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Scanning electron microscopy-coupled energy dispersive X-ray spectroscopy analysis of as-

synthetized NbS2 crystals

Table S1 reports the chemical composition of the as-synthetized NbS2 crystals, corresponding to the 

area in the scanning electron microscopy-coupled energy dispersive X-ray spectroscopy (SEM-EDS) 

maps reported in the main text (Fig. 1a-c). As discussed in the main text, the SEM-EDS analysis 

revealed a near-ideal stoichiometric phase of the NbS2 crystals (S:Nb atomic ratio ~1.8), in agreement 

with previous studies.1 

Table S1. Elemental composition of the as-synthetized NbS2 crystals obtained from SEM- EDS 
analysis.

Element atomic %

Nb 35.4

S 64.6



X-ray photoelectron spectroscopy analysis of the NbS2 crystals and the Nb2 flakes

Fig. S1 reports the X-ray photoelectron spectroscopy (XPS) measurement for as-synthetized NbS2 

crystals and the NbS2 flakes produced by liquid-phase exfoliation (LPE)2,3 of the synthetized crystals 

in 2-propanol (IPA) followed by sedimentation-based separation (SBS).4,5 The Nb 3d spectra (Fig. 

S1a,b) show the presence of three doublets. The first doublet (peaks at 203.4±0.2 eV and 206.1±0.2 

eV) and the second doublet (peaks at 204.0±0.2 and 206.7±0.2 eV) may be both assigned to Nb(4+) 

state in NbS2.6,7,8,9 The origin of two doublets for NbS2 could be ascribed to the presence of multiple 

NbS2 phases, i.e., 2H (or 1H) and 3R ones. This has been previously observed in the most investigated 

MX2, i.e., MoS2 and WS2, in which the XPS is sensitive to the difference of the Fermi level between 

the 1T and the 2H (or 1H) phases (the 1T signal is downshifted by 0.8 eV relative to the 1H phase).10,11 

Moreover, for the case of NbS2, 3R-NbS2 exhibits a slight deviation from its ideal stoichiometry as 

consequence of an excess of Nb atoms,12,13,14 which occupy octahedral sites between the van der 

Waals gaps of the S lattice,15 resulting in Nb((4-δ)+) states (lowest binding energy doublet).16,17 We 

cannot fully exclude the presence of oxidized surface states,78 as Nb(2+) in NbO, usually contributing 

with peaks in the same energy range.18,19,20 The peaks located at binding energies of 207.7±0.2 eV 

and 210.4±0.2 eV are assigned to the Nb(5+) state in Nb2O5.18,21,22,23,24 It is worth to notice that the 

surface oxidation of metallic NbS2 is a well-known effect in literature.1,25,26 However, in agreement 

with Pourbaix diagram of Nb,27 Nb2O5 easily can dissolve in both acidic and alkaline media to form 

Nb(OH)4
- and NbO3

-, respectively. Consequently, the surface properties of the as-synthetized material 

can be affected by the electrochemical conditions (possibly restoring the NbS2 surface). The S 2p 

spectra (Fig. S1c,d) show two doublets, one with peaks at 160.8±0.2 eV and 162.0±0.2 eV and the 

other with peaks at 161.7±0.2 eV and 162.9±0.2 eV that, in analogy with what discussed for Nb 3d, 

might correspond to the S 2p1/2 and S 2p3/2 peaks of the S(2-) in the two phases of NbS2.16,17 The 

remaining peak located at ~169.5 eV is associated to S(+6) in SO4
2-.28 Notably, this shows a negligible 

atomic weight percentage relative to the total S (~2.8%).



Fig. S1. a,b) Nb 3d XPS spectra of the as-synthetized NbS2 crystal (bulk) and the LPE-produced 
flakes, respectively. c,d) S 2p XPS spectra of the as-synthetized NbS2 crystal and the LPE-produced 
NbS2 flakes. The deconvolutions of the spectra are also shown evidencing the bands attributed to the 
different oxidation states.



Scanning electron microscopy analysis of the single-walled carbon nanotubes

Fig. S2 reports the top-view scanning electron microscopy (SEM) images of the single-walled carbon 

nanotubes (SWCNTs) used as catalyst support. The surface of the SWCNT electrode consists of a 

mesoporous network forming a bundle-like morphology. 

Fig. S2. a) Top‐view SEM images of the SWCNTs used as catalyst support. b) Enlargement of the 
SEM image shown in panel a).



Scanning electron microscopy analysis of the Li–TFSI-treated NbS2 electrode

Fig. S3 shows a top-view SEM image of the Li–TFSI-treated NbS2 electrode, evidencing that the 

NbS2 flakes are more perpendicularly oriented to the substrates relatively to the untreated NbS2 

electrodes (see Fig. 3c of the main text)

Fig. S3. Top‐view SEM image of the Li–TFSI-treated NbS2 electrode.



Double-layer capacitance measurements of the NbS2 films

The double-layer capacitances (Cdl) of the untreated and treated NbS2 films were estimated by cyclic 

voltammetry (CV) measurements in a non-Faradaic region of potential (between 0.2 and 0.4 V vs. 

RHE) at various potential scan rates (ranging from 20 to 600 mV s-1). The NbS2 films were deposited 

on glassy carbon by drop casting the as-produced NbS2 flakes dispersion in IPA (catalyst mass 

loading = 0.5 mg cm-2). The use of flat glassy carbon as the substrate allows the Cdl contribution of 

the substrate to be limited relatively to the case of a catalyst film deposited on SWCNTs (as for the 

electrodes investigated in the main text). By plotting the difference between the anodic and the 

cathodic current densities (∆j = (ja-jc)) at 0.3 V vs. RHE as a function of the scan rate (SR) (Fig. S4a), 

the Cdl was calculated by: Cdl = (∆j)/2(SR). The calculated Cdl of the Li–TFSI –treated electrode is 

~10.8 mF cm-2, which is more than three orders of magnitude higher than the one of the untreated 

electrode. After the electrochemical treatment (1000 CV scans), the electrode (named NbS2 – 

CV@1000) lost a significant amount of material, which was visible by eye (Fig. S4b). This effect is 

a consequence of the catalyst film fragmentation originated by the H2 bubbling.29,30,31 However, the 

Cdl of NbS2 – CV@1000 is similar to the one of the untreated electrode, indicating that its specific 

electrochemically accessible surface area (defined by the ratio of the electrochemically accessible 

surface area and the mass loading) is significantly higher than the one of the untreated electrode. 

Fig. S4. a) Scan rate dependence of the ∆j measured for the untreated, electrochemically treated and 
chemical treated NbS2 films deposited on glassy carbon (electrode named NbS2, NbS2 – CV1000, Li–
TFSI-treated NbS2). The linear fits of the curves and the calculated Cdl values are also shown. b) 
Photograph showing the material losses occurred during the preparation of the NbS2 – CV1000.



X-ray photoelectron spectroscopy analysis of the Li–TFSI-treated and electrochemically 
treated films of NbS2 flakes

Fig. S5 shows the XPS spectra of the as-produced film of NbS2 flakes and after chemical (Li-TFSI 

bath) and electrochemical treatments (1000 CV scans). Both the Nb 3d and the S 2p spectra (Fig. 

S5a,b, respectively) do not show significant differences attributed to a chemical composition change 

of the NbS2 flakes. Compared to the as-produced film, the slight reduction of the peaks assigned to 

the Nb(5+) state in Nb2O5 (binding energies of ~207.7 and 210.4 eV)18,21,22,23,24 after the chemical 

treatment could be ascribed to the stripping of the surface oxide originated by the outward diffusion 

of Li–TFSI when samples are exposed to air/water during their preparation. The Nb(5+) peaks also 

slightly reduce after the electrochemical treatments. This effect could be a consequence of the 

dissolution of Nb2O5 in acidic condition to form Nb(OH)4
-, in agreement with the Pourbaix diagram 

of Nb.27 The increase of the peaks associated to S(6+) in SO4
2- (energy binding between~168 and 171 

eV)28 after electrochemical treatments is due to the electrolyte (H2SO4) residuals.

Fig. S5. a) Nb 3d and b) S 2p XPS spectra of the NbS2 films before and after chemical and 
electrochemical treatment (sample named NbS2, Li–TFSI-NbS2 and NbS2 – CV@1000).



Electrochemical measurements of Li–TFSI-treated NbS2 electrodes

Fig. S6a,b show the iR-corrected linear sweep voltammetry (LSV) curves in 0.5 M H2SO4 and 1 M 

KOH, respectively, for a Li–TFSI-treated NbS2 electrode before and after 1000 cyclic voltammetry 

cycles (electrodes named Li–TFSI-treated NbS2 and Li–TFSI-treated NbS2 – CV@1000 cycles, 

respectively). In addition, the LSV curves obtained for the as-produced NbS2 reference and the Pt/C 

benchmark are also plotted. As shown for the NbS2 reference (see Fig. 4 of the main text), the 

electrochemical cycling improves the hydrogen evolution reaction (HER)-activity of the Li–TFSI 

treated NbS2 electrode. In particular, their initial ƞ10 (0.31 and 0.33 eV in 0.5 M H2SO4 and 1M KOH, 

respectively) increase up to 0.27 and 0.28 V in 0.5 M H2SO4 and 1M KOH, respectively.

Fig. S6. a,b) iR-corrected LSV curves for NbS2, Li–TFSI-treated NbS2 and Li–TFSI-treated NbS2 – 
CV@1000 cycles in acidic (0.5 M H2SO4) and alkaline (1 M KOH) solutions, respectively. The LSV 
curves of Pt/C benchmarks are also shown for comparison. The ƞ10 values measured for the electrodes 
are also shown.



Scanning electron microscopy analysis of MoSe2 and heterogeneous NbS2:MoSe2 electrodes

Fig. S7a,b show the top-view SEM images of MoSe2 and heterogeneous NbS2:MoSe2 electrodes. The 

as-produced electrodes display a surface uniformly covered by the flakes. In particular, the 

heterogeneous electrode shows a morphology resembling those of MoSe2 electrode, whose flakes are 

smaller than NbS2 flakes, in agreement with the characterization of materials (see main text, Fig. 1g 

for NbS2 flakes and refs. 32,33,34 for MoSe2 flakes). This means that MoSe2 flakes effectively stack up 

the NbS2 flakes.

Fig. S7. a,b) Top‐view SEM images of the MoSe2 and NbS2:MoSe2 electrodes, respectively.



Scanning electron microscopy-coupled energy dispersive X-ray spectroscopy analysis of the 

NbS2:MoSe2 electrodes

Fig. S8a,b show the cross-sectional SEM-EDS analyses of the untreated NbS2:MoSe2 and the Li–

TFSI-treated NbS2:MoSe2 electrodes, respectively. The data show a homogeneous distribution of 

both Nb and Mo elements for both the untreated NbS2:MoSe2 and the Li–TFSI-treated NbS2:MoSe2 

electrodes). Fig. S8c,d report the top-view SEM-EDS analyses of the untreated NbS2:MoSe2 and the 

Li–TFSI-treated NbS2:MoSe2 electrodes, respectively. The data show homogeneous distributions of 

the composing elements, further suggesting the absence of single material domains.

Fig. S8. a,b) Cross-section SEM images of the untreated NbS2:MoSe2 and the Li–TFSI-treated 
NbS2:MoSe2 electrodes, respectively, with the corresponding elemental maps for Nb (Kα peak at 
16.58 keV, green) and Mo (Kα peak at 17.44 keV, orange). c,d) Top-view SEM images of the 
untreated NbS2:MoSe2 and the Li–TFSI-treated NbS2:MoSe2 electrodes, respectively, with the 
corresponding elemental maps for Nb (Kα peak, in green) and Mo (Kα peak, in orange).



Electrochemical measurements of the MoSe2 electrodes

Fig. S9a,b show the iR-corrected LSV curves in 0.5 M H2SO4 and 1 M KOH, respectively, for the 

as-produced MoSe2 electrode before and after Li–TFSI treatment (electrodes named MoSe2 and Li–

TFSI-treated MoSe2, respectively). In addition, the LSV curves obtained for the MoSe2 electrode after 

1000 CV cycles (samples named MoSe2 – CV@1000 cycles), the Pt/C benchmark and the SWCNTs 

(catalyst support) are also plotted. In 0.5 M H2SO4, Li–TFSI-treated MoSe2 exhibits a HER-activity 

(ƞ10 = 0.28 V) slightly higher than that of the MoSe2 electrodes (ƞ10 = 0.29 V). The electrochemical 

cycling also improves the HER-activity of the MoSe2, and the MoSe2 – CV@1000 cycles shows a 

ƞ10 of 0.18 V. Similar results were also measured in 1 M KOH, in which both Li–TFSI-treated MoSe2 

and MoSe2 – CV@1000 show a ƞ10 of 0.30 V, whereas the as-produced MoSe2 displays a ƞ10 of 0.35 

V.

Fig. S9. a,b) iR-corrected LSV curves for MoSe2, Li–TFSI-treated MoSe2 and MoSe2 – CV@1000 
cycles in acidic (0.5 M H2SO4) and alkaline (1 M KOH) solutions, respectively. The LSV curves of 
Pt/C benchmark and SWCNTs (catalyst support) are also shown for comparison. The ƞ10 values 
measured for the electrodes are also shown.



X-ray photoelectron spectroscopy measurements of the Li–TFSI-treated NbS2:MoSe2 

electrodes after stability tests 

Fig. S10a,b show the XPS measurements (Mo 3d/S 2s, Nb 3d and Se 3d spectral regions) of the Li–

TFSI-treated NbS2:MoSe2 electrodes after stability tests (i.e., chronoamperometry measurements at a 

fixed potential corresponding to an initial cathodic current density of 80 mA cm-2 for 12 h) in 0.5 M 

H2SO4 and 1 M KOH, respectively. As shown in Fig. S10a, the data show that both the NbS2 and the 

MoSe2 flakes retain their initial chemical compositions under HER-operation in acidic conditions. In 

fact, the Nb 3d spectrum resembles the one measured for the as-produced NbS2 flakes (see Fig. S1b), 

while the Mo 3d spectrum instead shows the component attributed to Mo(4+) in MoSe2.32,33 The S 2s 

XPS spectrum shows the peak attributed to the S(2-) in NbS2, while the peaks in the Se 3d spectrum 

refer to Se(2-) in the MoSe2. 

Fig. S10. a,b) Mo 3d, S 2s, Nd 3d and Se 3d XPS spectra of Li–TFSI-treated NbS2:MoSe2 electrodes 
after stability tests in 0.5 M H2SO4 and 1 M KOH, respectively.

Noteworthy, the data of the electrode tested in alkaline conditions do not show the band attributed to 

NbS2 in both Nb 3d and S 2s spectra, while, on the contrary, the bands attributed to the MoSe2 flakes 



are displayed. Moreover, the peaks shown in the Nb 3d spectrum are located at lower energy 

compared to those of Nb2O5. Therefore, sub-stoichiometric Nb2O5-x or hydr(oxy)oxides species are 

suggested to be formed during the HER-operation in such condition. Contrary, the peaks in the Mo 

3d spectrum are those attributed to MoSe2 flakes, which are stable in alkaline condition (in agreement 

with previous studies).32,33



Scanning electron microscopy-coupled energy dispersive X-ray spectroscopy analysis of the Li–

TFSI-treated NbS2:MoSe2 electrodes after stability tests in 1 M KOH

Fig. S11a,b show the cross-sectional and top-view SEM-EDS analysis of the Li–TFSI-treated 

NbS2:MoSe2 electrode after the stability test in 1 M KOH. Their atomic element analysis reveals a 

significant decrease of Nb:Mo atomic ratio, as can be seen in the evolution of their respective Kα 

lines in the EDS spectra, compared to the one of the as-produced electrodes (Fig. S11c). These results 

indicate a progressive loss of NbS2 flakes. In agreement with the XPS analysis (see Fig. S10), NbS2 

flakes can be oxidized to form Nb2O5. The latter is expected to dissolve in alkaline media to form 

NbO3
-,27 as well as hydr(oxy)oxides that can then interact synergistically with MoSe2 flakes to 

perform the HER process.32,33,35

Fig. S11. a) Cross-section and b) top-view SEM images of the Li–TFSI-treated NbS2:MoSe2 electrode 
after stability test in 1 M KOH, with the corresponding EDS elemental map for Nb (Kα peak at 16.58 
keV, in green), and Mo (Kα peak at 17.44 keV, in orange). c) Evolution of the EDS spectra for the 
Nb (Kα peak), and Mo (Kα peak) from the starting electrode (red), after the Li-TFSI treatment (black) 
and after the stability test in 1 M KOH.
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