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S.1 Experimental Methods 

 

S.1.1 Synthesis 

2H-MoS2 quantum dots (QDs) are produced through a one-step solvothermal method 

starting from 2H-MoS2 flakes, produced by liquid phase exfoliation (LPE)1,2,3 of bulk MoS2 

crystals in 2-Propanol (IPA) followed by sedimentation-based separation (SBS).1,4,5 In detail, 

30 mg of MoS2 bulk crystal (Sigma Aldrich) are added to 50 mL of IPA and then 

ultrasonicated (Branson® 5800 cleaner, Branson Ultrasonics) for 8 h. The resulting 

dispersion is ultracentrifuged (Optima™ XE-90 ultracentrifuge, Beckman Coulter) for 15 min 

at 2700 g, in order to separate the un-exfoliated and thick MoS2 crystals (collected as 

sediment) from the thinner 2H-MoS2 flakes that remain in the supernatant. An aliquot (i.e. 

10 mL) of the as-obtained 2H-MoS2 flakes dispersion is kept for further characterization 

(sample I), while the rest is refluxed in air under stirring for 24 h at 140 °C. The resulting 

dispersion is subsequently ultracentrifuged for 30 min at 24600 g. Afterward, the 

supernatant is collected, thus obtaining the 2H-MoS2 QDs dispersion (sample II). 

The 1T-MoS2 flakes are produced by a chemical lithium intercalation method.1,6 Briefly, 500 

mg of MoS2 bulk crystals are suspended in 10 mL of 1.6 M methyllithium (CH3Li) in 

diethylether (Sigma Aldrich) and 10 mL of 1.6 M n-butyllithium (n-BuLi) in cyclohexane 

(Sigma Aldrich). The dispersion is stirred for 3 days at room temperature under argon 

atmosphere. The Li-intercalated material (LixMoS2) is separated by vacuum filtration under 

Ar atmosphere.7 LixMoS2 is washed in anhydrous hexane to remove non-intercalated Li ions 

and organic residues. LixMoS2 powder is then exfoliated by ultrasonication in deionized (DI) 

water for 1 h. The dispersion is ultrasonicated for 10 min and then ultracentrifuged for 40 

min at 67000 g. The collected precipitate is rinsed with MilliQ water and re-dispersed in 400 

mL of IPA. The resulting dispersion is ultrasonicated for 30 min and ultracentrifuged for 20 

min at 17000 g. The supernatant is then collected, thus obtaining the 1T-MoS2 flake 

dispersion. 

The graphene flake dispersion is produced by LPE of graphite in N-Methyl-2-pyrrolidone 

(NMP).1-5 1 g of graphite is dispersed in 100 ml of NMP and ultrasonicated for 6 hours. The 

obtained dispersion is ultracentrifuged at 17000 g for 50 min at 15 °C. Finally, 80% of the 

supernatant is collected by pipetting, thus obtaining graphene flake dispersion. 

 

S.1.2 Material characterization 

Transmission electron microscopy (TEM) images are taken with a JEM 1011 (JEOL) 

transmission electron microscope, operating at 100 kV. Samples for the TEM measurements 

are prepared by drop-casting the 2H-MoS2 flakes, 2H-MoS2 QDs, 1T-MoS2 flakes and 

graphene flake dispersions onto carbon-coated copper grids. Their lateral dimensions are 

measured using ImageJ software (NIH). Statistical TEM analysis is carried out by means of 

Origin 8.1 software (OriginLab). 

Atomic force microscopy (AFM) images are taken using a Nanowizard III (JPK Instruments, 

Germany) mounted on an Axio Observer D1 (Carl Zeiss, Germany) inverted optical 

microscope. The AFM measurements are carried out by using PPP-NCHR cantilevers 

(Nanosensors, USA) with a nominal tip diameter of 10 nm. A drive frequency of ∼295 kHz is 

used. Intermittent contact mode AFM images of 2.5×2.5 µm2 and 500×500 nm2 are collected 

with 512 data points per line and the working set point is kept above 70% of the free 



oscillation amplitude. The scan rate for acquisition of images is 0.7 Hz. Height profiles are 

processed by using the JPK Data Processing software (JPK Instruments, Germany) and the 

data are analyzed with OriginPro 9.1 software. Statistical AFM analysis is carried out by 

means of Origin 8.1 software (OriginLab) on four different AFM images for each sample. The 

samples are prepared by drop-casting 2H-MoS2 flakes, 2H-MoS2 QDs, 1T-MoS2 flakes and 

graphene flake dispersions onto mica sheets (G250-1, Agar Scientific Ltd., Essex, U.K.). 

X-ray photoelectron spectroscopy (XPS) is carried out on a Kratos Axis UltraDLD 

spectrometer, using a monochromatic Al Kα source (15 kV, 20 mA). The spectra are taken on 

a 300 µm x 700 µm area. Wide scans are collected with constant pass energy of 160 eV and 

energy step of 1 eV; high-resolution spectra are acquired at constant pass energy of 10 eV and 

energy step of 0.1 eV. The binding energy scale is internally referenced to the C 1s peak at 

284.8 eV. The spectra are analyzed using the CasaXPS software (version 2.3.17). The fitting of 

the spectra is performed by using a linear background and Voigt profiles. The samples are 

prepared by drop-casting dispersions of 2H-MoS2 flakes, 2H-MoS2 QDs, 1T-MoS2 flakes and 

graphene flakes onto Si/SiO2 substrate (LDB Technologies Ltd). The graphene flakes sample 

is also annealed at 350 C° in order to remove residual NMP. 

The crystal structure is characterized by X-ray diffraction (XRD) using a PANalytical 

Empyrean with CuKa radiation. The samples for XRD are prepared by drop-casting 2H-MoS2 

flakes, 2H-MoS2 QDs, and 1T-MoS2 flakes dispersions on a silicon wafer and dried under 

vacuum. 

The optical absorption spectroscopy (OAS) measurements are carried out using a Cary 

Varian 6000i UVvis-NIR spectrometer using quartz cuvette with a path length of 1 cm. The 

2H-MoS2 flakes, 2H-MoS2 QDs and 1T-MoS2 flakes are characterized as-produced, while for 

the graphene flakes, a 1:10 dilution of the corresponding dispersion is measured in order to 

avoid scattering losses. The corresponding solvent baselines are subtracted. 

The steady-state photoluminescence (PL) emission measurements are performed using an 

Edinburgh Instruments FLS920 spectrofluorometer. The PL spectra are collected exciting 

the samples at different wavelengths ranging from 280 to 500 nm at a step of 20 nm, using a 

Xe lamp coupled to a monochromator. The 2H-MoS2 QDs dispersions are contained in a 

quartz glass cuvette with a path length of 1 cm. To discard any contribution from the solvent 

(isopropanol), blank (control) measurement is carried out in the same experimental 

conditions used for the characterization of the aforementioned samples. 

Raman measurements are carried out by using a Renishaw microRaman invia 1000 using a 

50× objective, with an excitation wavelength of 532 nm and an incident power on the 

samples of 1 mW. For each sample, 50 spectra are collected. The samples are prepared by 

drop casting dispersions of 2H-MoS2 flakes, 2H-MoS2 QDs, and 1T-MoS2 flakes and graphene 

flakes onto Si/SiO2 (300 nm SiO2) substrates and dried under vacuum. The spectra are fitted 

with Lorentzian functions. Statistical analysis is carried out by means of Origin 8.1 software 

(OriginLab). 

 

S.1.3 Fabrication of the electrodes 

Dispersions of 2H-MoS2 flakes, 2H-MoS2 QDs, and 1T-MoS2 flakes are deposited on glassy 

carbon (GC) sheets (Sigma Aldrich) (GC/2H-MoS2 flakes, GC/2H-MoS2 QDs and GC/1T-

MoS2 flakes, respectively) by drop-casting (mass loading of 0.5 mg/cm2). Flexible hybrid 

heterostructures of graphene flakes (graphene), graphene flakes/2H-MoS2 flakes 



(graphene/2H-MoS2 flakes) and graphene flakes/2H-MoS2 QDs (graphene/2H-MoS2 QDs) or 

1T-MoS2 flakes (graphene/1T-MoS2 flakes) are fabricated by sequentially depositing graphene 

flakes and MoS2 flakes or QDs dispersions onto nylon membranes with size pore of 0.2 μm 

(Whatman® membrane filters nylon, Sigma Aldrich) through a vacuum filtration process 

(MoS2 mass loading of 0.5 mg/cm2). All the electrodes are dried overnight at room 

temperature before their electrochemical characterization. 

 

S.1.4 Electrodes characterization 

The AFM images of the flexible electrodes (i.e., graphene, graphene/2H-MoS2 flakes and the 

graphene/2H MoS2 QDs) are taken using the same set-up used for AFM characterization of 

materials.  

Electrochemical measurements on the as-prepared electrodes are carried out at room 

temperature in a flat-bottom fused silica cell under a three-electrode configuration using 

CompactStat potentiostat/galvanostat station (Ivium), controlled via Ivium's own IviumSoft. 

A Pt wire is used as the counter-electrode and saturated KCl Ag/AgCl is used as the 

reference electrode. Measurements are carried out in 200 mL 0.5 M H2SO4 (99.999% purity, 

Sigma Aldrich) (pH 1). Oxygen is purged from electrolyte by flowing N2 gas throughout the 

liquid volume using a porous frit for 30 minutes before starting the measurements. A 

constant N2 flow is maintained afterwards for the whole duration of the experiments, to 

avoid re-dissolution of molecular oxygen in the electrolyte. Potential difference between the 

working electrode and the Ag/AgCl reference electrode is converted to the reversible 

hydrogen electrode (RHE) scale via the Nernst equation: 𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 +

𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0 , where 𝐸𝑅𝐻𝐸 is the converted potential versus RHE, 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 is the experimental 

potential measured against the Ag/AgCl reference electrode, and 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0  is the standard 

potential of Ag/AgCl at 25 °C (0.1976 V). Polarization curves are acquired at a 5 mV/s scan 

rate. Polarization curves from all catalysts are iR-corrected, where i is the current and the R 

is the series resistance arising from the substrate and electrolyte resistances. R is measured 

by electrochemical impedance spectroscopy (EIS) at open circuit potential and at frequency 

of 104 Hz.  

The linear portions of the Tafel plots are fit to the Tafel equation η= b*log(j) + A,8,9 where η 

is the overpotential with respect to the reversible hydrogen electrode potential (RHE), j is 

the current density, b is the Tafel slope and A is the intercept of the linear regression. The j0 

is the current calculated from the Tafel equation by setting η equal to zero. Stability tests are 

carried out by chronoamperometry measurements (j-t curves), i.e., by measuring the current 

in potentiostatic mode at -0.5 V vs. RHE  in 0.5 M H2SO4 over time (200 min). 

 

S.2 X-ray diffraction analysis of bulk MoS2, 2H-MoS2 flakes and 2H-MoS2 QDs 

 

X-ray diffraction (XRD) measurements, as reported in Figure 2b of the main text, are used to 

evaluate the crystal structure of 2H-MoS2 flakes and QDs with respect to the bulk MoS2. Bulk 

MoS2 exhibits the characteristic XRD peaks of hexagonal-structure polycrystalline films 

(JCPDS card no.77-1716).10 The dominant (002) peak, centered at 14.4°, corresponds to the 

interlayer d-spacing of 0.614 nm.11,12 In addition, various weak diffraction reflections are also 

observed at higher angles, e.g., the ones attributed to the (100), (103), (006), (105), and (008) 



planes,10,12 which are characteristic of polycrystalline MoS2.
12 For the 2H-MoS2 flakes, the 

intensity of the (002) peak increases with respect to that of bulk MoS2, indicating a 

preferential exposure of (002) basal planes,11 while all the other diffraction reflections almost 

disappear, in agreement with the single crystal structure of the few-layered 2H-MoS2 flakes.10 

In the case of QDs, the intensity of (002) peak is strongly reduced with respect to the bulk 

material and the 2H-MoS2 flakes. Similar to 2H-MoS2 flakes, all the other diffraction peaks 

disappear.10 These results indicate that the QDs have the same crystal structure of their 

native flakes. 

 

S. 3 Optical absorption spectroscopy of 2H-MoS2 flakes and 2H-MoS2 QDs 

 

Figure 2c in the main text shows the absorption spectra of the as-produced 2H-MoS2 flakes 

and QDs. For 2H-MoS2 flakes, the peaks at 660 and 600 nm are ascribed to the A and B 

excitonic peaks, respectively, arising from the K-point of the Brillouin zone in 2H-MoS2 

flakes.13,14 Their energy difference (~0.2 eV) arises from the spin-orbit splitting of the valence 

band in 2H-MoS2 flakes.13,15 The distinct peaks at 450 and 395 nm are assigned to direct 

excitonic C and D inter-band transitions between the density of state peaks in the valence 

and conduction bands at the M point of the Brillouin zone.13,16 In the case of 2H-MoS2 QDs, 

there are no characteristic excitonic peaks, and the absorption edge is shifted towards lower 

wavelength with respect to 2H-MoS2 flakes. This effect could be ascribed to the quantum 

confinement effect in QDs,14 which increases their band gap energy with the decrease of the 

lateral size.15,17 

 

S.4 Photoluminescence characterization of 2H-MoS2 QDs 

 

The PL spectra of 2H-MoS2 QD dispersion in IPA, collected at different excitation 

wavelengths (from 280 to 500 nm) are reported in Figure S1a. The PL peaks are red-shifted 

with increasing excitation wavelength. This excitation-dependent PL emission is ascribed to 

quantum confinement18 and edge state emission effect.19,20 The sharp small features 

observed in the spectra are related to the IPA solvent, as observed in its blank PL spectrum 

(Figure S1b). 

 
Figure S1 (a) Photoluminescence spectra of the 2H-MoS2 QDs at different excitation wavelength (i.e., ranging 

from 280 to 500 nm). (b) Blank (control) PL measurements of IPA at different excitation wavelengths. 
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S.5 Raman analysis of bulk MoS2, 2H-MoS2 flakes, 2H-MoS2 QDs  and 1T-MoS2 flakes 

 

Raman spectroscopy measurements, reported in Figure 2d of the main text, are carried out 

to investigate the vibrational modes of 2H-MoS2 flakes and QDs with respect to those of 

bulk MoS2. The full width at half maximum of the E2g
1(Γ) and A1g(Γ) (FWHM(E2g

1(Γ)) and 

FWHM(A1g(Γ)), respectively) of both 2H-MoS2 flakes and QDs increases of ~3 cm-1 and ~2 

cm-1, respectively, compared to the corresponding modes of bulk MoS2. The increase of 

FWHM(A1g(Γ)) for 2H-MoS2 flakes and QDs is attributed to the variation of interlayer force 

constants between the inner and outer layers.21  
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Figure S2 shows the statistical Raman analysis of the peak position difference of the A1g(Γ) 

and E2g
1(Γ) modes, i.e. Pos(A1g) -  Pos(E2g

1), FWHM(E2g
1) and FWHM(A1g) for 2H-MoS2 flakes 

(Figure S2a, FigureS2b and FigureS2c, respectively), 2H-MoS2 QDs (Figure S2d, Figure S2e 

and Figure S2f, respectively), 1T-MoS2 flakes (Figure S2g, Figure S2h and Figure S2i, 

respectively) and bulk MoS2 (Figure S2j, Figure S2k and Figure S2l, respectively). 

Figure S3 shows the Raman spectra of bulk MoS2, 2H-MoS2 flakes, 2H-MoS2 QDs, and 1T-

MoS2 flakes in the 200-900 cm-1 range. The data do not reveal additional peaks in the 200-

900 cm-1 range related to molybdenum oxide species,22 such as the MoO3 bands located at 

~285 cm−1 (B2g, B3g), ~666 cm−1 (B2g, B3g) and ~820 cm−1 (Ag, B1g)
23 or the MoO2 band located 

at ~203 cm−1, ~228 cm−1, ~345 cm−1, ~363 cm−1, ~461 cm−1, ~495 cm−1, ~571 cm−1, ~589 cm−1 and 

~744 cm−1.24 The peaks located at ~520 cm-1 and ~303 cm-1 are attributed to the transverse 

optical (TO) and the second-order transverse acoustic (2TA) phonon modes of Si25,26,27 

(samples are deposited onto Si/SiO2 substrates), respectively. 
 

 
Figure S3 Extended Raman spectra of the bulk MoS2 (black), 1T-MoS2 (magenta), 2H-MoS2 flakes (blue) and 

2H-MoS2 QDs (cyan). The peaks located at ~520 cm
-1
 and 303 cm

-1 
are ascribed to the transverse optical (TO) 

and the second-order transverse acoustic (2TA) phonon modes of Si are indicated by black vertical dashed 

lines 

 

S.6 Optical, morphological and chemical characterization of graphene flakes 

 

S.6.1 Optical absorption spectroscopy analysis of graphene flakes 

The OAS measurement of the as-produced graphene flakes dispersion in NMP (1:10 diluted) 

is reported in Figure S4. The peak at ~265 nm, is a signature of the van Hove singularity in 

the graphene density of states.28 The concentration of graphene flakes in dispersion is 

determined from the optical absorption coefficient at 660 nm, using A = αlc where l [m] is 

the light path length, c [g L−1] is the concentration of dispersed graphitic material, and α [L 

g−1 m−1] is the absorption coefficient, with α ~1390 L g−1 m−1 at 660 nm.28,29 The obtained 

concentrations for the 1:10 diluted as-produced graphene flakes dispersion is 0.32 g L-1.  
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Figure S4 Absorption spectrum of the 1:10 diluted as-produced graphene flakes dispersion in NMP. 

 

S.6.2. Raman spectrum and statistical Raman analysis of graphene flakes 

The as-produced graphene flakes are characterized by means of Raman spectroscopy. A 

typical Raman spectrum of defect-free graphene shows, as fingerprints, G and D peaks.30 The 

G peak corresponds to the E2g phonon at the Brillouin zone center. 31 The D peak is due to 

the breathing modes of sp2 rings and requires a defect for its activation by double 

resonance.30,32,33 The 2D peak is the second order of the D peak,34 being a single peak in 

monolayer graphene, whereas it splits in four in bi-layer graphene, reflecting the evolution 

of the band structure.30 The 2D peak is always seen, even in the absence of D peak, since no 

defects are required for the activation of two phonons with the same momentum, one 

backscattered from the other.34 Double resonance can also happen as intra-valley process, 

i.e., connecting two points belonging to the same cone around K or K’.34 This process gives 

rise to the D’ peak for defective graphene.34 The D+D’ is the combination mode of D and D’ 

while the 2D’ is the second order of the D’.34 As in the case of 2D, 2D’ is always seen even 

when the D’ peak is not present.34 Figure S5a reports a representative Raman spectrum of the 

as-produced graphene flakes, showing all the bands above described.  

The statistical analysis of the position of G (Pos(G)) (Figure S5b), the full width half 

maximum of G (FWHM(G)) (Figure S5c), the position of 2D  (Pos(2D)) (Figure S5d), the full 

width half maximum of 2D (FWHM(2D)) (Figure S5e), the intensity ratio between the 2D 

and G peaks (I(2D)/I(G)) (Figure S5f) and the intensity ratio between the D and G peaks 

(I(D)/(IG)) (Figure S5i) give useful quantitative information on the graphene flake 

characteristics. In particular, the Pos(2D) is at ~2700 cm-1 (Figure S5d) while the FWHM(2D) 

ranges from 60 to 75 cm-1 (Figure S5e). These values are ascribed to few-layer graphene 

(FLG).4,30,35 The I(2D)/I(G) varies from 0.6 to 1.2 (Figure S5f), as expected from a 

combination of single-layer graphene (SLG) and FLG.30,36 The presence of D and D’ indicate, 

as discussed for D, the defective nature of the graphene flakes.34,37,38,39 Previous studies on 

graphene flakes produced by LPE have shown that these defects are predominantly located 

at the edges, while the basal plane of the flakes is defect-free.38,39, This is demonstrated by 

the absence of correlation between I(D)/I(G) and FWHM(G).37,39 

300 400 500 600 700 800
0.0

0.4

0.8

1.2

A
b
s
o

rb
a

n
c
e

 (
-)

Wavelength (nm)



 
Figure S5 (a) Representative Raman spectrum of the as produced SLG/FLG by LPE in NMP. The D, 

G, D’, 2D, D+D’ and 2D’ bands are also denoted. (b) Statistical Raman analysis of the Pos (G), (c) 

FWHM(G), (d) Pos(2D), (e) FWHM(2D), (f) I(2D)/I(G), (i) I(D)/I(G) and (j) I(D)/I(G) vs. FWHM(G) 

plot. 

 

Figure S5i shows the statistical analysis of I(D)/I(G), which varies between 0.3 and 0.7, while 

Figure S5j does not show, in agreement with literature data,37,39 any correlation between 

I(D)/I(G) and FWHM(G), thus proving defect-free basal planes of the as produced graphene 

flakes. 

 

S.6.3 Morphological characterization of graphene flakes 

The morphology of the as-produced graphene flakes is characterized by means of TEM and 

AFM. Figure S6a shows a representative TEM image of graphene flakes, which have irregular 

shape and rippled morphology. Statistical TEM analysis of the flakes lateral dimension 

indicates values distributed in the range of 200-1500 nm and an average value of ~450 nm. 
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Figure S6 (a) TEM images of the as-produced graphene flakes and (b) TEM statistical analysis of 

their lateral dimension. 

 

Figure S7a shows a representative AFM image of graphene flakes. The main thickness 

distribution is in the 0.5-4 nm range (Figure S7b), with the presence of few thicker flakes (>5 

nm). Thus, the sample is mostly composed by a combination of SLG and FLG flakes, in 

agreement with Raman spectroscopy analysis (see Section S6.2). 

 

 
Figure S7 (a) AFM images of the as-produced graphene flakes and (b) AFM statistical analysis of 

their lateral dimension. 

 

S.6.4 X-ray photoemission spectroscopy analysis of graphene flakes 

X-ray photoelectron spectroscopy (XPS) measurements are carried out on as-produced 

graphene flakes to ascertain their chemical composition. The results are shown in Figure S8. 

The C 1s spectrum of the graphene flakes (Figure S8a), shows the presence of oxidized C-O 

and C=O groups at binding energies 286.4 eV and 288.3 eV respectively.40 The percentage 

content (%c) of C=O and C-O is ~8%. However, these groups are also attributed to the 

presence of residual solvent molecule of NMP. In fact, N 1s spectrum (Figure S8b) indicates a 

%c of NMP ~3.5%. Take into account the NMP contribution in the %c of the oxidized 

groups, these results confirm that high-quality graphene flakes (%c >95%) are effectively 

obtained by LPE in NMP, in acgreement with previous studies.41 
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Figure S8 (a) C 1s and b) N 1s XPS spectra of the graphene flakes sample produced by LPE of graphite in NMP. 

The deconvolution of C 1s XPS spectra is also shown, indicating the contribution of C=C (purple), C-C (blue), 

C-O (green), C=O (magenta). 

 

S.7 Morphology characterization of the hybrid graphene flakes/2H-MoS2 flakes and 

graphene flakes/2H-MoS2 QDs heterostructures 

 

The morphology of the different flexible heterostructures, fabricated by the sequential 

deposition of graphene and MoS2 dispersions on nylon membranes, is analysed by using 

AFM. Figure S9 shows the representative 1.5 × 1.5 µm2 AFM topographies of the graphene, 

graphene/2H-MoS2 flakes, and graphene/2H-MoS2 QDs flexible electrodes (Figure S9a,d,g), 

as well as, their respective AFM phase images (Figure S9b,e,h) and AFM 3D images (Figure 

S9c,f,i). The analysis of the roughness derived from Figure S9 a, d and g reveals the lowest 

roughness (Ra = 10 nm; RMS = 15nm) in the case of graphene/2H-MoS2 QDs where the 

presence of graphene flakes is not observed. In the other two cases, the uniform coverage of 

the surface with layered material reported roughness of Ra = 16 nm; RMS = 20nm and Ra = 

25 nm; RMS = 31 nm for graphene and graphene/2H-MoS2 flakes electrodes, respectively. 

The homogeneous coverages of the layered material, for  graphene and graphene/2H-MoS2 

flakes, and QDs or QDs aggregates in the case of graphene/2H-MoS2 QDs heterostructures 

is also confirmed by the AFM phase images displayed in Figure S9b, Figure S9e and Figure 

S9h, respectively. In fact, these images show the domains of the different overlay materials 

of the electrodes over the entire imaged areas (1.5 × 1.5 m2). 
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Figure S9 Atomic force microscopy characterization of the (a-c) graphene, (d-f) graphene/2H-MoS2 flakes, and 

(g-i) graphene/2H-MoS2 QDs flexible electrodes. The AFM topography images of (a) graphene, (d) 

graphene/2H-MoS2 flakes, and (g) graphene/2H-MoS2 QDs flexible electrodes show layered material in the first 

two cases, while in the case of graphene/2H-MoS2 QDs it is observed a smoother surface covered by the 

presence of QDs. The AFM phase images of graphene, graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs 

flexible electrodes are presented in (b), (e) and (h) respectively, while the corresponding 3D images are shown 

in (c), (f) and (i), respectively. 

 

 

S.8 X-ray photoemission spectroscopy analysis of 1T-MoS2 flakes and MoS2 QDs 

produced from 1T-MoS2 flakes 

 

The 1T-MoS2 flakes are obtained by chemical lithium intercalation method.1 This method 

results in loss of pristine semiconducting properties of 2H-MoS2 flakes due to structural 

changes that occur during Li intercalation, i.e., 1T-MoS2 flakes formation.42,43,44,45,46 The 

morphological and optical characterization of the as-produced 1T-MoS2 flakes has been 

recently reported by our group.47 As main results, the TEM analysis of the 1T-MoS2 flakes 
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indicated lateral size in the 30-800 nm range (average value ~275 nm), while AFM analysis 

revealed average thickness of 2.3 ± 1.6 nm. Moreover, XPS analysis revealed that the 

resulting MoS2 flakes are a mixture of both 2H and 1T phase. However, the metastable 

metallic 1T phase dominate the electrocatalytic properties of the as-exfoliated material,42-46 

but mild annealing (~100 ⁰C) leads to gradual restoration of the semiconducting phase.42 

Figure S10a reports the XPS spectra of the as produced 1T-MoS2 flakes. The peaks located at 

~229 eV and at ~232 eV are assigned to Mo 3d of MoS2 and fitted by two components, which 

are attributed to the 2H (green line) and 1T phase (cyan line) of MoS2 flakes, respectively. 

Figure S10b shows the XPS spectra of MoS2 QDs produced starting from the 1T-MoS2 flakes. 

Clearly, the 1T phase contribution is reduced with respect to the one observed in 1T-MoS2 

flakes, indicating that the solvothermal treatment causes a 1T-to-2H phase conversion. 

These results prove that it is challenging to produce 1T-MoS2 QDs from 1T-MoS2 flakes 

because of the intrinsic metastable nature of the latter.48,49,50 

 

 
Figure S10 Mo 3d and S 2s XPS spectra for (a) 1T-MoS2 flakes and (b) the MoS2 QDs derived from 1T-MoS2 

flakes. Their deconvolutions are shown, indicating the contribution of both 1T and 2H phase of MoS2 for Mo 3d 

peaks (solid cyan and green lines, respectively). The S 2s band of MoS2 and Mo 3d bands of MoO3 are also 

evidenced (solid magenta and blue lines, respectively). The percentage contents of Mo 3d bands attributed to 

2H-MoS2, 1T-MoS2 and MoO3 are also reported in the figure legends. 
 

S.9 Stability tests of graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs in HER-

conditions 

 

The stability of the graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs in hydrogen 

evolution reaction (HER)-condition is evaluated by chronoamperometry measurements (j-t 

curves) at -0.5 V vs. RHE. Figure S11 shows the results of the tests over 200 min of 

continuous operation. The graphene/2H-MoS2 QDs show a progressive HER activation, with 

an increase of the current of ~10% after 200 min, while the current of graphene/2H-MoS2 

flakes decrease by ~4% with respect to the starting values. These results suggest that the 

catalytic edge sites of 2H-MoS2 QDs are more resistant toward oxidative/degradation 

processes, which passivate the HER catalytic sites, with respect to those of 2H-MoS2 flakes. 

In fact, density functional theory calculation have shown that oxidation energies for MoS2 

flakes depend on the local competition of binding energy of the covalent bonds at the edge 

sites,51 whose nature can be different for 2D and 0D nanostructures.52 
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Figure S11 Chronoamperometry measurements (j-t curves) at -0.5 V vs. RHE of the graphene/2H-MoS2 flakes 

(blue lines) and graphene/2H-MoS2 QDs (cyan line), over 200 min. 

 

S.10 Comparison of the HER electrocatalytic activity of the as-produced devices in 

the literature context 
 

As pointed out in the conclusion of the main text, the HER electrocatalytic performance of our 

systems (e.g. GC/2H-MoS2 QDs and the graphene/2H-MoS2 QDs approach that of several MoS2-

based catalyst reported in literature, overcoming those of recent MoS2 flakes or MoS2 QDs 

synthetized by scalable routes compatible with high-throughput industrial processes.14,18,53,54,55 The 

comparison of the HER electrocatalytic activity of our system with other relevant reported findings 

(not strictly referring to material synthesis compatible with high-throughput industrial processes) is 

reported in Table S1. 

 

Table S1 Comparison of HER electrocatalytic activity of our systems with other relevant reported 

findings 

HER electrocatalyst ƞ10  
(V) 

Tafel slope 
(mV/dec) 

reference 

Graphene (GC)/2H-MoS2 QDs 0.136 (0.312) 141 (78) this work 

MoS2 nanosheets ~0.43 115 53 

MoS2 dots on Au 0.16 82 12 

MoS2 dots/nanosheet hybrid  on Au 0.19 74 18 

MoS2 nanodots ~0.28 61 14 

Thermal texturized MoS2 0.17 ~60-70 54 

Microdomain reaction-produced MoS2 nanosheets ~0.19 68 55 

H2-annealed MoS2 monolayer <0.55 147 56 

1T-MoS2 nanosheets ~0.20 40 42 

Double-gyroid MoS2 films  <-0.20 50 57 

Edge-exposed MoS2 nano-assembled structures ~0-18/0.19 100 58 

stepped edge surface terminated MoS2 sheet arrays 0.10 59 59 

flat edge surface terminated MoS2 sheet arrays 0.14 69 59 

MoS2/RGO hybrid ~0.15 41 60 
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