of (a) 1L-MoS2@OMC, (b) 2L-MoS2@OMC, (c) 3L-MoS2@OMC, (d) 
4L-MoS2@OMC, and (e) Meso-MoS2. Corresponding AR-TEM images (f–j) and histograms 
for layer number distribution (k–o). The average number of MoS2 layers is denoted as ‘N’ in (k–
o). The figure is modified from our previous work.S1

S13



Fig. S8 Top view of (MS2)n cluster models (n = 3, 12, 27, and bulk state, M = W, Mo) and the 
energy diagram for the unit potential energy ( ). The M and S atoms are represented by red 

2

n
MS

and yellow spheres, respectively. In the ‘on-top’ (2L) model, the M and S atoms in the bottom 
layer are presented as light red and light yellow spheres, respectively.
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Table S5 Unit potential energies (eV, ) and stacking energies (ΔEstacking) of MS2 cluster 
2

n
MS

models (M = W, Mo).

(MS2)3 (MS2)12 (MS2)27 (MS2)bulk

Free-standing (1L) a -5.56 -7.17 -7.94 -9.62

On-top (2L) b -5.89 -7.48 -8.21 -9.92WS2

Stacking energy (ΔEstacking) -0.33 -0.31 -0.27 -0.30

Free-standing (1L) a -4.37 -5.96 -6.70 -8.26

On-top (2L) b -4.73 -6.32 -7.07 -8.59MoS2

Stacking energy (ΔEstacking) -0.36 -0.36 -0.37 -0.33

a Free-standing (1L) denotes the  of free-standing single layer MS2 cluster model.
2

n
MS

b On-top (2L) denotes the  of on-top double layer MS2 cluster model.
2

n
MS
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Fig. S9 Raw data for LSV curves of (a) S-OMC, (b) 2% WSx@OMC, (c) 5% WSx@OMC, (d) 
10% WSx@OMC, (e) 15% WSx@OMC, (f) 20% WSx@OMC, and (g) 2% WSx@OMC_20 h.
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Table S6 HER activities of WSx@OMC nanostructures in terms of overpotential at −10 mA 
cm-2, Tafel slope, and exchange current density.

Sample Overpotential at 
10 mA cm–2 

(V)

Tafel 
slope a

(mV dec−1)

Exchange current 
density b

(A cm−2)

2% WSx@OMC 325 129 4.14 × 10−5

2% WSx@OMC_20 h 354 117 1.55 × 10−5

5% WSx@OMC 279 95 1.50 × 10−5

10% WSx@OMC 247 72 5.02 × 10−6

15% WSx@OMC 226 68 5.30 × 10−6

20% WSx@OMC 213 74 1.34 × 10−5

a,b The Tafel slopes and exchange current densities were derived from the linear portion of the corresponding Tafel 
plots.
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Table S7 Comparison of loadings, overpotentials, and Tafel slopes of WSx-based 
electrocatalysts for HER.

Catalysts Loading
(μg cm−2)

Overpotential 
at 10 mA cm−2 

(V)

Tafel slope
(mV dec−1)

Ref.

2% WSx@OMC 230
(~4.6 μg for WSx)

0.325 129

20% WSx@OMC 230
(~46 μg for WSx)

0.213 74
This work

1T-WS2 - 0.365 85 S2

CoWSx - 0.373 78 S3

WS2-rGO 400 0.260 58 S4

WS2 nanoflakes 1000 0.350 200 S5

WS2/CC 14 for WS2 0.214 68 S6

Metallic WS2 
nanosheets

1000 0.140 70 S7

WS2 nanoribbons - 0.240 68 S8

WS2 nanoflakes 350 0.158 48 S9

G-WS2 100 0.306 67 S10

1T-WS2 nanosheets 6.5 0.230 55 S11

WS2 quantum dots - 0.330 70 S12

3D WS2

@P,N,O-graphene
113 0.125 52.7 S13

WS2-rGO 562 0.170 52 S14

WS2 nanosheets - 0.278 120 S15

WS2 nanorattle 350 0.192 68 S16

WS2/WS3 film - 0.494 43.7 S17
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Fig. S10 Tafel plots for 2% WSx@OMCs prepared with different sulfidation times of 5 h and 
20 h. Considering the error ranges, the Tafel slopes are similar to each other.
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