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Abstract 

 Two-dimensional 2H-phase MoS2 nanosheets can be used as a non-noble metal-based 

catalyst for nitroarene and organic dye reduction, thus being of potential utility towards the 

treatment of industrial wastewater. However, their activity is severely limited by the inertness 

of their pristine basal surface. We report here a simple approach for the catalytic activation of 

solvent-dispersed MoS2 nanosheets based on the introduction of sulfur vacancies by 

hydrazine treatment. MoS2 nanosheets boasting markedly improved catalytic activities in the 

reduction of 4-nitrophenol, 4-nitroaniline, methyl orange and methylene blue by NaBH4 could 

be obtained, outperforming many prior non-noble metal-based catalysts developed for such 

reactions. Notably, the improvement in catalytic activity was not compromised by the use of a 

proper dispersant to colloidally stabilize the activated nanosheets in the aqueous reaction 

medium. Substrate-supported catalysts could be prepared by immobilizing the nanosheets on 

melamine foam, facilitating their handling and reutilization. The chemical processes taking 

place between the investigated reagents and the MoS2 catalyst were also discussed and 

rationalized, based on which a mechanism for nitroarene/dye reduction mediated by the sulfur 

vacancies was proposed. 
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1. Introduction 

 Transition metal dichalcogenides (TMDs) in two-dimensional (2D) form, such as MoS2, 

MoSe2 or WS2, have in recent years become the focus of intensive research endeavors due to 

their strong potential for application in many technological fields [1,2], including that of 

catalysis [3–5]. Although bulk layered TMDs, especially MoS2, have long been known to be 
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catalytically active towards certain reactions of industrial interest (mainly, 

hydrodesulfurization reactions) [6,7], their downsizing into 2D nanosheets (NSs) can bring a 

number of benefits when used in catalysis [3,4]. First, the large surface-to-volume ratio of 2D 

TMDs provides a greatly increased density of catalytic active sites (either native or 

intentionally generated) that are accessible to reactants. Second, the electronic structure of 

TMDs undergoes considerable changes when their dimensionality is reduced to the single-

/few-layer level, which can be exploited to modulate the reactivity of their catalytic sites. 

Third, while not acting as catalysts themselves, TMD nanosheets supported onto catalytic 

substrates afford two-dimensionally confined spaces where the rate of chemical reactions may 

be accelerated, a phenomenon referred to as “catalysis under cover” [8]. 

 To this day, most efforts on the application of 2D TMDs in catalysis have been directed 

to the area of electrochemical energy conversion, where they have been mainly explored as 

electrocatalysts for the hydrogen evolution reaction (HER) and, to a lesser extent, the oxygen 

reduction/evolution reactions [4,5,9]. In the meantime, however, a number of studies have 

disclosed the high catalytic activity of 2D and nanostructured TMDs towards other, 

environmentally relevant chemical processes, such as CO2 methanation [10] and the reduction 

of nitroarenes and organic dyes [11]. In particular, the reduction of nitroarenes/dyes is carried 

out in the liquid phase (mainly water) [11–19] and bears a considerable practical relevance in 

addition to its interest as model reaction for the testing of catalytic systems [20–23]. For 

example, nitrophenols and their derivatives are highly toxic and recalcitrant pollutants 

generated as by-products by many chemical industries (e.g., those manufacturing pesticides, 

herbicides or dyes). Therefore, they need to be degraded before they are discharged to the 

aquatic environment. The reduction of nitrophenols into biodegradable and much less toxic 

anilines is one of the possible solutions [22,24,25]. Similarly, the degradation of organic dyes 

found in industrial wastewater effluents, such as methyl orange and methylene blue [26], by 
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reduction processes is also relevant from an environmental remediation perspective 

[25,27,28]. In addition, the reduction of nitrophenols into their corresponding anilines is an 

essential step in the synthesis of certain pharmaceutical compounds (e.g., antipyretic and 

analgesic drugs) and polymers [21]. 

 Though the reduction of nitroarenes and other aromatic compounds has been traditionally 

accomplished with precious metal (Pt, Pd, Au, etc) nanoparticles as the catalyst [29,30], the 

high cost and scarcity of the latter has driven a search for more affordable alternatives based 

on the use of non-noble metals (e.g., Co, Ni and Cu) [22,31,32]. Metal compounds such as 

transition metal oxides and sulfides, including 2D MoS2, are also being explored [21]. Indeed, 

early work demonstrated that 1T-phase MoS2 NSs produced via the Li 

intercalation/exfoliation route are efficient catalysts in the reduction of a number of 

nitroarenes and dyes by NaBH4 in water [11,14]. The metallic character of the 1T phase was 

believed to be largely responsible for the good catalytic behavior of the NSs; indeed, their 

activity decreased markedly when the 1T phase was converted to the semiconducting 2H 

phase [11]. Unfortunately, 1T phase is metastable and reverts to the thermodynamically stable 

2H phase in a matter of weeks to months [33,34], and is also prone to environmental 

oxidation [35,36]. Such instability compromises the practical use of the 1T-phase material in 

catalysis and beyond. While this problem can be alleviated through covalent functionalization 

of the 1T NSs [37], both the chemical derivatization and the Li intercalation process itself 

require long reaction times (days) and/or inert atmospheres, which challenges the feasibility 

of this route for the industrial production of 2D MoS2-based catalysts. 

 Alternatively, 2H-phase NSs can be easily prepared in large quantities by direct, 

ultrasound- or shear force-induced exfoliation of bulk MoS2 in the liquid phase [38–40]. This 

solvent-exfoliated MoS2 is also catalytically active towards the reduction of nitroarenes, but 

its activity is substantially lower than that of 1T-phase NSs derived from Li intercalation [41]. 
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Such a comparatively meager performance can be attributed to the fact that, similar to other 

MoS2-catalyzed processes (e.g., HER) [4,5,9], the catalytic active sites for these reduction 

reactions are located for the most part at the edges of the 2H NSs, their basal planes being 

largely inert [41]. Finding simple and efficient ways to activate the basal plane of 2H NSs for 

these catalytic reactions would thus be highly desirable to foster their industrial use, but such 

an issue is yet to be addressed. We hypothesized that introducing sulfur vacancies on the 

surface of 2H MoS2 NSs could be an effective way to activate their basal planes toward the 

reduction of nitroarenes and organic dyes. Although this type of lattice defect has in recent 

years been demonstrated to be catalytically very active for the electrochemical HER [42], it is 

currently unknown whether the same holds true for the abovementioned reduction reactions. 

However, since the latter are essentially electron transfer processes [11,19] and sulfur 

vacancies in MoS2 are known to behave as electron donors [43], it is quite likely that such 

defects will also be catalytically active in this case. Very recent and limited evidence seems to 

support this idea [44], but the question has not yet been systematically investigated and 

demonstrated. 

 Here, we investigate a simple wet chemical method based on hydrazine treatment for the 

controlled generation of sulfur vacancies in solvent-exfoliated MoS2 NSs, which is shown to 

activate them for the catalytic reduction of nitroarenes and organic dyes. Through proper 

adjustment of the treatment conditions, the catalytic activity of the material can be markedly 

increased, becoming comparable or even higher than that of metallic 1T MoS2 and other 

catalysts based on non-noble metals. The central role played by the introduced sulfur 

vacancies in the enhanced catalytic performance is mechanistically discussed and 

substantiated through experiments whereby these defects are deactivated by well-known 

vacancy passivation methods, as well as through comparison with the activity of the NSs as 

electrocatalysts for HER. Likewise, easily recoverable and reusable catalysts based on the 
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vacancy-decorated MoS2 NSs are obtained by resorting to melamine foam as a supporting 

scaffold for the NSs. Overall, the present results may provide a viable route to implement 

activated 2D MoS2 in industrial catalytic processes of environmental relevance. 

 

2. Materials and methods 

2.1. Materials and reagents 

 The following materials and chemicals were acquired from Sigma-Aldrich and used as 

received: MoS2 powder, isopropanol, hydrazine monohydrate, NaBH4, 4-nitrophenol (4-NP), 

4-nitroaniline (4-NA), methyl orange (MO), methylene blue (MB), guanosine monophosphate 

(GMP) and 1-pentanethiol. Milli-Q deionized water (Millipore Corporation; resistivity: 18.2 

M cm) was used throughout the experiments. 

 

2.2. Preparation and hydrazine treatment of 2D MoS2 nanosheets 

 MoS2 NSs were obtained from the direct exfoliation of bulk MoS2 powder in isopropanol 

with the assistance of sonication. In a typical procedure, 3 g of MoS2 powder were added to 

100 mL of isopropanol in a vial and bath-sonicated (J.P. Selecta Ultrasons system, 40 kHz) 

for 5 h. The resulting mixture was then centrifuged (Eppendorf 5424 microcentrifuge) at 2000 

g for 20 min to retain only the thinnest (i.e., few/several-layer) exfoliated NSs in the 

supernatant, which was collected for further use, while the rest of the MoS2 material (i.e., 

thicker exfoliated NSs as well as poorly and non-exfoliated particles) was sedimented. The 

average lateral size and thickness of the dispersed NSs along with their concentration in the 

supernatant suspension were estimated by means of UV-vis absorption (extinction) 

spectroscopy using the metrics developed by Backes et al specifically for this 2D material 

[45]. These MoS2 suspensions were used in all the subsequent experiments. 
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 To generate sulfur vacancies in the exfoliated MoS2 NSs, their colloidal dispersions in 

isopropanol were subjected to hydrazine treatment, which was carried out as follows: in a test 

tube, a given volume of hydrazine monohydrate was added to 20 mL of MoS2 dispersion with 

a concentration of 0.1 mg mL
-1

. The test tube was then capped with a rubber septum having a 

small perforated orifice to allow gas release and heated at 70 ºC for 2 h. The reacted product 

was then washed to remove any hydrazine monohydrate remaining in the solution by applying 

three consecutive cycles of MoS2 NS sedimentation via centrifugation (20000 g, 20 min), 

replacement of all the supernatant volume by neat isopropanol and re-dispersion of the NSs 

by a brief (2 min) sonication step. When the MoS2 material was required in a dry state, the 

sediment from the last centrifugation cycle was collected and dried overnight at room 

temperature under reduced pressure. Different samples of hydrazine-treated MoS2 NSs were 

obtained depending on the amount of hydrazine monohydrate used for the treatment. These 

samples were denoted as MoS2-x%, where x% stands for the volume percentage of hydrazine 

monohydrate added relative to the volume of MoS2 dispersion used (e.g., MoS2-2% indicates 

that 0.4 mL of hydrazine monohydrate were added to 20 mL of the MoS2 dispersion in 

isopropanol). For comparison purposes, hydrazine treatments at room temperature (~20 ºC) 

and 150 ºC were also carried out. The reaction at 150 ºC was not conducted in a capped test 

tube. A Teflon-lined autoclave heated in a conventional laboratory oven was used instead. 

 

2.3. Catalytic reduction of nitroarenes and organic dyes with activated MoS2 nanosheets 

 The hydrazine-treated MoS2 NSs were investigated as catalysts for the reduction of the 

nitroarenes 4-NP and 4-NA as well as the organic dyes MO and MB in aqueous medium at 

room temperature, using NaBH4 as the reducing agent. Two main sets of catalysts were 

tested: (1) bare, uncapped 2D MoS2, i.e., NSs that were transferred from their original 

isopropanol dispersion to the aqueous reaction medium without resorting to any stabilizer or 
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surfactant, and (2) GMP-stabilized 2D MoS2, i.e., NSs that were transferred to the aqueous 

medium with the aid of the GMP nucleotide as a colloidal stabilizer. For the bare NSs, solvent 

transfer was accomplished by two cycles of sedimentation of their original dispersion in 

isopropanol via centrifugation (20000 g, 20 min), replacement of the supernatant liquid by 

water and re-dispersion by a brief sonication treatment (2 min). The colloidal stability of the 

resulting aqueous dispersions of bare MoS2 was limited to several hours. For this reason, the 

corresponding catalytic tests were carried out immediately after the solvent transfer step. For 

the GMP-stabilized NSs, the solvent transfer protocol was similar, with the exception that, in 

the second cycle, the sedimented NSs were re-dispersed in an aqueous solution of the 

nucleotide (GMP concentration: 2 mg mL
-1

). This gave a mixed solution containing MoS2 

NSs colloidally stabilized by adsorbed GMP molecules together with free, non-adsorbed 

GMP. To remove the free molecules and retain only the GMP-adsorbed NSs, the latter were 

sedimented by 2 iterative cycles of centrifugation (20000 g, 20 min), replacement of ~75% of 

the supernatant volume by pure water and re-dispersion of the sedimented NSs by a brief (2 

min) sonication step. The different hydrazine-treated, GMP-stabilized MoS2 samples were 

denoted as GMP-MoS2-x%, where x% has the same meaning as that defined for their bare 

MoS2 counterparts. 

 For the catalytic tests, aqueous aliquots (2.5 mL) containing a given MoS2 catalyst (~7 g 

mL
-1

), the substrate molecule, i.e., either 4-NP (0.12 mM), 4-NA (0.11 mM), MO (0.07 mM) 

or MB (0.06 mM), as well as NaBH4 at a concentration of 72, 110, 180 and 100 mM for 4-

NP, 4-NA, MO and MB, respectively, were prepared in quartz cuvettes with an optical path 

length of 1 cm. Immediately after preparation, the cuvettes were transferred to a double-beam 

Heios  UV-vis absorption spectrophotometer (Thermo Spectronic) and the reaction 

progress was monitored by recording the corresponding kinetic profiles. The latter were 

obtained by measuring the temporal evolution of absorbance at the wavelength of a 
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characteristic peak of the substrate molecule, namely, at 400 (4-NP), 382 (4-NA), 461 (MO) 

and 675 nm (MB).  

 Catalyst deactivation tests were carried out by reaction of the hydrazine-treated MoS2 

NSs with alkanethiol molecules. Specifically, 0.1 mg mL
-1

 MoS2 dispersion in isopropanol 

that had been previously treated with 4% hydrazine monohydrate (i.e., sample MoS2-4%) was 

mixed with 1-pentanethiol. The concentration of the alkanethiol in the dispersion was set to 5 

mM. After the mixture was allowed to stand at room temperature for 24 hours, the excess 

thiol was removed from the reacted MoS2 NSs through three consecutive cycles of 

sedimentation via centrifugation (20000 g, 20 min), replacement of the supernatant liquid by 

neat isopropanol and re-suspension of the NSs through a brief (2 min) sonication step. To 

examine their catalytic activity, the resulting alkanethiol- and hydrazine-treated MoS2 NSs 

were transferred to the aqueous phase with the assistance of GMP, following the procedure 

described above. 

 To facilitate their recovery and re-use, the activated MoS2 NSs were immobilized onto 

commercial melamine foam. To this end, the foam was first cut into ~1 cm edge cubes and 

cleaned by bath-sonication in ethanol and acetone (15 min in each solvent). After drying 

under ambient conditions, the melamine foam cubes were soaked into a 0.1 mg mL
-1

 MoS2 

dispersion in isopropanol and then dried at room temperature under reduced pressure. To 

increase the amount of loaded NSs, the soaking/drying process was carried out several times 

(typically three), after which the original white color of the melamine foam turned into an 

olive green tone. For the catalytic tests, the MoS2-loaded foam cubes were simply immersed 

into the substrate/NaBH4 reaction mixture and then 0.25 mL aliquots were taken from the 

mixture at specific intervals for measurement in the UV-vis spectrophotometer. After reaction 

completion, the cubes were removed from the solution, rinsed with water and allowed to dry 

before being used in the next catalytic cycle. 
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2.4. Characterization of the 2D MoS2 nanosheets 

 The materials were analyzed by UV-vis absorption spectroscopy, field-emission scanning 

electron microscopy (FE-SEM), scanning transmission electron microscopy (STEM), high 

resolution transmission electron microscopy (HR-TEM), atomic force microscopy (AFM), 

Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and electron paramagnetic 

resonance (EPR). UV-vis absorption spectra were obtained in the same equipment used for 

the catalytic tests. FE-SEM and STEM images were recorded on a Quanta FEG apparatus 

(FEI Company) operated at 25 kV, whereas HR-TEM was accomplished in a JEM‐2100F 

system (JEOL) working at an acceleration voltage of 200 kV. For the preparation of 

specimens for STEM and HR-TEM, their dispersion in isopropanol was drop-cast (~40 L) 

onto copper grids (200 mesh) covered with either continuous or lacey carbon film (acquired 

from SPI supplies and EMS, respectively). To avoid damage by high energy electron 

bombardment, the HR-TEM measurements were performed under cryogenic conditions (-180 

°C), using a double tilt, cooled sample holder (GATAN model 636). AFM measurements 

were carried out with a Nanoscope IIIa Multimode apparatus (Veeco Instruments) in the 

tapping mode of operation, using silicon cantilevers with nominal spring constant and 

resonance frequency of ~40 N m
-1

 and 250–300 kHz, respectively. Samples for AFM were 

prepared by drop-casting a small volume (~20 L) of a low-concentration MoS2 NS 

dispersion in isopropanol (~0.01–0.03 mg mL
-1

) onto SiO2 (300 nm)/Si wafers and allowing it 

to dry under ambient conditions. Raman spectra were recorded on a Horiba Jobin-Yvon 

LabRam instrument at a laser excitation wavelength of 532 nm (green line). A low incident 

laser power (~0.2 mW) was employed to avoid damage to the NSs. XPS was accomplished on 

a SPECS system, working at a pressure of 10
-7

 Pa with a non-monochromatic Mg K X-ray 

source operated at 11.81 kV and 150 W. For both Raman spectroscopy and XPS, specimens 
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were prepared by drop-casting MoS2 NS dispersions in isopropanol onto stainless steel disks 

until a thin, continuous film became visible to the naked eye. EPR spectra were collected at 

room temperature using a Bruker EMX spectrometer equipped with a EMX premium X 

microwave bridge with X band frequency of ~9 GHz. Spectra were recorded with a magnetic 

field modulation amplitude of 1.86 G, a modulation frequency of 100 kHz and a microwave 

power of ~20 mW. EPR data treatment was carried out with Bruker WinEPR Procesing 

software. 

 

3. Results and discussion 

3.1. Preparation and characterization of MoS2 nanosheets activated by hydrazine treatment

  

Our aim was to activate the basal plane of MoS2 NSs suspended in solution toward the 

catalytic reduction of nitroarenes and organic dyes by the removal of sulfur atoms from their 

surface. The strategies proposed in recent years for generating sulfur vacancies in 2D MoS2, 

e.g., plasma treatment [42,46,47], ion irradiation [48,49], vacuum annealing [50] or 

electrochemical reduction [51], were only applicable for NSs supported onto substrates. A 

wet-chemical treatment appeared as a more suitable option for MoS2 NSs dispersed in 

solution. Specifically, a reduction treatment with a sufficiently strong reducing agent seemed 

appropriate given that the removal of a sulfur atom from the MoS2 lattice is formally a 

reduction process (to give MoS2-x). Indeed, a few recent reports on the liquid-phase 

exfoliation of bulk MoS2 through treatment with well-known reductants (hydrazine and its 

derivatives, NaBH4) under harsh conditions (e.g., high temperatures or intensive sonication) 

have revealed the formation of sulfur vacancies or even holes in the resulting exfoliated NSs 

[52–54]. However, such aggressive treatments easily led to an extensive structural 

modification of the 2D NSs [52,54], making it difficult to fine-tune the introduction of defects 
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in their lattice, and thus to control and optimize their performance as electron transfer 

catalysts. For our purpose, the implementation of milder treatments appeared as a more 

attractive alternative. Fig. 1 shows a schematic representation of the strategy followed here for 

generating sulfur vacancies in solution-dispersed MoS2 NSs, which relied on reacting them 

with hydrazine in isopropanol solvent at a moderate temperature (70 ºC). 

 First of all, we obtained (non-activated) MoS2 dispersions in isopropanol from the MoS2 

bulk powder by a sonication/centrifugation procedure (see Materials and Methods for details 

and Fig. 2a for a photograph of an as-prepared dispersion). UV-vis absorption spectroscopy 

(Fig. 2b) revealed features that were typical of semiconducting 2H MoS2 [55]. Both XPS (Fig. 

2g) and Raman spectroscopy (Fig. 2h) confirmed that the structural phase of the MoS2 NSs 

was exclusively 2H, with no sign of the metallic 1T phase [56,57]. Quantitative analysis of 

the UV-vis spectrum (Fig. 2b) afforded estimates of the concentration (~0.1 mg mL
-1

) as well 

as average lateral size (~190–200 nm) and layer number (~7–8) of the suspended NSs [45]. 

Such results agreed with those obtained from the direct observation of the solvent-dispersed 

objects by scanning transmission electron microscopy (STEM; Fig. 2c) and atomic force 

microscopy (AFM; Fig. 2d), and summarized in the histograms of Fig. 2e (distribution of NS 

lateral size) and f (distribution of NS layer number).  

 Then, MoS2 dispersions in isopropanol at a concentration of 0.1 mg mL
-1

 were treated 

with hydrazine monohydrate in capped test tubes at a moderate temperature (70 ºC) to 

generate sulfur vacancies in their lattice (details of the procedure are given in the Materials 

and Methods). Different treated samples were obtained by adding different hydrazine 

monohydrate volumes to the MoS2 dispersion, resulting in samples denoted as MoS2-x%, 

where x indicates the hydrazine monohydrate to MoS2 dispersion volume ratio (in 

percentage). Volume ratios in the 1–10% range were investigated. Upon mixing the reducing 

agent with the MoS2 suspension and heating at 70 ºC, some convection developed in the 
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liquid and, after several minutes, the MoS2 NSs started to agglomerate and sediment, and at 

the same time small gas bubbles were seen to rise through the liquid. After two hours the 

mixture was cooled to room temperature and the treated NSs were washed to remove any 

remnants of the reducing agent and then re-dispersed in neat isopropanol. Several control 

experiments described in the Electronic Supplementary Material (ESM) allowed concluding 

that the gas bubbles were generated as a result of reactions between the MoS2 NSs and the 

reducing agent. Temperature appeared to play a central role in the evolution of the gas 

bubbles, that is, in the reduction of MoS2 by hydrazine. For instance, no bubbles (nor NS 

agglomeration) were observed to form when the MoS2 dispersion/hydrazine monohydrate 

mixtures were kept at room temperature (~20 ºC), implying that the processes leading up to 

gas generation were kinetically hindered by a non-negligible activation barrier. The effect of 

treatment temperature on the catalytic performance of the NSs will be discussed below. 

 The hydrazine-treated MoS2 NSs retained their overall morphology and structural phase. 

Indeed, the lamellar appearance and dimensions of the typical dispersed objects from samples 

MoS2-2%, MoS2-4%, MoS2-6% and MoS2-10% (see STEM images in Fig. S1 of the ESM) 

were very similar to those of the starting, untreated dispersion (Fig. 2c). Likewise, results 

from UV-vis absorption spectroscopy, XPS and Raman spectroscopy (Fig. S2 in the ESM) 

indicated a virtually complete preservation of the semiconducting 2H phase after the 

treatments, with no sign of the metallic 1T phase (a discussion on the reasons for the lack of 

phase transformation upon reduction is included in the ESM). 

 On the other hand, the atomic-scale conformation of the MoS2 NSs underwent noticeable 

changes with hydrazine treatment. Fig. 3a-c shows HR-TEM images of the starting exfoliated 

material (a) as well as samples MoS2-4% (b) and MoS2-10% (c). Whereas the former 

generally exhibited a long-range ordered triangular pattern, which is indicative of a MoS2 

lattice with no or very few atomic defects, the hydrazine-treated NSs appeared more irregular 
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and discontinuous. For example, the presence of dark spots in MoS2-4% sample suggested 

that some atoms were missing from the lattice. Furthermore, treatment with larger hydrazine 

volumes (i.e., sample MoS2-10%) led to more distinct and widespread lattice distortions. We 

interpret these structural changes to be mostly related to the removal of sulfur atoms upon 

reaction of the MoS2 NSs with hydrazine. Indeed, as can be seen from Fig. 3d, the S/Mo 

atomic ratio values estimated for the different samples from XPS data tended to decrease with 

increasing amount of hydrazine monohydrate used, more specifically, from ~2.0 for the 

starting, untreated MoS2 NSs to 1.7 for sample MoS2-10%. These figures implied that 

moderate total numbers of sulfur vacancies were generated in the NSs by the different 

hydrazine treatments. Additional information on the determination of S/Mo atomic ratios by 

XPS is provided in the ESM. 

 Electron paramagnetic resonance (EPR) spectroscopy provided further insight into the 

introduction of sulfur vacancies in the MoS2 lattice. Mo-S dangling bonds in MoS2 give rise to 

an EPR signal at a magnetic field of ~3500 G, and hence the introduction of sulfur vacancies 

should in principle lead to an enhanced intensity of this signal [58,59]. Fig. 3e shows EPR 

spectra recorded for the starting MoS2 NSs (black trace) as well as samples MoS2-4% (red) 

and MoS2-10% (blue). The spectrum for the bulk, non-exfoliated MoS2 powder is also shown 

for comparison (gray). The fact that the EPR signal was already substantial for the starting 

exfoliated sample relative to its non-exfoliated counterpart can be ascribed to the presence of 

a sizable amount of dangling bonds associated to edges in MoS2 NSs of a limited lateral size 

(~100–300 nm; see Fig. 2) [60]. A stronger EPR signal was measured for sample MoS2-4%, 

which was consistent with the introduction of sulfur vacancies and hence of new dangling 

bonds in the lattice. Still, an even stronger signal was not observed for sample MoS2-10%, but 

rather a noticeably weaker one. This result appeared to be at odds with the fact that, according 

to XPS, the latter possessed a lower S/Mo ratio and thus a larger number of sulfur vacancies. 
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We stress that these features were reproducible, as independently prepared batches of the 

same type of sample yielded the same quantitative results. A very similar behavior has been 

recently reported for MoS2 NSs that had a variable fraction of their sulfur atoms removed by 

hydrogen annealing at different temperatures, and put down to a change in the nature of the 

resulting defects as the S/Mo ratio was decreased [59], which led to fewer Mo-S dangling 

bonds per defect and thus to weaker EPR signals. As will be discussed below, these EPR 

results provide a basis for rationalizing the catalytic activity trends of our hydrazine-treated 

MoS2 NSs. 

 

3.2. Catalytic performance of the activated MoS2 nanosheets towards nitroarene and organic 

dye reduction 

 Having demonstrated the generation of sulfur vacancies in solvent-exfoliated MoS2 NSs 

by hydrazine treatment, we set out to investigate the influence of such defects on the 

performance of the NSs as a catalyst for the reduction of nitroarenes and organic dyes. As the 

main benchmark reaction, we selected the reduction of 4-nitrophenol (4-NP) to 4-

aminophenol (4-AP) with NaBH4 in aqueous medium at room temperature. This reaction is 

known to be thermodynamically favored but kinetically hindered by a significant activation 

barrier, and thus relies on the assistance of a proper catalyst to proceed at a fast rate [21]. As 

noticed in Fig. 4a, the reaction progress can be conveniently followed with UV-vis absorption 

spectroscopy by monitoring the absorption band located at a wavelength of ~400 nm that is 

distinctive of the 4-nitrophenoxide anion (i.e., the deprotonated form of 4-NP in the basic 

medium induced by NaBH4) [11,20]. This band is not present in the corresponding reduced 

species (i.e., 4-aminophenoxide anion), which in turn is characterized by an absorption peak 

located at ~295 nm. Details on the implementation of the catalytic tests can be found in the 

Materials and Methods section. 
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 Fig. 4b presents typical kinetic profiles measured using the starting, untreated MoS2 NSs 

as the catalyst, as well as NSs treated with different amounts of hydrazine monohydrate, 

where the temporal evolution of absorbance at 400 nm for the reaction mixture (reflecting 

changes in 4-NP concentration as it is reduced to 4-AP) was plotted. In all cases, the 

absorbance was seen to monotonously decrease with time until a plateau was reached, which 

marked completion of the reduction reaction. The kinetic profiles of the hydrazine-treated 

samples generally exhibited a linear decay. Because NaBH4 was used in a large excess 

relative to 4-NP, this implied that the reaction was pseudo-zero-order with respect to the latter 

and hence that the catalytic active sites in the NSs were fully occupied during the reaction. By 

contrast, exponential decay profiles were recorded for the untreated MoS2 NSs, i.e., the 

reaction was pseudo-first-order in this case (for a detailed discussion of the order of the 

catalytic reaction, see section 3.3 and Fig. S6 in the ESM). Such a discrepancy in the reaction 

order can be ascribed to a different nature of the active sites in the catalysts. Specifically, the 

main active sites can be associated to sulfur vacancies in the hydrazine-treated MoS2 samples 

and to edges in their untreated counterpart, the former being probably less abundant but 

catalytically much more active than the latter in the hydrazine-treated NSs, and largely absent 

from the untreated NSs. 

 It can be noticed from Fig. 4b that hydrazine treatment had a substantial positive effect on 

the catalytic performance of the MoS2 NSs, as evidenced by the shorter times required to 

reaction completion relative to that of the untreated material. Such an effect was already 

significant for the sample prepared with the smallest amount of hydrazine monohydrate 

(MoS2-1%), but peaked for sample MoS2-2%. By contrast, the use of larger hydrazine 

monohydrate volumes (i.e., 4, 6, 8 and 10%) led to a gradual decrease in the observed 

reaction rates, although they were still considerably faster than that obtained with the 

untreated NSs. These trends could be quantitatively confirmed by comparing the overall 
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catalytic activity of the different MoS2 samples, which was calculated as the number of moles 

of 4-NP converted per mole of MoS2 catalyst used per unit time. The results are plotted in 

Fig. 4c, where the most efficient hydrazine-treated samples were seen to be more active than 

their non-treated counterpart by a factor of about 3–4 (e.g., 6.6 h
-1

 for MoS2-2% vs 1.8 h
-1

 for 

untreated MoS2). Such an improved activity made these 2H-phase NSs to be on a par with, or 

even significantly outperform, 1T-phase 2D MoS2 as well as other catalysts based on non-

noble metal nanoparticles previously investigated for nitrophenol reduction (see Table S1 in 

the ESM for a comparison of catalytic activity values). 

 We note that the plateau region in the kinetic profiles was associated to a finite 

absorbance value (around 0.4–0.5), which was not due to the presence of unreacted 4-NP but 

mostly originated from the MoS2 NSs themselves, as the latter exhibit strong absorption at 

400 nm (see Fig. 2b). Indeed, the absorbance measured for a MoS2 dispersion having the 

same concentration as that used in the catalytic tests (i.e., ~7 g mL
-1

) was about 0.5. In the 

absence of any MoS2 in the reaction mixture, a constant kinetic profile was recorded (also 

plotted in Fig. 4b), indicating that no reduction of 4-NP was taking place, as expected. When 

the MoS2 dispersion used for the catalytic tests was replaced by the supernatant solution 

resulting from sedimentation of the NSs via centrifugation, constant kinetic profiles were 

obtained as well. This suggested that the MoS2 NSs were the actual catalyst for the process, 

rather than any possible molecular species that could have leached from the NSs. Although 

not shown in Fig. 4b, an initial induction period of a few to several minutes was usually 

observed in the recorded profiles (see Fig. S3a in the ESM), during which the absorbance 

value remained constant or changed very little. Such an induction period was attributed to 

oxidation of the reaction product back to 4-NP by oxygen molecules dissolved in the reaction 

solution. Support for this assignment is provided in section S3.1 of the ESM.   
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 The results of the catalytic tests reported in Fig. 4b and c for the different 2D MoS2 

samples were obtained in all cases using bare, uncapped NSs. While such conditions afforded 

the intrinsic activity of the catalysts to be determined without the possible interference of 

foreign adsorbed species [61], their practical utility was compromised by the limited colloidal 

stability of the bare 2D material in the aqueous reaction medium. To conduct the investigated 

catalytic reactions, a simple protocol (see Materials and Methods section for details) was first 

applied to transfer the untreated and hydrazine-treated MoS2 NSs from isopropanol, where 

they formed stable colloidal dispersions on their own, to water. In the latter medium, and at 

the low concentrations used for the catalytic experiments (< 0.01 mg mL
-1

), the bare NSs 

were colloidally stable only within a narrow time interval of several hours [62,63], after 

which the material started to form visible aggregates. Hence, to avoid the negative effects of 

NS agglomeration on the catalytic activity, the tests were run immediately after the MoS2 

material was transferred to the aqueous phase, the results of which are reported in Fig. 4b and 

c. Likewise, as could be anticipated, the measured catalytic activity values were seen to 

decrease substantially when the experiments were run several hours after the catalyst was 

transferred to the aqueous phase. 

 To circumvent these problems and attain 2D MoS2 catalysts with sustained activity in 

water, the transferred NSs were colloidally stabilized by the use of a proper dispersing agent. 

Among the known range of dispersants/surfactants for MoS2 NSs [64], we selected guanosine 

monophosphate (GMP), which has been recently shown to act as an effective stabilizer of 

TMDs (including MoS2) [41]. Compared to other dispersants, a particularly attractive feature 

of this RNA nucleotide rests on its ability to colloidally stabilize the NSs at relatively low 

GMP/MoS2 mass ratios, and hence the use of GMP should be less conducive to interfering 

with the catalytic reactions. Fig. 5 shows representative kinetic profiles (a) and corresponding 

catalytic activity values (b) for the reduction of 4-NP with the different GMP-stabilized MoS2 
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samples, denoted as GMP-MoS2 (untreated NSs) and GMP-MoS2-x% (hydrazine-treated 

NSs). Again, the latter outperformed their untreated counterpart in terms of reaction rates, but 

in this case the most efficient samples were those prepared with a larger amount of hydrazine, 

i.e., samples GMP-MoS2-4% and GMP-MoS2-6% in Fig. 5b vs sample MoS2-2% in Fig. 4c. 

 Such a result is reasonable considering that GMP molecules adsorbed onto the MoS2 NSs 

probably hinder access of the reactants to surface sulfur vacancies, which are regarded the 

main catalytic active sites in the material. GMP itself does not possess any catalytic effect, as 

shown by the flat kinetic profile obtained for a blank experiment performed in the absence of 

MoS2 NSs but in the presence of GMP (violet trace in Fig. 5a). According to previous work, 

this nucleotide adsorbs preferentially at sulfur vacancy sites on the MoS2 surface due to 

specific interactions of acid-base type between its nucleobase moiety and the vacancy [41], 

which in turn should impair the catalytic activity of the latter, at least in the case of isolated 

single vacancies. More specifically, for NSs having low vacancy densities (i.e., those treated 

with small amounts of hydrazine), a significant fraction of their vacancies are expected to be 

blocked by adsorbed GMP, yielding catalytic activity values below those of their bare NS 

counterparts. On the other hand, as the vacancy density is increased (NSs treated with 

increasing amounts of hydrazine), the blocking effect of GMP on the newly added vacancies 

will probably vanish. This is because the extra vacancies will tend to form next to pre-existing 

ones [43], and therefore their blockage by adsorbed nucleotide molecules will be likely 

inhibited by electrostatic (and possibly also steric) repulsion from GMP molecules already 

adsorbed at adjacent, pre-existing vacancies. As a result, the catalytic activity of the GMP-

stabilized MoS2 NSs can be expected to peak for more extensive hydrazine treatments relative 

to the case of the bare NSs, as it was indeed the case (compare Figs. 4c and 5b). What is quite 

remarkable, however, is that the highest catalytic activity values afforded with the GMP-

stabilized NSs (sample GMP-MoS2-4%) were very similar to those achieved with the bare 
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material (sample MoS2-2%), implying that the improvements in catalytic performance 

attainable by hydrazine treatment were not compromised by the presence of the GMP 

dispersant.  

 The substantially improved catalytic activity of hydrazine-treated MoS2 NSs was not 

restricted to 4-NP reduction. Indeed, similar effects were observed for the reduction of 4-

nitroaniline (4-NA) as well as the organic dyes methyl orange (MO) and methylene blue 

(MB), which demonstrated more generally the benefits of the present MoS2 activation 

strategy in this type of reduction reactions (more examples of nitroarene reduction reactions 

catalyzed by these materials are given in fig. S8 in the ESM). Such benefits are illustrated in 

Fig. 6, where the kinetic profiles recorded for the GMP-stabilized, untreated MoS2 NSs 

(sample GMP-MoS2) are compared with those of sample GMP-MoS2-4% for the different 

reactions: 4-NA (a), MO (b) and MB (c). The chemical structures and UV-vis absorption 

spectra of these compounds and their reduced counterparts are given in Fig. S4 of the ESM. 

Fig. S5 shows the temporal evolution of the whole UV-vis absorption spectra of the catalytic 

media of the reduction of the four substrates using GMP-MoS2-4% as catalyst. Likewise, as 

exemplified in Fig. 6d for sample GMP-MoS2-4% and the MO dye, the colloidally stabilized 

catalysts could be reutilized several times without experiencing a large decline in their 

activity. Indeed, similar to a previous study with 1T-phase MoS2 NSs [11], the measured 

activity increased in the second reaction cycle and then monotonously decreased in 

subsequent cycles. Although the origin of such a behavior is not understood at present, this 

result demonstrated both the positive effect of the GMP dispersant and the overall stability of 

the NSs as an active catalyst (see Fig. S7 and the corresponding text in the ESM for 

information on the effect of the amount of GMP on the recyclability of the catalyst).  

 As stated above, the enhanced catalytic performance of the hydrazine-treated NSs was 

attributed to the introduction of surface sulfur vacancies in the MoS2 lattice, which would act 
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as highly active catalytic sites for the investigated reduction reaction. Such a hypothesis was 

reasonable because sulfur vacancies are known to behave as local electron donors in MoS2 

[43,65], a feature that should be generally conducive to facilitating electron transfer processes 

in redox reactions, like those investigated here. This conclusion would be in line with 

previous work that pointed to the donor properties of molybdenum centers in MoS2 as being 

highly relevant to the catalytic activity of the material in, e.g., hydrodesulfurization reactions 

[66]. In that prior case, the greater local availability of electrons at the Fermi level that is 

associated to the exposed (undercoordinated) molybdenum center next to a sulfur vacancy 

was concluded to be a main driver of its high catalytic activity, and a similar mechanism can 

be arguably invoked for the present case. Moreover, the same reasoning can be applied to 

account for the catalytic activity of edges, which are believed to be the main active sites in 

MoS2 NSs lacking sulfur vacancies and other basal plane defects, both for nitroarene 

reduction [41] and HER [9]. These edges usually possess a metallic character [67,68], 

implying that they are richer in electron density at the Fermi level than the semiconducting, 

defect-free basal planes, which in turn should favor electron transfer processes in catalyzed 

reactions. Consistent with these ideas, very recent work has determined sulfur vacancies and 

certain edge terminations to be the main catalytic active sites for nitroarene reduction with H2 

using a similar TMD material, namely, nanostructured WS2 [69].  

 The hydrazine-treated samples obtained by the present protocol became also more active 

towards the electrochemical HER. This was apparent from linear sweep voltammograms 

recorded in 0.5 M H2SO4 solution for different bare MoS2 NSs that were deposited onto 

glassy carbon electrodes (Fig. S9 of the ESM). Lower onset potentials (in absolute value) 

were measured for the hydrazine-treated samples relative to their untreated counterpart, 

demonstrating the improved activity of the former. We ascribed such improvement to the 

introduction of sulfur vacancies in the MoS2 NSs. 
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 Attribution of the improved catalytic activity of our hydrazine-treated NSs to the 

generation of sulfur vacancies was supported through experiments whereby these defects 

became deactivated by a well-known passivation method that relies on their reaction with 

alkanethiols [70–72]. Although the exact mechanism and products of the alkanethiol-sulfur 

vacancy interaction in MoS2 are still debated, it is widely agreed that the overall result is the 

passivation of the vacancy by way of its filling with the sulfur atom from the thiol [73,74], 

which in turn should lead to its deactivation as a catalytic site. To probe into this idea, MoS2 

NSs dispersed in isopropanol that had been previously treated with 4% hydrazine 

monohydrate were reacted with 1-pentanethiol (see Materials and Methods section for 

details). Fig. 7a shows kinetic profiles recorded for NSs modified with the alkanethiol as well 

as for unmodified NSs taken as a reference (sample GMP-MoS2-4%). Much slower reaction 

rates were measured with the thiol-modified NSs, thus confirming that the sulfur vacancies 

act as the main catalytic active sites (see Fig. S10 in the ESM and the accompanying text for 

additional support for such attribution). 

 An issue of relevance in the activation of MoS2 NSs towards the investigated reduction 

reactions concerned the fact that the actual extent of catalytic activation depended sensitively 

on the intensity of the hydrazine treatment, those of intermediate intensity being the most 

effective. This was apparent from the observation that the catalytic activity values peaked for 

treatments with hydrazine hydrate volume ratios of 2–4% (Figs. 4 and 5) and decreased when 

larger ratios were used. Proper treatment temperatures were also required to optimize the 

activation of the NSs. The results reported here were obtained with NSs exposed to hydrazine 

at 70 ºC. However, catalysts prepared at room temperature exhibited a lower activity (e.g., 

sample GMP-MoS2-4%-RT in Fig. 7b), being indeed akin to that of the untreated NSs, which 

suggested that no or very few sulfur vacancies were generated under such conditions and thus 

agreed with the lack of gas bubble evolution noted above in this case. The use of higher 
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treatment temperatures, such as 150 ºC, did not significantly improve the catalytic behavior, 

as was noticed for the corresponding sample obtained at 150 ºC (i.e., GMP-MoS2-4%-150 in 

Fig. 7b). 

 With a view to facilitating their recovery and further use in subsequent catalytic cycles, 

the activated MoS2 NSs were immobilized onto commercial melamine foam by a simple 

procedure, namely, the foam was soaked into an isopropanol dispersion of a given MoS2 

sample (e.g., MoS2-2%) and then dried (see Materials and Methods section for details). 

Compared to the white color of the starting foam (Fig. 8a, inset), the MoS2-treated foam 

displayed an olive green tone (Fig. 8b, inset), suggesting a successful incorporation of the 

NSs. Indeed, as revealed by field-emission scanning electron microscopy (FE-SEM) imaging, 

the smooth and featureless surface typical of the original melamine scaffold (Fig. 8a) became 

rough and NS-decorated after exposure to the MoS2 dispersion (Fig. 8b and c). As could be 

anticipated, while the neat foam was catalytically inactive, its MoS2 NS-coated counterpart 

was able to catalyze, e.g., the reduction of 4-NP. After reaction completion, the foam could be 

readily removed from the solution, washed with water and re-used. Fig. 8d shows the 

evolution of the catalytic activity of the foam coated with MoS2-2% NSs for consecutive 

cycles of 4-NP reduction, where a substantial retention of the activity was achieved. 

 

3.3. Rationalizing the catalytic activity of sulfur vacancies in MoS2 for nitroarene/organic dye 

reduction: proposal of a reaction mechanism 

 The results presented in the previous section allow us to draw two main conclusions. 

First, as postulated above, to make the most of sulfur vacancy engineering to activate MoS2 

NSs for this type of reduction reactions, the treatment conditions need to be carefully tuned. 

In particular, relatively harsh treatments leading to extensive NS modification should be 

avoided, as they do not generally result in catalysts with optimum performance. Second, the 
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most active catalysts appear to be those having intermediate concentrations of sulfur 

vacancies, rather than those with the highest concentrations as could be a priori assumed. We 

note that this behavior was similar to that previously reported for the electrochemical HER 

with sulfur vacancy-decorated MoS2, which was rationalized by relying on the free energy of 

hydrogen adsorption (ΔGH) as an accurate descriptor for predicting the HER activity of these 

and other catalysts [42,51]. ΔGH turned out to be zero or very close to zero (i.e., the most 

favorable for HER) for intermediate sulfur vacancy concentrations (~13–15% sulfur atoms 

missing from a monolayer), while lower (higher) concentrations yielded positive (negative) 

values of ΔGH. Our hydrazine-treated NSs revealed an analogous trend towards the HER, in 

that the activity peaked for sample MoS2-6% but was lower for both more and less 

extensively treated samples (see Fig. S9 in the ESM). In this case, such a trend can also be 

reasonably ascribed to the effect of increasing sulfur vacancy concentration that is attained 

with increasing intensity of hydrazine treatment. 

 It can be argued that the catalytic activity trends for the reduction reactions with NaBH4 

reported here are the result of hydrogen operating as the actual reducing agent. This would not 

be an unlikely prospect: in aqueous solution, the    
  -

 anion hydrolyzes spontaneously to 

give H2 molecules as one of its reaction products [75,76]. Prior work has indicated that the H2 

molecule undergoes dissociative adsorption at sulfur vacancies in MoS2 [77,78], so that the 

resulting adsorbed H atoms could in principle react with a nitroarene/dye molecule to trigger 

its reduction. In this scenario, the ability of the H atoms to combine with nitroarene/dye 

molecules at the vacancy sites would be at least partly dictated by the ΔGH parameter, 

therefore leading to catalytic activity trends that would roughly mirror those characteristic of 

HER. However, such a reduction reaction will most probably be inhibited by the fast 

recombination of the adsorbed H atoms into H2 molecules, which is a very favorable process 

at the catalytic sites of MoS2 (i.e., the Tafel step of HER) [5,9]. Indeed, we have previously 
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shown that neither H2 nor the    
  anion itself actually function as the reductant in the 

hydrogenation of nitroarenes with NaBH4 using MoS2 catalysts, but instead that role is played 

by an intermediate hydrolysis product, i.e. the BH3OH
-
 anion, which is readily oxidizes 

[11,79]. Also, recent theoretical calculations have revealed that the strength and geometry of 

adsorption of nitroarenes on WS2 catalysts, which should have a direct impact on their 

hydrogenation rates, are highly dependent on the concentration of sulfur vacancies [69], so a 

similar effect can be expected for MoS2. Hence, the specific configuration of the sulfur 

vacancies on the MoS2 surface (e.g., low vs high concentration, single vacancy vs 

multivacancy, evenly distributed vs clustered vacancies) should dictate the availability of the 

nitroarene/dye and BH3OH
-
 species (or some of their key intermediate products) at such 

catalytic active sites by determining their adsorption strength and geometry. Such different 

vacancy configurations should therefore result in different rates for the reduction reaction, as 

it was indeed observed here. 

 As to the actual reduction mechanism occurring at the active sites of the MoS2 NSs, the 

following can be put forward as a plausible pathway for the specific case of 4-NP, which is 

also schematically depicted in Fig. 9. First, in the basic medium of the reaction, the BH3OH
-
 

species is oxidized at a sulfur vacancy site on the MoS2 surface with the assistance of 

hydroxide anions, to release the metaborate anion (BO2
-
), water, hydrogen and electrons 

[reaction (1) in Fig. 9] [80]. While BO2
-
 is most certainly inactive as a reductant and thus will 

not participate in the hydrogenation of 4-NP [11], the generated hydrogen can be activated by 

the released electrons to give a negatively charged hydride (H
-
) [81], which would be 

adsorbed at the sulfur vacancy [reaction (2)]. Indeed, prior studies have shown that the H
-
 

species is very unstable, and thus cannot form, on the surface of defect-free MoS2, but 

becomes stabilized at sulfur vacancies by transferring excess electron charge to their 

neighboring unsaturated molybdenum atoms [82]. As a highly active moiety, the vacancy-



26 
 

anchored, negatively charged hydride should readily trigger the hydrogenation of the nitro 

group in the 4-NP molecule through the well-known three-step sequence [21,83]; i.e., the 

nitro group is first converted to the nitroso group [reaction (3)], which is then reduced to a 

hydroxylamine species [reaction (4)] and finally to the amino group [reaction (5)]. In the 

overall reaction (illustrated graphically in Fig. 9), two BH3OH
-
 anions combine with one 4-

NP molecule to yield two BO2
-
 anions, three H2 molecules and one 4-AP molecule. The same 

mechanism should apply in the case of other nitroarenes, such as 4-NA, 2-NA and 

nitrobencene (see Figs. S4a and S8 in the ESM). For the reduction of other organic molecules 

(e.g., the dyes MO and MB; see Fig. S4b and c), the generation of highly active hydride 

species at the sulfur vacancy sites by way of reactions (1) and (2) in Fig. 9, which would 

subsequently trigger hydrogenation of the substrate, should also be applicable. 

 Under the proposed mechanism, the catalytic activity of a MoS2 NS would be largely 

determined by the availability of stable adsorption sites for the H
-
 species. For a sulfur 

vacancy-free NS, the pristine basal plane would be inert and only the edges would be 

expected to exhibit some activity, as the latter also possess unsaturated molybdenum atoms 

where the hydride could be stabilized. When sulfur vacancies are introduced in the NS, stable 

adsorption sites become available at its basal plane, which should result in a catalyst with a 

higher overall activity, as it was indeed observed here. Furthermore, the degree of 

stabilization of the hydride at the vacancies, and thus the actual contribution of these defects 

to the increased catalytic activity, should depend on the specific vacancy configuration as 

outlined above (i.e., vacancy concentration, spatial distribution and/or type). Thus, MoS2 NSs 

with different vacancy configurations (generated, e.g., by hydrazine treatments of varied 

intensity) can be expected to possess distinct catalytic activities. Although the detailed atomic 

structure of the vacancy defects in our hydrazine-treated samples remains unknown at this 

time, making it difficult to understand the ultimate cause of their different activities, we note 
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that sample MoS2-10% displayed a weaker EPR signal than that of sample MoS2-4% (Fig. 

3e). This implies that the former should possess a smaller number of unsaturated molybdenum 

atoms and, according to the above mechanism, a smaller number of sites for hydride 

stabilization than the latter. Consequently, it should exhibit a lower catalytic activity, which 

was indeed in agreement with our results (Fig. 4c). 

 

4. Conclusions 

 An effective strategy for the wet-chemical activation of two-dimensional MoS2 NSs 

towards the catalytic reduction of nitroarenes (4-nitrophenol, 4-nitroaniline) and organic dyes 

(methyl orange, methylene blue) has been demonstrated. Such an activation relied on the mild 

treatment of solvent-dispersed NSs with hydrazine, which was thought to trigger the 

generation of sulfur vacancies on their surface as highly active catalytic sites for the 

investigated reduction reactions. By carefully controlling the treatment conditions (mainly, 

the amount of hydrazine used and choice of a moderate treatment temperature), activated NSs 

having catalytic activities for nitroarene/dye reduction with NaBH4 ~3-4 times higher than 

that of their untreated counterpart could be obtained, with values that were among the highest 

ever reported using non-noble metal-based catalysts. The poor colloidal stability of the bare 

MoS2 NSs in aqueous medium, which was highly detrimental to their sustained catalytic 

performance, could be overcome by resorting to a proper dispersant, namely, the RNA 

nucleotide guanosine monophosphate. Significantly, the use of this stabilizer did not critically 

compromise the catalytic activity of the hydrazine-treated NSs. The activated NSs could also 

be immobilized onto melamine foam, thus facilitating their handling and re-utilization as 

demonstrated by their sustained activity in consecutive catalytic cycles. The central role 

played by sulfur vacancies in enhancing the catalytic performance of the hydrazine-treated 

MoS2 NSs was made apparent by passivating such defects with alkylthiol molecules, which 
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led to substantially deactivated catalysts. Finally, a mechanism for the reduction of 

nitroarenes/dyes with NaBH4 at the activated MoS2 NSs, which relied on the formation and 

stabilization of hydride species at sulfur vacancy defects, was proposed and discussed. 

Overall, the present work should strengthen the prospects of two-dimensional MoS2 as a 

competitive and inexpensive catalyst for use in industrial reactions of environmental 

relevance (e.g., treatment of wastewater effluents polluted by nitroarenes and/or dyes). 
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Figure Captions 

 

Figure 1. Generation of sulfur vacancies in MoS2 nanosheets. Isopropanol-dispersed 

MoS2 nanosheets are reacted with hydrazine in at 70 ºC to generate sulfur vacancies on 

their surface. 

 

Figure 2. Characterization of the starting MoS2 nanosheets. (a) Digital photograph 

of MoS2 dispersion obtained in isopropanol and (b) its corresponding UV-vis absorption 

spectrum. The excitonic bands A, B, D and D characteristic of 2H-phase phase MoS2 

are indicated. (c) Typical AFM image of MoS2 flakes deposited from their dispersion. A 

representative line profile (black line) taken along the marked white line is shown 

overlaid on the image. (d) Representative STEM image recorded for MoS2 flakes. 

Histograms of nanosheet (e) lateral size and (f) layer number. (g) Background-

subtracted, high resolution XPS Mo 3d spectrum and (h) Raman spectrum of a MoS2 

film drop-cast from dispersion. The main bands of the spectra in g and h are labeled for 

clarity. 

 

Figure 3. Characterization of the hydrazine-treated MoS2 nanosheets. High 

resolution TEM images of: (a) the starting exfoliated material, and (b) MoS2-4% and (c) 

MoS2-10%. (d) S/Mo atomic ratio calculated from XPS data for the different materials 

versus the amount of hydrazine monohydrate used for their preparation. (e) 

Representative first-derivative X-band EPR spectra of the bulk, non-exfoliated MoS2 

powder (gray trace), starting MoS2 nanosheets (black trace) as well as MoS2-4% (red 

trace) and MoS2-10% (blue trace). 
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Figure 4. Hydrazine-treated, solvent-exfoliated MoS2 nanosheets as catalysts for 4-

NP reduction. (a) Chemical structure and UV-vis spectra of 4-NP (gray trace), 4-

nitrophenoxide ion (orange trace), and 4-aminophenoxide ion (violet trace). (b) Typical 

kinetic profiles using the starting MoS2 nanosheets (black trace), MoS2-1% (gray trace), 

MoS2-2% (orange trace), MoS2-4% (red trace), MoS2-6% (green trace), MoS2-8% (cyan 

trace), and MoS2-10% (blue trace) as catalyst for the reduction of 4-NP. The kinetic 

profile of a blank experiment (no catalyst added) is also included (violet trace). (c) 

Catalytic activity values of the different MoS2 materials, which were calculated as the 

number of moles of 4-NP converted per mole of MoS2 catalyst per unit time. 

 

Figure 5. GMP-stabilized MoS2 nanosheets as catalysts for 4-NP reduction. (a) 

Representative kinetic profiles using GMP-MoS2 (black trace), GMP-MoS2-1% (gray 

trace), GMP-MoS2-2% (orange trace), GMP-MoS2-4% (red trace), GMP-MoS2-6% 

(green trace), GMP-MoS2-8% (cyan trace), and GMP-MoS2-10% (blue trace) as catalyst 

for the reduction of 4-NP. The kinetic profile of a blank experiment in the absence of 

MoS2 NSs but in the presence of GMP (violet trace) is included for comparison. (b) 

Catalytic activity values of the different MoS2 materials.  

 

Figure 6. GMP-stabilized MoS2 nanosheets as catalysts for different reduction 

reactions. Kinetic profiles for the reduction of (a) 4-nitroniline, (b) methyl orange, and 

(c) methylene blue using GMP-MoS2 (black trace) and GMP-MoS2-4% (red trace) as 

catalyst. The kinetic profile for the reduction in the absence of catalyst (blank 

experiment) is also included (violet trace). (d) Reusability experiments of GMP-MoS2-

4% catalyst in the reduction of MO. 
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Figure 7. Further insight into the catalytic activity of hydrazine-treated, solvent-

exfoliated MoS2 nanosheets. (a) Kinetic profiles recorded for 4-NP reduction using 

GMP-MoS2-4% (red trace), GMP-MoS2-4% modified with pentanethiol (black trace), 

as well as (b) GMP-MoS2-4%-RT (brown trace) and GMP-MoS2-4%-150 (blue trace) 

as catalysts. 

 

Figure 8. Melamine foam-supported MoS2 nanosheets as catalyst. (a–c) SEM 

images of (a) the neat, non-coated melamine foam and (b,c) melamine foam coated with 

MoS2. Insets to a and b: digital photographs of cubes with 1 cm edge of the 

corresponding foams. (d) Reusability experiments of melamine foam-supported MoS2 

nanosheets  in  the catalytic reduction of 4-NP. 

 

Figure 9. Reduction mechanism of 4-NP at the active sites of the MoS2 nanosheets. 

Reaction (1): the hydrolysis product of NaBH4, i. e., BH3OH
-
 anion is oxidized at a 

sulfur vacancy site on the MoS2 surface with the assistance of hydroxide anions from 

the basic medium of the reaction, to release metaborate anion (BO2
-
), water, hydrogen 

and electrons. Reaction (2): the generated hydrogen is activated by the released 

electrons to give a negatively charged hydride (H
-
), which adsorbs at the sulfur vacancy. 

The negatively charged hydride triggers the hydrogenation of the nitro group in the 4-

NP molecule through the following three-step sequence: the nitro group is first 

converted to the nitroso group [reaction (3)], which is then reduced to a hydroxylamine 

species [reaction (4)] and finally to the amino group [reaction (5)]. The overall reaction 

is illustrated at the bottom. 


