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ABSTRACT. Catalytically-driven electrochemical hydrogen evolution reaction (HER) of 

monolayered molybdenum sulfide (MoS2) is usually highly supressed by the scarcity of edges 

and low electrical conductivity. Here, we show how the catalytic performance of MoS2 

monolayers can be improved dramatically by catalyst size reduction and surface sulphur (S) 
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 2

depletion. Monolayered MoS2 nanocrystals (NCs) (2-25 nm) produced via exfoliating and 

disintegrating their bulk counterparts showed improved catalysis rates over monolayer sheets 

because of their increased edge ratios and metallicity. Subsequent S depletion of these NCs 

further improved the metallicity and made Mo atoms on the basal plane become catalytically 

active. As a result, the S-depleted NCs with low mass (~1.2 µg) showed super high catalytic 

performance on HER with a low Tafel slope of ~29 mV/decade, overpotentials of 60-75 mV, 

high current densities Jx (where x is in mV) of j150 = 9.64 mA.cm
-2

, and j200 = 52.13 mA.cm
-2

. We 

have found that higher production rates of H2 could not be achieved by adding more NC layers 

since HER only happens on the topmost surface and the charge mobility decreases dramatically. 

These difficulties can be largely alleviated by creating a hybrid structure of NCs immobilized 

onto three-dimensional (3D) graphene to provide a very high surface exposure of the catalyst for 

electrochemical HER, resulting in very high current densities of J150 = 49.5 mA.cm
-2

 and J200 = 

232 mA.cm
-2

 with ~14.3 µg NCs. Our experimental and theoretical studies show how careful 

design and modification of nanoscale materials/structures can result in highly efficient catalysis. 

There may be considerable opportunities in the broader family of transition metal dichalcogenides 

beyond just MoS2 to develop highly efficient atomically thin catalysts. These could offer cheap and 

effective replacement of precious metal catalysts in clean energy production. 

 

To address pressing energy and environmental crises affecting our society, electrochemical HER 

is considered as one of the promising techniques to produce clean energy with sustainable high 

production.
1-8

 The most effective catalysts today are precious metals (e.g. Pt) but their scarcity 

and prohibitive expense limits their practical implementation. Recent developments have 

emphasized that molybdenum disulphide (MoS2) based materials may offer cheaper and more 
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 3

readily available catalysts.
1-10

 However, the catalytic performance of layered MoS2 structures is 

highly restricted by the scarcity of metal edges
2,5,8

 and the low electron transport efficiency in 

multilayered phases (catalytic activity decreases by a factor of ~4.5 with each additional layer).
7
 

Improvements in MoS2 catalytic performance have been made by increasing edge exposures (e.g. 

surface structure engineering),
3
 improving electron transport efficiency (e.g. formation of 

monolayers, 1T metallic monolayers on graphite, and nanoparticles/NPs binding with highly 

conductive graphene),
11-14

 and modulating the electronic structure via chemical doping.
15,16

 

Nevertheless, the majority of metal atoms in these particles remain within the basal plane away 

from particle edges, which unfortunately are catalytically inactive.
2,5,8

 Large production of 

hydrogen (H2) [with high exchange current density (j) at low overpotentials] also cannot be 

simply achieved using multiple layers of catalyst, which is rarely recognized (i.e. the stacking of 

monolayers also dramatically decreases catalytic performance, which will be confirmed in Figure 

3d and Figure 5b). 

To overcome these technical challenges, here we demonstrate a super electrochemical HER 

catalyst based on the size reduction and sulphur (S) depletion on MoS2 monolayers. Compared to 

3D nanoparticles and large monolayered sheets, monolayered NCs have a greatly increased 

density of catalytically active metal edges (e.g. over factor 100 times greater edge density for 10 

× 10 nm NCs vs 1 × 1 µm sheets, see Figure S1a, Supporting Information). We have achieved a 

similar improvement by surface S-depletion to activate metal sites on the basal plane for 

catalysis (Figure S1a) following previous theoretical predictions.
17

 The formed NCs are further 

dispersed and loaded on thermally expanded graphene oxide (EG, with 3D porous graphene-like 

structure) to alleviate the stacking of NCs and achieve high H2 production. 

RESULTS AND DISCUSSION 
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 4

Preparation and Characterization of Monolayered MoS2 NCs. We developed a method for 

fabrication of S-depleted Mo-S NCs, and characterized as-prepared NCs with a variety of 

techniques to understand their structure. Due to the layered structure of bulk 2H-MoS2, 

monolayered MoS2 NCs (2-25 nm width, average size ~12.9 nm, yield of ~ 31 wt%) were 

prepared with a simple and safe method we established previously with monolayered NC 

fabrication of graphene,
18

 tungsten disulfide (2H-WS2),
19

 and hexagonal boron nitride (hBN).
20

 

Here, this preparation required the rapid delamination of potassium-intercalated MoS2 (K-MoS2) 

flakes in EtOH (ethanol) then with H2O under ultrasonication. The intercalation reaction of 

layered materials was also demonstrated well by Jacobson et al.
21

 The reaction between K-MoS2 

and its solvent (e.g. EtOH/H2O) generates hydrogen gas and simultaneously exfoliates and 

disintegrates the thin layers to monolayered NCs under ultrasonication. Monolayered 2H-MoS2 

NCs were formed with a high yield (31 wt%) (Figure S1-4), an average width of ~12.9 nm and 

high crystallinity (Figure 1a; Figure S2e-g and Figure S4) with over 90% having a thickness of 

~0.9 nm (Figure S2f), corresponding to that of monolayers.
22

 As-prepared NCs were stable and 

highly luminescent with a quantum yield of 7.9% using Rhodamine B as a reference (Figure S1h 

and Table S1, Supporting Information), further revealing the semiconducting 2H structure. We 

found two ultraviolet/visible (UV/Vis) absorption peaks of 2H-MoS2 NCs at 470 (2.64 eV) and 

390 nm (3.12 eV) (Figure S5a), which were at noticeably shorter wavelengths than for 

monolayered MoS2 sheets.
22

 Nevertheless, the absorption peaks A and B of the NCs here were 

close to those found using MoS2 nanoclusters approximately 4.0-4.5 nm in diameter, which had 

been previously assigned to the excitonic absorption peaks A and B (at the K point) of the first 

Brillouin zone.
23 
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 5

 
Figure 1. (a) HRTEM image of the edge of initial NCs before S-depletion. The inset is the related fast Fourier 

transform (FFT) pattern, confirming hexagonal and zigzag edge structures of the NC. (b,c) HRTEM images of the S-

depleted MoS1.65 NCs. The FFT pattern (inset) in (c) reveals hexagonal crystal structure of the NC. (d) Raman 

spectrum of S-depleted MoS1.65 NCs. (e,f) Mo(3d) and S(2p) XPS of S-depleted MoS1.65 NCs. Full-width-at-half-

maximum (FWHM) of the Mo (3d) peak is larger than in the cases of other monolayered MoS2 sheets, due to the S-

depletion-induced crystal disorder.
25 

Preparation and Characterization of S-depleted Monolayered Mo-S NCs. We treated the 

2H-MoS2 NCs with a cation exchange resin (see Method and Materials), which generated smelly 

H2S gas and partially depleted S from the NCs. The initially faintly colored 2H-MoS2 NCs 

suspension also changed to a brown suspension with increased visible absorption upon S-

Page 5 of 29

ACS Paragon Plus Environment

ACS Nano

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 6

depletion (Figure S5a-b). X-ray photoelectron spectroscopy (XPS) measurements showed that 

the S-depleted NCs had a chemical composition of MoS1.65 (Figure S5c). Nevertheless, the 

diameter of the MoS1.65 NCs (12.5±0.5 nm) (Figure S5d-e) remained close to that of the initial 

MoS2 NCs. High-resolution transmission electron microscopy (HRTEM) showed that pre-treated 

MoS2 NCs were highly crystallized without any clear surface S vacancies and with clear, 

terminated edges (Figure 1a; Figure S4d-f). However, we only found rough edges and low 

crystallinity of S-depleted NCs, commonly with point defects (S vacancies) (Figure 1b-c). 

Despite these observations of crystal ordering, Raman spectroscopy of the S-depleted NCs 

showed that the underlying 2H crystal structure of the original NCs remained (Figure 1d, which 

is consistent with the FFT pattern in Figure 1c), with  and A1g Raman modes at 383.6 and 

403.7 cm
-1

, respectively, corresponding to those of 2H-MoS2.
22

 The observation of the in-plane-

vibrational mode at 383.6 cm
-1

 also suggested that the trigonal prismatic coordination of pristine 

MoS2 flakes, absent from the metastable octahedral coordination phase, had been preserved.
24

 

XPS spectra of the MoS1.65 NCs (Figure. 1e-f) show that both the Mo(3d) (at 232.3 and 229.1 

eV) and S(2p) (at 163.3 and 162.3 eV) peaks are asymmetric and broad due to crystal defects and 

metallic sites. The absence of prominent peaks at around 236 eV and 168-170 eV means that 

oxidation of Mo (Mo
6+

) and S was minimal.
22,25

 Fitting the XPS data with Gaussian peaks 

representative of 2H-MoS2 structure, gave strong contributions from Mo 3d3/2 (232.6 eV), Mo 

3d5/2 (229.6 eV), S 2p (163.9 eV) in defect-containing Mo-S NCs.
22,25

 There are also two Mo 

(3d) peaks at 231.8 and 228.7 eV, which can be attributed to metallic phase on MoS1.65 NCs 

(shifted down to lower binding energies, depending on S vacancy densities).
25

 These metallic 

phases were also present in pure NCs without S-depletion (Figure S3b), and unlikely to be due to 

the 1T octahedral coordination phase since MoS2 NCs were highly luminescent and stable 

1

2 gE
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 7

(Raman investigations also suggested strong 2H vibration modes of S-depleted NCs, Figure 1d). 

To further understand this metallic feature, we used density functional theory to calculate the 

electronic band structure of NCs before and after S-depletion (details about the calculation 

methods and models are given in Supporting Information). The overall electronic density of 

states (DOS) of MoS2 NCs before S-depletion (Figure 2a, pure NC) appears to be metallic but 

closer examination reveals that it in fact combines metallic and semiconducting characteristics. 

The metallic character is limited to the NC edge and near-edge regions while the inner NC core 

remains semiconducting, similarly to extended MoS2 monolayers. Upon S-depletion, NCs 

become more metallic at both the monolayer surface and edge (Figure 2a). Besides, defect states 

below the bottom of the conduction band are also formed, which, in principle, improves charge 

mobility of NCs.
26

 These defect states originate mainly from the p and d orbitals of Mo and the p 

orbital of S atoms (Figure 2b). To improve the understanding of these metallic and 

semiconducting regions, a simple model of the NCs is prepared, as shown in Figure 2c. 

 

Figure 2. (a) Calculated DOS of MoS2 in the form of a NC with/without S-vacancies in the core (c-NC) and/or edge 

region (e-NC), and the DOS of an entire S-depleted NC. The DOS unit is states.eV
-1

f.u.
-1

 (f.u.: formula unit). (b) 

Decomposition of the total DOS of MoS2 c-NC with S-vacancies (S-depletion) in the core and edge regions into 

partial DOS of the Mo and S orbitals. The inset is the enlarged local area of the partial DOS from 0.5 eV to 0.8 eV. 

(c) Diagram of the S-depleted NCs, showing metallic edge, near edge regions and semiconducting core. 
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 8

Catalytic Performance of Monolayered MoS2 NCs. Upon the above preparations, we 

initially estimated the catalytic performance of MoS2 NCs using approximately 4.78 µg (67.7 

µg.cm
-2

) immobilized material (see Method and Materials, and Captions of Figure S5f-g for the 

mass confirmation) for HER by the three-electrode technique (working electrode: glassy carbon, 

3 mm diameter; counter electrode: Pt; reference electrode: Ag/AgCl, 1M KCl) in 0.5M aqueous 

H2SO4 (pH close to 0) at room temperature and a scan rate of 50 mV.s
-1

. The polarization curve 

(all iR corrected in this report) of exchange current density, j, against voltage, V, of the catalyst 

(Figure 3a, including the polarization curve of Pt electrode for comparison) provides an onset 

overpotential (η) of 120-140 mV vs reversible hydrogen electrode (RHE). HER using an 

identical mass of bulk MoS2 raw material was negligible. The Tafel slope (Figure 3b) of 51 

mV/decade obtained from this polarization curve is much lower than that (~339 mV/decade) for 

bulk MoS2. It is also already much lower than the values reported for many nanosized MoS2 

materials, e.g. 140-145 mV/decade for monolayered sheets,
7
 61 mV/decade for monolayered 

MoS2 nanoflakes on gold foil,
11

 55-67 mV/decade for O-doped ultrathin MoS2 nanosheets,
26

 and 

comparable to those reported for surface aligned/engineered MoS2 nano films (44-84 

mV/decade)
4
 and amorphous MoS2 thin film (47-51 mV/decade).

27
 This suggests an enhanced 

electrocatalytic performance due to size and thickness reduction and high catalytic activity of 

monolayered MoS2 NCs. The catalytic performance improvement from bulk to monolayered 

MoS2 NCs is understandable, as the reduction of thickness and size improves the number of 

catalytically active sites (Figure S1a) and charge mobility (electron hopping efficiency decreases 

by a factor of ~4.5 with each additional layer).
7 
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 9

 
Figure 3. (a) Polarization curves and (b) Tafel plots (obtained from polarization curves) of bulk MoS2, MoS2 NCs, 

S-depleted MoS1.65 NCs, 4MoS1.65/EG catalysts and Pt electrode. (c) Nyquist plots showing EIS response with real 

(Z’) and imaginary (Z’’) impedance components of MoS2, MoS1.65, and 4MoS1.65/EG catalysts (the masses of Mo-S 

NCs contained in catalysts are shown in the figure). (d) Plots of current density at 150 mV (j150) and 200 mV (j200) 

against catalyst mass loading of pure MoS1.65 NCs. j200 and j150 of bare glassy electrode were negligible (Figure S6a) 

and set as 0 mA.cm
2
. 

Catalytic Performance of S-Depleted Monolayered Mo-S NCs. Similar analysis on the S-

depleted MoS1.65 NCs with an identical mass (4.78 µg, Figure 3a-b) showed η = 70-95 mV and a 

Tafel slope of ~42 mV/decade, representing a significant improvement over pristine MoS2 NCs 

and most MoS2 based catalysts.
1,4,7,11,14

 A 3000 cycle durability test of monolayered MoS1.65 NCs 

showed negligible loss of electrochemical current (Figure S5i), demonstrating their stability for 

electrochemical HER in acid media. The S-depletion of MoS2 NCs to form MoS1.65 NCs also 

decreased charger transfer resistances (Rct) from ~300 Ω (MoS2 NCs) to ~200 Ω at 80 mV 

overpotential with identical mass (Figure 3c). The electrochemical current density obtained with 
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 10

4.78 µg of MoS1.65 NCs at potentials of 200 mV (j200) and 150 mV (j150) were then calculated as 

26.01 and 6.05 mA.cm
-2

, respectively, which were much improved from NCs without S-

depletion (Figure 3a). We found that much better catalytic performance of S-depleted NCs can 

be achieved with fewer (~1.2 µg) and highly dispersed NCs (NCs were diluted with EtOH to 4 

times and sonicated for 1 minute before immobilization). In this case, a very low Tafel slope of 

~29 mV/decade (lower than Pt electrode, 34 mV/decade), η = 60-75 mV, j150 = 9.64 mA.cm
-2

, 

and j200 = 52.13 mA.cm
-2

 were achieved (Figure 3a,b), representing super high catalytic activity 

of the S-depleted Mo-S NCs per µg (see Table S2 for more information). We consider that the 

catalytic performance of NCs was highly affected by the immobilization method, particularly the 

stacking of NCs, which will be further discussed in detail below. 

Difficulties in Improving Catalytic Performance with More S-Depleted NCs Immobilized. 

For efficient electrochemical HER, the electrochemical current density should be as high as 

possible. We, therefore, immobilized more S-depleted Mo-S NCs on the working electrode to 

estimate a possible higher current density. Measurement of j150 and j200 with different amounts of 

NC catalyst (Figure 3d; polarization curves are shown in Figure S6b) showed a nearly linear 

dependence on the mass of NC up to 5.26 µg (74.5 µg.cm
-2

) for j150 and 3.35 µg (47.4 µg.cm
-2

) 

for j200. This gradient thereafter decreased until maximum values of j150 = 7.97 mA.cm
-2

 and j200 

= 33.1 mA.cm
-2

 were reached with 7.17 µg (101 µg.cm
-2

) of NCs (Figure 3d). Immobilizing 

greater amounts of NCs than this resulted in unstable current (reduced during most of the tests) 

(labeled as ‘failed area’ in Figure 3d), due to probably the large decrease in electron transport 

efficiency and catalytically active site numbers (will be further confirmed in Figure 5b). In 

principle, HER only occurred on the surface of the immoblized NC film. Adding more NCs 

increased the thickness of catalyst, leading to significant decrease in the electron hopping 
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 11

efficiency of MoS2. Electrochemical impedance spectroscopy (EIS) of MoS1.65 NCs confirmed 

that Rct increased from ~200 Ω for 4.78 µg NCs to ~430 Ω for 16.7 µg NCs (Figure 3c). 

An Ideal 3D Hybrid Structure for H2 Production Improvement. The mass limit of 

increasing current density with MoS1.65 NCs and severe degradation of catalytic performance 

induced by NC’s stacking encouraged us to develop a porous 3D MoS1.65 structure. A 3D 

material with active phase on the surface of porous channel has been recognized as a promising 

structure in many electrochemical processes.
28-30

 To achieve this, NCs were immobilized on the 

graphene-like wall of EG to create a very high exposed surface area. For example, 5.00 µg EG 

with a specific surface area of 1000 m
2
/g can provide 50 cm

2
 of surface area, on an electrode of 3 

mm diameter, this represents over a 700-fold increase in exposed surface area of catalyst. We 

prepared 3D EG via simple thermal expansion of graphene oxide (GO) containing O-containing 

groups (see Figure S6d-I and Figure S7a). Nitrogen (N2) absorption/desorption isotherms of the 

as-prepared EG (Figure 4a) show the presence of macro- (~42-1050 nm; Figure S6e-f) and meso-

scale pores, and Brunaue-Emmett-Teller (BET) surface area of around 450 m
2
.g

-1
. This is 

confirmed by scanning electron microscopy (Figure 4b; Figure S6e-f) and the calculated 

mesopore diameter (4.6 nm) (Figure 4a inset) using the Barrett-Joyner-Halenda (BJH) method 

(see Supporting Information for more details about all these results). 
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 12

 
Figure 4. (a) N2 adsorption/desorption isotherms and BJH pore size distribution (inset), and SEM image (b), of as-

prepared EG. (c,d) Contact angle measurements on MoS1.65 film with (c) water and (d) EtOH droplet at room 

temperature. (e) Photographs of 478 µg.mL
-1

 MoS1.65 dispersed in H2O/EtOH (95:5 volume ratio), and MoS1.65/EG 

prepared from 3 mL NC suspension originally made by adding 2.5 mg EG to 10, 7.5, 5, 4 or 3 mL of 478 µg/mL 

NCs (as labeled) after standing for 24 h. (f) Typical TEM image of the graphene wall of 4MoS1.65/EG. 

On the basis of this preparation, we dispersed MoS1.65 NCs in H2O/EtOH solvent (95:5 volume 

ratio) to a concentration of ~478 µg.mL
-1

 (see Method and Materials, and Captions of Figure 

S5f-g for the concentration confirmation). MoS1.65 NCs were highly dispersable in EtOH with 

near zero contact angle but only slightly wettable in H2O with a contact angle of 68
o
 (Figure 4c-

d), similar to the case of water on EG (Figure S6d inset). Our chosen H2O/EtOH volume ratio 

allowed dispersion of NCs and made EG very wettable while making NC adsorption onto EG 

favourable through reducing the total surface energy of the system. We mixed 2.5 mg EG with 

different volumes of MoS1.65 NC suspension (10, 7.5, 5, 4 and 3 mL; sonication and shaking for 

20 mins). After being left to stand for 24 h, the samples with higher concentrations of EG 

became almost completely clear (Figure 4e), indicating that NCs had penetrated into EG pores 
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 13

and been readily adsorbed onto EG, with over 98% NCs adsorbed for the 3, 4, and 5 mL NC 

suspensions (Figure S5h). Mixing 4 mL (rather than 10, 7.5, 5 and 3 mL) NC suspension with 

2.5 mg EG to prepare 4MoS1.65/EG appeared to be optimal for the preparation of NC/EG catalyst 

(we define ‘xMoS1.65/EG’ as the catalyst prepared from x mL NCs and 2.5 mg EG; see 

Supporting Information for how to optimize this preparation). Transmission electron microscopy 

of 4MoS1.65/EG catalyst confirmed that the loaded NCs were uniformly dispersed/distributed 

over the walls of EG (Figure 4f). 

Catalytic Performance of 3D Structured S-Depleted Mo-S NCs. We then evaluated the 

electrochemical HER performance of 4MoS1.65/EG, in which 4.78 µg of MoS1.65 NCs in 10 µL 

(NCs concentration was confirmed as ~478 µg.mL
-1

, previously) of solvent was immobilized on 

a glassy carbon electrode. The HER with this catalyst began at exceptionally low cathodic 

voltages ranging from 15-30 mV, giving η around of 50-70 mV, indicating remarkable 

improvement compared to the case of using pure MoS1.65 NCs containing identical total mass of 

NC (4.78 µg, Figure 3a). Although the Tafel slope for 4MoS1.65/EG obtained from the 

polarization curve (Figure 3a; 38 mV/decade in Figure 3b) was higher than the case of MoS1.65 

NCs with lower mass (~1.2 µg, 29 mV/decade, Figure 3b), it was still close to the value (34 

mV/decade) we measured for Pt and lower than that in the case of pure MoS1.65 NCs (42 

mV/decade) containing identical total mass of NC (4.78 µg, Figure 3b), suggesting that NCs 

stacking with more NCs had been alleviated. Values of j150 and j200 (derived from polarization 

curves, Figure S6c) for EG-loaded MoS1.65 NCs were significantly greater than in the case of 

MoS1.65 NCs alone (Figure 5a; derived from the polarization curves in Figure S6b) with identical 

mass loading of catalyst. The nearly linear dependence of j150 and j200 upon efficient catalyst 

mass (defined as the mass of NCs contained in catalyst materials) for 4MoS1.65/EG was also 
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 14

extended to larger mass values than in the case of MoS1.65 alone (Figure 5a). The slight sub-

linear dependence of j200 above 2.39 µg (33.8 µg.cm
-2

) of catalyst was likely to be due to the 

observed rapid H2 bubble generation. The resistance Rct for4MoS1.65/EG was 138 Ω (4.78 µg, cf. 

200 Ω for identical efficient catalyst mass of pure MoS16.5 NCs) and increasing this to 16.7 µg 

(236 µg.cm
-2

) 4MoS1.65/EG saw Rct reduction further to 88 Ω, in contrast to the previously 

described behaviour with pure MoS1.65 NCs (Figure 3c), suggesting that NCs in 4MoS1.65/EG had 

been dispersed and did not stack significantly. 

Double layer capacitance (Cdl) was calculated from cyclic voltammetry (CV; Figure S8) of 

MoS1.65 NCs, EG and 4MoS1.65 NCs/EG (Figure 5b,c), based on previously reported 

methods,
14,31

 to provide a measure of the density of catalytically active sites and give direct view 

of the stacking alleviation by EG. The response as a function of pure MoS1.65 NC mass showed 

three distinct regions of behavior (Figure 5b): I. linear increase of Cdl for NC mass up to 2.39 µg 

(33.8 µg.cm
-2

), indicating limited NC stacking; II. sub-linear increase in Cdl with NC mass up to 

7.17 µg (101 µg.cm
-2

), suggesting that NC stacking and agglomeration was more prevalent; and 

III. decreasing Cdl with increasing NC mass, indicating NC stacking highly suppressed catalytic 

activity (also see Figure 3c, increase in Rct when NC mass was increased to 16.7 µg, or 236 

µg.cm
-2

). In contrast, Cdl for 4MoS1.65/EG increased linearly with all NC mass values tested 

(Figure 5c; up to 23.9 µg, or 338 µg.cm
-2

). The contribution to Cdl of 4MoS1.65/EG by EG only 

was also determined (Figure 5c) and deducted from that of 4MoS1.65/EG so as to determine the 

actual increase in Cdl caused by the catalyst loading only (Figure 5c; see Supporting Information 

for how to determine the contribution to Cdl of 4MoS1.65/EG from EG). This represents the 

catalytically active surface area and density of catalytically active sites in 4MoS1.65/EG. Its linear 
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 15

increase with catalyst mass indicates that adding more 4MoS1.65/EG did not generate further NCs 

stacking. 

 
Figure 5. (a) Current density at potentials of 150 mV (j150) and 200 mV (j200) as a function of efficient catalyst mass 

of MoS1.65 NCs and 4MoS1.65/EG. (b) Dependence of double layer capacitance (Cdl) on mass of MoS1.65 NCs. (c) Cdl 

as a function of efficient catalyst mass of 4MoS1.65/EG and equivalent plots for pure MoS1.65 NCs, EG only and 

calculated 4MoS1.65/EG – EG capacitance. Cdl of a bare glassy carbon electrode was negligible, and set to zero. (d) 

Calculated turnover frequency (TOF) of 4MoS1.65/EG catalysts at pH≈0. 

Although loading MoS1.65 NCs on EG did not give a super low Tafel slope (29 mV/decade) 

achieved by low mass NCs alone (~1.2 µg), the catalytic performance of this hybrid structure 

was still much better than most of the other MoS2 based catalysts, and highly suitable for HER 

with large production. We have achieved very high j150 = 49.5 mA/cm
2
 and j200 = 232 mA/cm

2
 

with 4MoS1.65/EG with efficient catalyst mass (the mass of NCs) of ~14.3 µg (202.4 µg.cm
-2

, 

Figure 5a; polarization curves are shown in Figure S6c), which is almost impossible to be 
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obtained by MoS1.65 NCs alone on a same area electrode (Figure 3d). This H2 production 

efficiency is at least 1-2 orders of magnitude greater than in the cases of most of the other MoS2-

based catalysts of similar mass (Table S2). Increasing the catalyst mass further might, in 

principle, offer even greater H2 production efficiencies but we found that the large amount of H2 

generation desquamated the catalyst from the electrode. The 4MoS1.65/EG catalyst was stable in 

acid media (Figure S7b-c) with negligible loss of current density (Figure S7d, durability test of 

3000 cycles). The η (50-70 mV), Tafel slope (38 mV/decade), and current density under zero 

potential (j0) (j0 = 5.63×10
-3

 mA.cm
-2

, derived from Figure 3a) for 4MoS1.65/EG were much 

better than in the cases of most of the other MoS2 based catalysts (e.g. Pt and O doped MoS2,
16,26

 

monolayered MoS2,
7
 metallic nanosheets,

12
 vertically aligned MoS2 nanofilm,

4
 defect rich 

ultrathin MoS2 nanosheets,
6
 surface engineered MoS2,

3
 amorphous MoS3 film,

31
 monolayered 

MoS2 on Au foil,
11

 and graphene supported MoS2 nanoparticles)
14

 which typically exhibited η 

from 100-200 mV, Tafel slopes of 50-145 mV/decade (with very few close to 40 mV/decade) 

and j0 from 10
-8

 – 6.9×10
-4

 mA.cm
-2

. Catalyst mass-dependent current densities for 4MoS1.65/EG 

became = 300.26 µA.µg
-1

 (4.25mA.cm
-2

.µg
-1

) and = 2.20 mA.µg
-1

 (31.2 mA.cm
-2

.µg
-1

) 

(derived from the initial linear region of Figure 5a), which were also considerably larger than in 

the other cases (Table S2). More directly, the calculated electrochemical turnover frequency 

(TOF; rate of H2 molecule generation per catalytic site; the calculation was carried out based on 

previously reported methods for Mo-S materials)
31

 for 4MoS1.5/EG was 0.15, 1.86 and 8.74 s
-1

 at 

100, 150 and 200 mV potentials, respectively (Figure 5d; Figure S9; using efficient catalyst 

massof 2.39 µg ), which was > 1 order of magnitude greater than in the case of most of the other 

MoS2-based catalysts (Table S1).
1,3,4,6,7,11,14,16,31,32

 

′j150 ′j200
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Our density functional theory (DFT) calculations on monolayered NCs reveal a metallic shell 

around the edge of the NCs (Figure 2). This is unlike monolayered sheets of MoS2 and will 

improve charge mobility further. XPS of the NCs confirmed the existence of this metallic phase 

in MoS2 NCs (Figure S3b, showing 5.57% Mo contribution). XPS of S-depleted (MoS1.65) NCs 

showed an increased number of metallic sites (Figure 1e, 11.8% Mo contribution). Hydrogen 

adsorption and TOF of these exposed sites on the basal plane, in principle, are also better than 

for traditional edge sites.
33

 The proportion of metallic phase increased further when the S-

depleted NCs were immobilized onto EG (Figure S7b, 23.3% Mo contribution). Similarly to 

internal defect levels introduced by S-depletion (see Figure 2), we found that O doping (S 

oxidized) formed upon binding with EG (Figure S7a-c), which, according to Xie et al,  could 

enhance the intrinsic conductivity of MoS2-based catalysts due to the internal defect levels.
26

 EIS 

(Figure 3c) for the materials showed a decrease in resistance when moving from MoS2 to 

MoS1.65 NCs, and further decreases with 4MoS1.65/EG. All these reasons made 4MoS1.65/EG be a 

better catalyst than MoS2 and MoS1.65 NCs when NC’s immobilization mass was > 1.2 µg. In the 

case of 4MoS1.65/EG, we also recognized that the super catalytic performance of pure S-depleted 

NCs (e.g. Tafel slope of 29 mV/decade) has not been fully developed, which means some NCs 

stacking still remained and slightly degenerated catalytic performance (e.g. Tafel slope increased 

to 38 mV/decade), when large amounts of MoS1.65 NCs were used. Nevertheless, this hybrid 

structure is already highly suitable for HER with high production. 

CONCLUSIONS 

We have demonstrated how the chemical and structural design on Mo-S monolayers can improve 

dramatically catalysis of HER. We exfoliated and disintegrated monolayered 2H MoS2 NCs (2-

25 nm) from bulk flakes with a high yield (31 wt%) to obtain stable NC suspensions. Unlike 
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monolayered sheets, the MoS2 NCs consisted of metallic edges and shells, and a semiconducting 

core, making their catalytic performance (for electrochemical HER; e.g. overpotential of 120-140 

mV and Tafel slope of 51 mV/decade) become much better than that of monolayered sheets. 

However, the majority of Mo sites are on the basal plane of MoS2 NCs and remain catalytically 

inactive away from the edge. S-depleting the MoS2 NCs with a cation exchange resin activated 

surface Mo for HER and produced NCs with super and stable catalytic performance for HER, 

e.g. overpotential of 60-75 mV and Tafel slope of ~29 mV/decade. This compares with 

overpotential of > 120 mV and Tafel slope of ~50-150 mV/decade of various other thin and 

defected Mo-S NCs.
3,6,7,25,26,31

 We have found that increased production of H2 cannot be 

achieved via immobilizing more (or multilayers of) Mo-S materials onto an electrode of fixed 

size, because the HER only occurs on the topmost layer of the catalyst and the charge mobility 

decreases dramatically. Highly efficient HER with a Mo-S catalyst demands a single Mo-S layer 

with a high surface area, which is challenging with a traditional 2D film based catalyst. We have 

demonstrated that this challenge can be largely overcome by building a 3D hybrid structure of 

Mo-S based catalyst. A simple preparation method allowed S-depleted Mo-S NCs to be loaded 

onto a porous 3D graphene-like material (expanded graphene oxide/EG) to create an 

exceptionally high surface area catalyst structure without significant Mo-S NC agglomeration or 

stacking. Although catalytic performance of the S-depleted Mo-S NCs has not been fully 

developed, the prepared hybrid catalyst has already shown excellent performances on HER, e.g. 

overpotentials of 50-70 mV, Tafel slope of 38 mV/decade, TOF of 8.74 s
-1

 at 200 mV, and 

current density at 0 mV of 5.63×10
-3

 mA.cm
-2

 with < 4.78 µg NCs, which are over one order of 

magnitude better than in the cases of most of the other MoS2-based catalysts. A very high H2 

production was also achieved (current densities of 49.5 and 232 mA/cm
2
 at overpotentials of 150 
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 19

and 200 mV) using  ~14.3 µg S-depleted Mo-S NCs. This performance could be further 

improved using other existing approaches to modify Mo-S materials (e.g. chemical doping, 

further surface modification of the S-depleted NCs, and binding with other metal based 

catalysts), and to further avoid the NC stacking.
16,32,34

 Further improvement of H2 production is 

limited by the desquamation of catalyst due to the rapid generation of large H2 bubbles. Such 

limits, however, can be overcome rather easily by using other 3D graphene (e.g. 3D graphene 

grown on metal substrates, crosslinked porous graphene from graphene oxide gel) or other 

conductive materials (e.g. conductive ceramics with cellular architectures and porous polypyrrole 

polymer).
35

 

METHOD AND MATERIALS 

Preparation of Monolayered MoS2 NCs and S Depletion. Monolayered MoS2 NCs were 

prepared followed on our previously reported method.
18-20

 Briefly, around 0.6 g K was put into a 

stoppered Pyrex tube with a vacuum connection, followed by adding 1 g MoS2 flakes. The two 

materials were mixed by gently shaking the Pyrex tube. The tube was heated to 180-190 
o
C and 

held for >4 h. After cooling the tube to room temperature, the vacuum pump was turned off. The 

bottom of the Pyrex tube was placed in a room temperature water bath in an ultrasonic vibrator 

(Bandelin Sonorex RK-100H, 320 W). The Pyrex tube was then rapidly vented to air. Under 

ultrasonic stimulation, the stop cover of the tube was removed and 50 mL ethanol added. Upon 

all visible K disappearing from the surface of the solution, 50 mL H2O was added to the tube. 

The tube was kept in the ultrasonic bath for 2 h. A faint yellow solution containing MoS2 NCs 

was separated from the residual solid MoS2 by centrifugation. Then the collected suspension was 

heated in an oven to evaporate ethanol. The remaining K ions in the solution and partial surface 

S of the NCs were removed by flowing the half prepared solution through a funnel filled with 
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 20

cation exchange resin (with ~5 cm filling height). Smelly H2S (verified by our GC test with BID 

detector) was produced and the faint yellow suspension became reddish brown. MoS2 NCs were 

also prepared by removal of the remaining K ions with dialysis tubing for characterizations. 

Preparation of GO and Expansion of GO. Graphene oxide (GO) was prepared followed the 

modified Hummer’s method previously reported by us.
36

 Briefly, 2 g of graphite flakes (Nacalai 

Tesque, product No.: 17346-25) and 1.5 g NaNO3 were added to a 800 mL wide neck flask, 

followed by 150 mL H2SO4 (95.0-98.0%) while stirring. The flask was kept at around 35 
o
C 

using a water bath and 9 g KMnO4 added after 1 h. After further stirring for 24 h at around 35 
o
C, 

280 mL 5% H2SO4 was added to the mixture and the temperature was increased to 85-95 
o
C 

using an oil bath. The mixture was stirred for another 2 h, cooled down in the flask to around 60 

o
C, and then 15 mL H2O2 (30 wt%) was added to the mixture. The mixture was collected after 2h 

further stirring. Impurities were removed by washing the mixture with diluted HCl. The resulting 

GO was gently diluted and stirred (violent stirring must be avoided as this can exfoliate GO 

sheets and affect the following separation). GO sol was collected with a centrifuge at 6000 RPM 

several times until the pH of the suspension was up to 6 at room temperature. GO sol was dried 

on the surface of a watchglass to form a thin GO paper which was then cut into small pieces 

(Figure S6d). Some GO pieces were put into a hot alumina crucible (375-425 
o
C, on hot plate), 

which was then covered by a metal plate. Expansion of the GO occurred within 3-10 seconds 

(accompanied by clear expansion sounds). The crucible was then removed from the hot plate and 

cooled to < 300 
o
C. Finally, the expanded graphene oxide (EG) was transferred onto a clean 

watch glass and was ready for use. 

Characterizations. X-ray diffraction (XRD) was performed using a Philips PW 1830 powder 

diffractometer (Cu Kα, wavelength ~ 0.154 nm, with a scanning step of 2 
o
/min) using a constant 
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amount of the material. Photoluminescence (PL) spectra were recorded using a Hitachi F-4500 

Fluorescence Spectrophotometer at 20 
o
C. UV/Vis spectra were recorded using a Shimadzu-3600 

UV-VIS-NIR spectrophotometer. Raman spectra were recorded on a Renishaw In Plus laser 

Raman spectrometer with an excitation wavelength λexc = 514.5 nm. FT-IR was performed on a 

Shimadzu IR-Tracer-100 FT-IR spectrometer. Scanning electron microscopy (SEM) was 

performed using a commercial Nova 600 NanoSEM without any additional conductive surface 

coating. X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS Nova X-ray 

photoelectron spectrometer with an excitation source of Al Kα. The binding energy of XPS was 

calibrated based on C1s (284.6 eV). Atomic force microscopy (AFM) was performed using a 

VEECO Dimension 3100 system in tapping mode with a scan rate of 1 Hz (with samples placed 

on mica substrates). Transmission electron microscopy (TEM) images were obtained using a 

JEM-2100 200 kV (EDS were also taken during this TEM characterization) and a JEOL 2010F 

transmission electron microscope with a field emission gun operated at 200 kV. The wettability 

of the sample was determined using a contact angle goniometer. 

Calculation of The Yield and Mass of Monolayered Mo-S NCs. Direct determination of the 

mass of catalyst for electrochemical tests is technically difficult. However, we prepared highly 

pure S-depleted NCs with half MoS2 NC suspension. Half S-depleted NCs were dried and 

weighed. The UV/Vis absorption coefficiency and Beer-Lambert plot (Figure S5f&g) at one 

most characteristic absorption peak (207 nm) of the remained S-depleted NCs was determined. 

We then prepared a 478 µg.mL
-1

 concentration of S-depleted NCs as the standard for most of the 

measurement. NCs with high concentrations (e.g. 2, 3 and 4 times greater than 478 µg.mL
-1

) 

were also held for immobilization of larger quantities of NCs. More dilute suspensions were also 

used and their concentration was verified using the Beer-Lambert plot in Figure S5g. We 
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prepared 3D graphene supported NCs with 2.5 mg EG and S-depleted NCs with different amount 

(e.g. 3, 4, 5, 7.5 and 10 mL). Over 98% (confirmed by UV/Vis spectroscopy in Figure S5h) NCs 

had been adsorbed by 3D graphene with NC addition amount of 3, 4 and 5 mL. We used 

4MoS1.65/EG (4 mL S-depleted NCs and 2.5 mg EG) for the measurement, and reasons for this 

choice are explained in the Supporting Information. For each test, the efficient catalyst (NC) 

mass can be simply determined by the volume used for immobilization. To confirm the yield of 

MoS2 NCs, it was hard to weigh the dialyzed sample since lots of NCs were lost during the 

dialysis. However, we determined the mass of prepared MoS2 (MW: 160.07 g/mol) NCs based 

on the mass of S-depleted MoS1.65 NCs (MW: 148.85 g/mol) as follows: 

:7036:

4
2903824 4

3

O
O ××=  

where M1 and M2 are respectively the mass of produced MoS2 NCs, and the mass of weighed S-

depleted MoS1.65 NCs (half of the MoS2 NCs remained, and half  were treated to deplete partial S, 

and half of the S-depleted NCs were dried and weighed). On the basis of the mass of the S-

depleted MoS1.65 NCs, the concentration of the remained MoS2 NCs was also confirmed for 

different electrochemical measurements. 
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