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Abstract 

The production of MoS2 nanosheets by electrochemical exfoliation routes holds great 

promise as a means to access this two-dimensional material in large quantities for 

different practical applications. Yet, the use of electrolytes based on synthetic organic 

salts and solvents, as well as issues related to the unwanted oxidation and/or phase 

transformation of the exfoliated nanosheets, constitute significant obstacles that hinder 

the industrial adoption of the electrochemical approach. Here, we introduce a safe and 

sustainable method for the cathodic delamination of MoS2 that makes use of aqueous 

solutions of very simple and widely available salts, mainly KCl, as the electrolyte. 

Combined with an appropriate biomolecule-based solvent transfer protocol, such an 

electrolytic exfoliation route is shown to afford colloidally dispersed, oxide-free and 

phase-preserved MoS2 nanosheets of a high structural quality in considerable yields. The 

mechanisms behind the efficient aqueous delamination of the bulk MoS2 cathode are also 

discussed and rationalized on the basis of the penetration of hydrated cations from the 

electrolyte between its layers and the immediate reduction of the accompanying water 

molecules. An asymmetric supercapacitor assembled with a cathodic MoS2 nanosheet-

single walled carbon nanotube hybrid as the positive electrode and activated carbon as 

the negative electrode delivered energy densities (e.g., 26 W h kg-1 at 750 W kg-1 in 6 M 

KOH) that were competitive with those of other MoS2-based asymmetric devices. When 

used as a catalyst for the reduction of nitroarenes, the present cathodically exfoliated 

nanosheets exhibited one of the highest activities reported so far with MoS2 

nanostructures, the origin of which is accounted for as well. Overall, by facilitating access 

to this two-dimensional material through a particularly simple, efficient and cost-effective 

technique, these results should expedite the practical implementation of MoS2 nanosheets 

in energy, catalysis and beyond. 

 

Keywords: Two-dimensional (2D) material; transition metal dichalcogenides (TMDs); 

MoS2; electrochemical exfoliation; energy storage; catalysis 
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1. Introduction 

 The experimental isolation of graphene in 2004 and the subsequent discovery of its 

exceptional physical properties heralded a new era in materials research that to this day 

has been increasingly dominated by the broader family of two-dimensional (2D) solids.1 

In these materials, the spatial confinement of electrons and the large surface area available 

for interaction with the surrounding environment are the main drivers of novel and 

emerging characteristics that are generally absent from their three-dimensional 

counterparts, thus constituting the basis for their prospective use in many relevant 

technological applications.1 While most research efforts on 2D materials were originally 

focused on graphene and its derivatives (e.g., graphene oxide), in recent years other 

members from this family have gained prominence on their own merit. This is particularly 

the case of layered transition metal dichalcogenides (TMDs), with MoS2 being their most 

archetypal example.2,3 Similar to graphite, bulk MoS2 can be downsized to the 2D level 

to give single- or few-layer sheets that boast distinct and attractive properties, as well as 

a strong application potential in, e.g., electronics and optoelectronics,4 energy conversion 

and storage,5 catalysis6 and photocatalysis,7 chemical sensing8 or biomedicine.9 

 As is usually the case with any novel material, the actual prospects of implementing 

2D MoS2 (as well as other TMDs) in real-life applications will critically depend on the 

availability of efficient and affordable strategies for the production of such a material in 

sufficient quantities and with targeted characteristics. Drawing again a parallel to the case 

of graphite/graphene, we note that both bottom-up and top-down (i.e., exfoliation) 

approaches have been explored for the preparation of different types of 2D MoS2.
1,3,10 

The former mostly include chemical vapor deposition and epitaxial growth methods that 

yield large-area, high quality wafers of 2D MoS2 useful in (opto)electronic applications.11 

However, the need of costly (high temperature/high vacuum) equipment, suitable growth 

substrates and the relatively complex steps for the transfer of the 2D MoS2 from the 

growth to the target substrate limits the potential of such methods towards large-scale 

implementation. On the other hand, strategies based on the exfoliation of the bulk layered 

solid are probably a better option when micrometer- and submicrometer-sized nanosheets 

(NSs) of MoS2 are required in considerable amounts (e.g., in many energy-, catalysis- and 

biomedicine-related applications).12,13 

 So far, two main exfoliation routes have been extensively investigated to access 2D 

MoS2 nanosheets in large quantities: (1) exfoliation induced by ultrasound or shear forces 

in organic solvents or water/surfactant solutions,12–14 and (2) exfoliation triggered by 
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lithium intercalation using organolithium compounds (e.g., n-butyllithium).3,13,15,16 

Nonetheless, both techniques are not without their own limitations. For example, while 

ultrasound- and shear force-induced methods are easy to implement and give few- and 

several-layer thick NSs of a high structural quality, they generally suffer from low 

exfoliation yields (< 5 wt%). By contrast, the lithium intercalation approach usually 

affords single-layer NSs in high yields (> 50 wt%), but it has to be carried out under 

stringent conditions (i.e., in the absence of oxygen and humidity). Also, such an 

intercalation causes a frequently unwanted transition from the original semiconducting 

2H phase of MoS2 to the metallic 1T´ phase. Although this transition can be reversed by 

different means,15,16 it is usually associated to the generation of large numbers of defects 

and imperfections in the lattice (tears, pinholes, vacancies, etc) that cannot be readily 

healed. 

 Recently, electrochemical exfoliation has emerged as an alternative top-down 

approach for the production of MoS2 NSs towards different applications.17,18 Such an 

approach boasts the merits of simplicity and ease of operation, alacrity and scalability, 

and it is based on the application of a DC bias voltage to a bulk MoS2 sample (working 

electrode) in an electrolytic solution to drive the intercalation of either cations (cathodic 

exfoliation) or anions (anodic exfoliation) and thus trigger the expansion and 

delamination of the electrode. Cathodic exfoliation has been typically accomplished using 

lithium salts (e.g., LiPF6, LiClO4 or LiCl) in organic solvents (ethyl/dimethyl carbonate 

mixtures or dimethylsulfoxide) as the electrolytic medium,19–22 but the electrochemical 

intercalation of lithium also induces at least a partial 2H to 1T´ phase transition in MoS2. 

This issue has been very recently circumvented by replacing lithium by 

tetraalkylammonium salts.23,24 Still, the use of organic solvents (as opposed to water) as 

well as of relatively complex and expensive organic salts constitute a barrier for this 

method to become a competitive option in the industrial production of MoS2 NSs. On the 

other hand, anodic exfoliation (or a combination of anodic and cathodic treatment) has 

been carried out in aqueous electrolytes using simple, sulfate-based salts (e.g., 

Na2SO4).
25,26 However, the exfoliation yields tend to be low to moderate (5–9 wt%)25 and 

the generation of highly reactive oxygen species that is associated to such operating 

conditions promotes a substantial oxidation of the resulting NSs, thus compromising their 

attractive properties and performance in applications. 

 To overcome the current drawbacks and limitations of electrochemical exfoliation 

and make this method truly competitive and viable for the large-scale fabrication of 2D 
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MoS2 NSs, electrolytic routes that are particularly simple, efficient, affordable and 

sustainable will be needed. More specifically, such routes should fulfill a number of 

important requirements: (1) For safety, sustainability and economic reasons, exfoliation 

should be performed in water with readily available and inexpensive electrolytes. (2) To 

preserve the structural integrity of the lattice, and hence the properties of the 

corresponding 2D material, the electrolytic process should be able to avert any oxidation 

or phase transformation of the MoS2 material. (3) For efficiency and processability 

reasons, substantial exfoliation yields should be attained and the exfoliated products 

should be easy to disperse in proper solvents, thus facilitating the preparation of MoS2-

based materials and devices. At present, none of the state-of-the-art electrochemical 

exfoliation strategies satisfies all these conditions. 

 Here, we report an electrochemical exfoliation route for MoS2 that meets the above-

mentioned requirements. More to the point, we demonstrate that using aqueous KCl 

solutions as the electrolytic medium, a fast and efficient cathodic delamination of bulk 

MoS2 is possible. Furthermore, by way of a simple biomolecule-based protocol, the as-

exfoliated products can be transferred to appropriate solvents (isopropanol, water, etc) 

with considerable yields (up to ~30 wt%), giving colloidal dispersions of oxide-free NSs 

of a high structural quality and retained phase that are readily processable for different 

practical purposes. These cathodically exfoliated MoS2 NSs exhibit a competitive 

performance when used as an electrode material for asymmetric supercapacitors (e. g., 

energy density of 26 W h kg-1 at a power density of 750 W kg-1) and also demonstrate an 

enhanced catalytic activity in the reduction of nitroarenes. Overall, by tackling several 

limitations associated to the known methods for electrochemical exfoliation of MoS2, we 

believe that the present results will lower the barriers of industrial access to this 2D 

material for use in energy, catalysis and beyond. 

 

2. Results and discussion 

2.1. Cathodic exfoliation of MoS2 in water with alkali metal ions: general aspects and 

exfoliation yields 

 In the search of an electrochemical exfoliation protocol for MoS2 that can be 

potentially up-scaled, a number of stringent requirements should be met, which include 

working with readily available and inexpensive aqueous electrolytes, avoiding any 

substantial oxidation, phase transformation or structural degradation of the lattice, and 

attaining processable 2D NSs in competitive yields. Due to the propensity of MoS2 to 
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oxidize under varied conditions,27,28 the application of anodic potentials toward 

exfoliation in water should be ruled out. Such conditions are expected to generate highly 

reactive oxygen species (e.g., ·OH radicals) from the anodic oxidation of water 

molecules, which would readily attack the MoS2 electrode and lead eventually to the 

formation of molybdenum oxide particles and to etching of the material.29 Oxidation 

issues are avoided in the intrinsically reductive environment associated to cathodic 

exfoliation, but in this case structural (phase) transformations of the MoS2 material could 

be also of concern due to an excessive injection of electrons into the lattice, as it is the 

case when using lithium salts in organic solvents as the electrolyte.19,21,24 It is then 

apparent that the selection of a suitable salt for cathodic exfoliation in water (i.e., a 

suitable intercalating cation) will be a critical aspect in the way of fulfilling the above-

mentioned requirements. Working with organic ammonium salts (e.g., 

tetraalkylammonium halides) could offer a solution to the problem of phase 

transformation,24 but their synthetic nature and relatively limited availability could be an 

obstacle to their widespread implementation. 

 As an alternative to lithium- and alkylammonium-based salts, we hypothesized that 

common salts of heavier alkali metals, such as NaCl or KCl, could be effective 

electrolytes for aqueous cathodic exfoliation. Both NaCl and KCl are widely available 

and inexpensive commodities (used as, e.g., table salt for human consumption), as well 

as highly soluble in water. Furthermore, the larger size of the Na+ and K+ cations (~0.19 

and 0.26 nm, respectively) compared to Li+ (~0.12 nm)30 could in principle limit the 

number of such ions that get packed in the host MoS2 lattice by intercalation, and so the 

number of electrons injected. As a result, the use of Na- or K-based electrolytes could be 

less conducive to phase transformations of the lattice.24 To probe this hypothesis, we 

carried out cathodic exfoliation tests in a two-electrode configuration, using MoS2 pieces 

(~5×5×0.5 mm3 in size) as the working electrode, platinum foil as the counter electrode 

and aqueous KCl solutions as the electrolytic medium [Fig. 1a; see Supporting 

Information (SI) for details on the experimental procedure]. Upon application of a 

negative voltage to the MoS2 working electrode, the latter was seen to progressively swell 

and fan out starting from its free, submerged end. Visually, the extent of swelling and 

expansion of the MoS2 piece clearly depended on both the magnitude of the applied 

cathodic voltage and the electrolyte concentration. Voltages of -10 V and below were 

required to induce substantial expansion of the cathode. At KCl concentrations in the 0.1–

1 M range, such an expansion was relatively moderate, but it became much stronger at 2 
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and 4 M KCl, thus indicating the key role of the K+ ion in the delamination process [see 

Fig. 1b and c for examples of initial (b) and expanded (c) MoS2 pieces]. The expansion 

of the MoS2 cathode was rather fast and it was completed after about 15–20 min. A control 

experiment in pure water, in the absence of any electrolyte, did not induce any expansion, 

as could be expected. Fig. 1d shows an overall field-emission scanning electron 

microscopy (FE-SEM) image of a well expanded sample, where an accordion-like 

structure of separated lamellae was already apparent. More detailed inspection (Fig. 1e) 

revealed that the lamellae were made up of very thin, wrinkled and/or rippled layers 

separated by micrometer- or submicrometer-sized voids. Such a morphology was very 

similar to that previously reported in, e.g., successful processes of anodic exfoliation of 

graphite,31,32 suggesting that an efficient delamination was also attained in the present 

case for the cathodically treated MoS2. For comparison, a FE-SEM image of a starting, 

untreated MoS2 piece is presented in Fig. S1 of the SI, the morphology of which was 

dominated by non-expanded and close-packed layers. 

 

 

Figure 1. (a) Schematic of the cathodic exfoliation of MoS2 using aqueous solutions of 

alkali metal salts (e. g., KCl) as the electrolytic medium. (b, c) Digital photographs of the 

initial (b) and cathodically expanded (c) MoS2 piece using aqueous 4 M KCl solution as 

the electrolytic medium. (d, e) Representative FE-SEM images of the cathodically 

expanded MoS2 piece at low (d) and high (e) magnification. 
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 Individual, stand-alone MoS2 NSs could be readily extracted from the cathodically 

exfoliated material by transferring it to the liquid phase followed by sonication. Different 

solvents were tested for this purpose, but the best results in terms of amount of extracted 

NSs were attained with solutions of the RNA nucleotides adenosine monophosphate 

(AMP) and guanosine monophosphate (GMP) in isopropanol (details of the liquid-phase 

dispersion protocol are given in the SI). As an example, Fig. 2a (left vial) shows a digital 

photograph of a 0.1 mg mL-1 MoS2
 dispersion in isopropanol assisted by GMP, where the 

greenish tone characteristic of nanostructured semiconducting MoS2 could be noticed. 

Indeed, the UV-vis absorption spectrum of the dispersion (Fig. 2b) exhibited the four 

well-known exciton peaks of semiconducting 2H MoS2, i.e, the A and B (C and D) peaks 

located in the 600–700 (400–500) nm wavelength range,33 thus providing a first 

indication that the cathodic treatment largely preserved the original phase of the material 

(1T´-phase MoS2 has featureless absorption in the visible range).15,21,34 The UV-vis 

absorption spectra also allowed to estimate the MoS2 concentration in the suspensions, 

and thus the amount of extracted NSs, on the basis of the Lambert-Beer law and using the 

extinction coefficient () previously determined for this material at the wavelength of 345 

nm ( ≈ 6900 mL mg-1 m-1).35 Values up to ~2–3 mg mL-1 in isopropanol with AMP and 

GMP could be attained by concentrating the as-extracted dispersions through consecutive 

cycles of sedimentation of the MoS2 fraction via centrifugation and re-dispersion in 

smaller, 0.5 mg mL-1 AMP/GMP-containing isopropanol volumes. 
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Figure 2. (a) Digital photograph of MoS2 dispersions extracted from the cathodically 

exfoliated material with the assistance of GMP in different solvents (from left to right): 

isopropanol, DMF and NMP. (b) UV-vis absorption spectrum of a MoS2 dispersion in 

isopropanol with GMP. The excitonic peaks A, B, C and D, characteristic of 2H-phase 

MoS2 are indicated. 

 

 NS extraction with AMP or GMP was also possible in aqueous medium. However, 

while previous work has demonstrated that such nucleotides are efficient colloidal 

dispersants of MoS2 and other TMD NSs in water,36 here we found their performance 

towards the extraction of MoS2 NSs from the cathodically exfoliated electrode to be 

higher (by a factor of ~10) in isopropanol. To rationalize such a result, we note that the 

colloidal stabilization of MoS2 NSs by these biomolecules relies on the robust adsorption 

of the latter onto the NS surface, which in turn is thought to be driven by specific 

interactions of acid-base type between acidic sites on MoS2 (e.g., sulfur vacancies that 

are present in most MoS2 materials) and the weakly basic nucleobases of the 

nucleotides.36 It is thus reasonable to assume that in a solvent with a substantially protic 

character such as water, its conjugate base and acid (i.e., the OH- and H3O
+ ions, 
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biomolecule to transfer NSs from the cathodically exfoliated electrode to the solvent. 

Such a situation would not apply in aprotic or weakly protic solvents, e.g., isopropanol, 

where a more efficient extraction of NSs would therefore be expected. Indeed, the aprotic 

solvents N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP) also 

boasted a considerable extracting ability with the assistance of AMP and GMP (second 

and third cuvettes from the left in Fig. 2a), although it was somewhat lower (about one 

half) than that of isopropanol. In the absence of the nucleotides, however, the amount of 

extracted NSs was much lower (by a factor of ~6–12) in any of these solvents, thus 

highlighting their critical role in the process. Other stabilizers were tested for NS 

extraction both in water and isopropanol, including polyvinylpyrrolidone and the Pluronic 

copolymer P123, as well as the anionic surfactants sodium deoxycholate and sodium 

dodecylbenzene sulfonate. In these cases, though, only weak dispersion interactions 

between the stabilizers and the MoS2 surface were expected, and so their performance 

was much lower compared to that of AMP and GMP.  

 To provide quantitative estimates of the efficiency of the present cathodic exfoliation 

protocol, we determined the amount of NSs that could be extracted in isopropanol with 

GMP relative to the mass of cathodically expanded MoS2 material, which was taken as a 

measure of the exfoliation yield (in weight percentage). Table 1 collects the results 

obtained with KCl and other electrolytes at different molar concentrations and applied 

cathodic voltages. For comparison, the exfoliation yield for the non-expanded material, 

i.e., for MoS2 that was not subjected to any cathodic treatment but only to solvent 

sonication, is also given. As could be anticipated, a very low yield (~1 wt%) was attained 

in this case. The same result was obtained when the cathodic treatment was performed in 

the absence of any salt, i. e., in pure water.  By contrast, cathodic treatment in aqueous 

KCl afforded a substantial amount of exfoliated product, thus highlighting the benefits of 

such an electrolytic delamination. Even at low to moderate electrolyte concentrations 

(i.e., 0.1–1 M KCl) and an applied voltage of -10 V, exfoliation yields around 10 wt% 

were achieved. These values could be progressively improved up to a maximum of ~30 

wt% by increasing the KCl concentration to 4 M and decreasing the cathodic voltage to -

20 V. Qualitatively similar trends were observed with NaCl electrolyte, although the 

exfoliation yields were generally lower than those of their KCl counterparts (e.g., ~19 

wt% at 4 M and -20 V). Only a slightly lower yield (~18 wt%) was attained with 4 M 

LiCl at -20 V, even though very little expansion of the MoS2 cathode could be visually 

noticed with this electrolyte. On the other hand, tetraalkylammonium-based electrolytes 
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[i.e., tetraethylammonium chloride (TEACl), tetrapropylammonium chloride (TPACl) 

and tetrabutylammonium chloride (TBACl)] gave good yields (~13–18 wt%) at the 

relatively limited concentrations that can be achieved in water with these salts (typically 

not much higher than 0.3 M). These results indicated that while such organic salts are 

efficient electrolytes for the cathodic exfoliation of MoS2 not only in organic solvents24 

but also in water, a competitive alternative can be offered by much more affordable and 

widely available substances such as KCl, with a view to industrialize the production of 

2D MoS2 NSs. 

 

Table 1.  MoS2 exfoliation yields calculated as the amount of NSs extracted in 

isopropanol with GMP by sonication of MoS2 cathodically expanded under the indicated 

experimental conditions (applied voltage, type and concentration of electrolyte). The 

exfoliation yield for MoS2 that was not subjected to any cathodic treatment but only to 

solvent sonication is given as a reference value. 

 

Electrolyte Concentration 

(M) 

Voltage 

(V) 

MoS2 exfoliation yield 

(wt%) none - - 1 

KCl 0.1 -10 13 

 0.5 -10 10 

 1 -10 13 

 2 -10 15 

 4 -10 22 

  -20 30 

NaCl 0.1 -10 2 

 0.5 -10 9 

 1 -10 8 

 2 -10 11 

 4 -10 7 

  -20 19 

LiCl 4 -20 18 

TEACl 0.3 -20 17 

TPACl 0.3 -20 18 

TBACl 0.3 -20 13 

 

2.2. Physicochemical characterization of the cathodically exfoliated products 

 Microscopic and spectroscopic analysis was carried out to confirm that the solvent-

extracted material consisted of exfoliated, 2H MoS2 NSs of a high structural quality. Fig. 

3a–c shows representative scanning transmission electron microscopy (STEM) images of 

the product cathodically exfoliated in 4 M KCl (-20 V) and extracted in isopropanol with 
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GMP, which was seen to be comprised of thin objects (NSs) having irregular polygonal 

profiles and typical lateral dimensions between a few and several hundreds of nanometers. 

Further STEM images of samples exfoliated in other electrolytes (NaCl, TPACl) can be 

found in Fig. S2 (SI). Atomic force microscopy (AFM, Fig. 3d) corroborated the STEM 

observations, but also revealed that the NSs were ~5–8 nm in (apparent) thickness. Taking 

into account that the thickness of a MoS2 monolayer is about 0.7 nm and that a height 

offset of ~0.5 nm is usually present in AFM images of MoS2 NSs on hydrophilic 

substrates,37 we conclude the exfoliated NSs to be typically between 6 and 11 monolayers 

thick. This result was consistent with the average number of monolayers per NS (typical 

values ~7–10) that was determined from the position of the A exciton peak in the UV-vis 

absorption spectra using the formula previously derived by Coleman and co-workers.35 

In general, the exfoliated NSs possessed a high crystallinity, as evidenced by high 

resolution transmission electron microscopy (HR-TEM) in Fig. 3e and f, with the 

hexagonal symmetry of the MoS2 lattice being made apparent in the selected-area electron 

diffraction patterns (SAED, inset to Fig. 3f).24 However, point defects of the type marked 

by green arrows in Fig. 3e were frequently found in the images, although their density 

was not very high. Such defects were ascribed to sulfur vacancies, which are rather 

common in MoS2 because they possess a low formation energy, and thus are present as 

an intrinsic feature of both natural and synthetic samples.38 In our case, it is quite likely 

that the generation of sulfur vacancies was promoted by the intrinsically reductive 

conditions of the cathodic process.39 Energy dispersive X-ray (EDX) analysis provided 

confirmation that the chemical composition of the observed NSs comprised Mo and S 

(see Fig. S3 in the SI). 
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Figure 3. Microscopic characterization of MoS2 cathodically exfoliated in 4 M KCl 

aqueous solution and extracted in isopropanol with the assistance of GMP. (a–c) Typical 

STEM images. (d) Typical AFM image of MoS2 nanosheets deposited onto a mica 

substrate from their dispersion. A representative line profile (green line) taken along the 

marked white line is shown overlaid on the image. (e,f) Representative HR-TEM images 

of MoS2 nanosheets. The green arrows in (e) mark some point defects in the MoS2 lattice. 

The parallel lines in (f) assist in visualizing a and b cell parameters of the hexagonal unit 

cell in the MoS2 crystal lattice. Inset to f: SAED pattern of the MoS2 lattice with indication 

of the crystal planes involved in the observed diffractions. 

 

 The Raman spectra recorded at a laser wavelength of 532 nm (Fig. 4a, green trace) 

displayed two intense peaks at ~383 and 408 cm-1, which correspond to the well-known 

E1
2g and A1g bands of 2H MoS2.

40 Such spectra were essentially identical to that of the 

starting, bulk MoS2 material (black trace), suggesting that any phase transformation or 

oxidation of the MoS2 lattice was avoided during the cathodic exfoliation step. More 

specifically, no Raman peaks characteristic of 1T´ MoS2 (i.e., at ~150, 200, 280 and 320 

cm-1)15 or molybdenum oxides (e.g., an intense doublet/broad band at ~285–295 cm-1)41 

could be detected. Likewise, the E1
2g and A1g bands retained their symmetrical shape and 

no substantial defect-related bands (mainly the LA(M) band at ~230 cm-1) appeared after 

exfoliation, implying that defects were not introduced in large numbers in the lattice 

during the preparation of the MoS2 NSs,42 in agreement with the HR-TEM results. The 

fact that a very weak and rather broad band appeared in the spectra of the extracted NSs 



14 

 

at ~230 cm-1 (green trace in Fig. 4a), which could therefore be ascribed to the defect-

related LA(M) band, but was absent from the cathodically delaminated material before 

solvent extraction (spectrum not shown) suggested that such a band was associated to the 

presence of abundant edges due to the limited lateral size of the NSs (Fig. 3) rather than 

to basal plane lattice defects. Preservation of the 2H phase upon exfoliation was 

confirmed by X-ray photoelectron spectroscopy (XPS). Fig. 4b and c (green traces) shows 

high resolution Mo 3d (b) and S 2p (c) core level spectra of the exfoliated NSs. The 

corresponding spectra of the starting, bulk MoS2 material (black traces) were mostly 

indistinguishable from those of the NSs. Regarding the Mo 3d doublet band, the 

symmetrical shape and position of its 3d5/2 and 3d3/2 components (~229.5 and 232.5 eV, 

respectively) indicated that only the 2H phase was present in both samples (for the 1T´ 

phase, a downshift of ~0.8 eV in the position of the two components should be 

expected).15,24,34 Similarly, the shape and position of the S 2p doublet band was consistent 

with 2H phase-only materials.15,36 For comparison, the spectra of chemically exfoliated 

MoS2 NSs obtained by the n-butyllithium intercalation route, which possess a mixture of 

2H and 1T´ phases (with predominance of the latter), are presented in Fig. S4 (SI). 

 

 

 

Figure 4. Spectroscopic characterization of cathodically exfoliated MoS2 NSs. (a) 

Typical Raman spectra of the starting MoS2 bulk material (black trace) and MoS2 NSs 

cathodically exfoliated in 4 M KCl aqueous solution and extracted in isopropanol with 

the assistance of GMP (green trace). The main bands have been labeled for clarity. (b, c) 

Typical XPS spectra of (b) Mo 3d and (c) S 2p core levels for bulk MoS2 (black trace) 

and cathodically exfoliated (green trace) MoS2 NSs.  
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 Having demonstrated aqueous cathodic exfoliation with a very simple salt like KCl 

to be an efficient strategy for accessing high quality, 2H MoS2 NSs in considerable yields, 

it is pertinent to examine the mechanisms that make such an exfoliation possible. First, it 

is apparent that exfoliation was largely due to intercalation of the MoS2 electrode by K+ 

ions, as the amount of exfoliated NSs tended to increase with increasing KCl 

concentration and magnitude of the cathodic potential (see Table 1). Second, as could be 

expected, intercalation was initiated at the edges of the MoS2 crystal: this could be 

concluded from the fact that expansion of the cathode was seen to start from its free end 

(i.e., the one immersed in the electrolytic solution) and then progressed towards its 

opposite (non-immersed) end. Indeed, while recent work has demonstrated that 

intercalation of the smallest alkali metal ions (Li+, Na+) can take place through the basal 

surface of MoS2 via lattice defects (e.g., sulfur vacancies), such a possibility was ruled 

out in the case of larger alkali ions (K+), for which only intercalation through edges is 

feasible.43 We note that, although it could be argued that just generation of hydrogen gas 

from water reduction in the external surface of the cathode, without the need of potassium 

intercalation, could explain the cathodic exfoliation of MoS2, all the experimental facts 

suggested that this was not the case: (i) in a control experiment where the voltage was 

applied in pure water, water reduction was indeed detected by the bubbling of hydrogen 

but no expansion of the MoS2 electrode was observed; (ii) the MoS2 piece was seen to 

fan out in the presence of KCl (and with increasing extension with its concentration), i. 

e., the piece did not break down into small fragments but it expanded from the edges to 

the interior of the piece, as expected from the intercalation of the cations; (iii)  when 

cathodic exfoliation of MoS2 in 4 M KCl was carried out in a potentiostat in order to study 

the electrochemical processes involved (see Fig. S5 and the corresponding explanatory 

text in the SI), an abrupt reduction peak appeared only in the first voltage scan, during 

whose development the swelling of the MoS2 cathode became apparent by bare eye. We 

interpret that this abrupt peak was originated by the intercalation of a large amount of 

hydrated potassium cations between the lamellae followed by the reduction of co-

intercalated water. No reduction peaks were observed in subsequent cycles (grey traces), 

where just reaction of water on the surface could take place and, correspondingly, no 

further swelling of the cathode occurred either.  

 In order to rationalize the distinct efficiencies of the alkali metal-based electrolytes 

towards exfoliation (in the order KCl > NaCl > LiCl), the actual nature of the ionic species 

that participate in the intercalation process needs to be considered. To this end, we note 
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that in an aqueous medium, rather than existing as naked, stand-alone entities, ionic 

species are surrounded by a bound shell of water molecules (hydrated ions). For alkali 

metal-based salts, the hydrated cation would take the form [M·n(H2O)]+, where M is the 

alkali metal (Li, Na, K) and n is the average number of bound water molecules that make 

up the hydrated cation. It is therefore reasonable to assume that the ability of the aqueous 

electrolyte to intercalate and expand the MoS2 cathode efficiently will be dictated to a 

large extent by the characteristics of the [M·n(H2O)]+ species, and not just by those of 

their naked M+ counterparts. In particular, the value of n and thus the average size and 

mass of the hydrated cation decreases as the atomic weight of the alkali metal is increased, 

i.e., n has been estimated to be ~5.2, 3.5 and 2.6 for Li, Na and K, respectively,44 and the 

corresponding hydrated cation diameters are 0.76, 0.72 and 0.66 nm.30 As a result, the 

mobility of the hydrated cation under the applied electric field of an electrolytic cell 

should be larger for K and smaller for Li. Indeed, the molar conductivity of these alkali 

metal ions in water (at 25 ºC) has been determined to be 38.69, 50.11 and 73.5 S cm2 mol-

1 for Li, Na and K, respectively.45 With a higher electrophoretic mobility and a smaller 

size, the hydrated K+ ion will be expected to both reach and intercalate the MoS2 cathode 

in larger numbers compared to their Na+ and Li+ counterparts, thus providing the basis 

for its higher exfoliation efficiency, as experimentally observed here. 

 The initial intercalation of the MoS2 cathode can be assumed to take place at locally 

expanded sites (out-of-plane lattice distortions) that most likely exist at the very edges of 

the MoS2 crystal due to the localized stress fields associated to such type of structural 

defect (see schematic representation in Fig. 5).46 These expanded interlayer spaces at the 

MoS2 edges should facilitate the incipient access of a number of hydrated cations, 

probably after some deformation of their hydration shells to allow accommodation into 

such constricted spaces.47 Alternatively, an advance party of (partially) dehydrated 

cations could first intercalate at the edges, inducing a local increase in the interlayer 

distance and facilitating the subsequent entry of water molecules and/or fully hydrated 

cations.48 We note that dehydration is a well-known phenomenon that can occur during 

the insertion of ionic species into spatially confined pores of sub-nanometric 

dimensions.49 For the latter scenario, the energy barrier to ion intercalation would be 

dictated, at least in part, by the binding energy of its hydration shell (hydration enthalpy), 

which is smaller for K+ and larger for Li+.50 This suggests again a higher intercalation 

propensity for K+ relative to Na+ and Li+, which would also contribute to its better 

exfoliation efficiency. 
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Figure 5. Squematic illustration of the cathodic delamination of MoS2 in aqueous alkali 

metal-based electrolytes. Step 1: initial intercalation of hydrated cations at the edges of 

the negatively biased MoS2 electrode. Step 2: hydrogen gas generated by co-intercalated 

water reduction pushes MoS2 layers apart creating new accessible space for intercalation 

of additional hydrated cations. Step 3: progressive expansion of the MoS2 crystal cathode 

starting from its edges and advancing towards inner regions by further intercalation of 

hydrated cations and reduction of co-intercalated water. 

 

 In either case, the hydrated cations will first intercalate in the edges of the MoS2 

crystal (step 1 in Fig. 5) and then the co-intercalated water molecules will reduce give 

hydrogen gas (step 2 in Fig. 5). These two steps can be condensed in the following 

electrochemical reaction (specified for the case of K+)51 
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x[K·n(H2O)]+ + MoS2 + xe- → MoS2 + xKOH + (x/2)H2 + x(n-1)H2O         (1) 

 

, where x is the number of hydrated cations inserted per unit formula of MoS2 (step 1 in 

Fig. 5). Similar expressions can be written for Na+ and Li+, but with different values of x. 

   

 In turn, the pressure generated within the interlayer spaces by the accumulation of 

hydrogen gas should contribute to push the MoS2 layers apart, thus creating new 

accessible space for the intercalation of additional hydrated cations further away from the 

edges and into the MoS2 crystal (step 2 in Fig. 5). Iteration of steps 1 and 2 should then 

lead to the progressive expansion and delamination of the cathode starting from its edges 

and advancing towards its inner regions (step 3 in Fig. 5), as it was indeed observed in 

the experiments (Fig. 1). Moreover, because the hydrated K+ ion is expected to reach and 

intercalate the MoS2 cathode in larger numbers compared to Na+ and Li+, a more vigorous 

delamination of the crystal and hence a higher yield of extracted NSs should be attained 

with the former ion, which was also in agreement with the results reported here (Table 

1). Finally, the fact that the cathodic intercalation process was able to fully retain the 

original 2H crystal phase of the material, avoiding its transformation to the 1T´ phase, 

usual when working in non-aqueous media, can be put down, at least in part, to the 

continuous transfer of electron charge from the negatively biased MoS2 electrode to the 

co-intercalated water molecules.48 Indeed, similar to the present case, A. Zak et al 

observed a lack of metallic behavior (an absence of 1T´ phase) in MoS2 intercalated by 

exposure to potassium vapor, which was attributed to neutralization of part of the free 

carriers by water inserted during or after metal intercalation.48 Thus, in addition to 

promoting electrode expansion and delamination as described above, this electron 

transfer would contribute to keeping the concentration of excess electron charge at the 

MoS2 cathode below the critical threshold required to trigger the phase transformation. 

 

2.4. Use of cathodically exfoliated MoS2 as an electrode material for supercapacitors 

 Owing to their high surface area and propensity to ion adsorption/intercalation, 2D 

MoS2 NSs are considered attractive candidates for electrochemical energy storage 

applications, including their use as electrodes for supercapacitors.52 However, the 

relatively low electrical conductivity of the thermodynamically stable 2H phase of MoS2 

constitutes an obstacle in the path of high performance supercapacitor devices based on 

this material. Such an issue can be circumvented by using its metallic 1T-phase variant, 
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which can be accessed either by lithium intercalation/exfoliation of bulk 2H-phase MoS2 

or by bottom-up (solvothermal) synthesis methods.53 In addition to their high electrical 

conductivity, 1T-phase MoS2 NSs are intrinsically hydrophilic, which favors a more 

extensive wetting of the electrode when using aqueous electrolytes. Unfortunately, the 1T 

phase is metastable, so that MoS2 NSs having this polytype readily transform to the 2H 

phase under ambient conditions in a matter of weeks to months (or much faster under 

certain stimuli),53 thus compromising the long-term workability of the corresponding 

MoS2-based electrodes. 

 As an alternative, structurally stable 2H-phase MoS2 NSs can be combined with 

highly conductive materials (e.g., carbon nanostructures such as graphene and carbon 

nanotubes) to give hybrid electrodes with improved electrical conductivity.54 The present 

cathodically exfoliated MoS2 NSs are good candidates for use as electrodes by this 

approach. Specifically, NSs derived from GMP-stabilized dispersions were mixed with 

single-walled carbon nanotubes (SWCNTs) that had been previously debundled by 

sonication in water with flavin mononucleotide (FMN) as a dispersant55 (AMP and GMP 

were seen to be poor dispersants for SWCNTs). Details of electrode preparation and 

measurement can be found in the SI. Fig. 6a and b shows FE-SEM images of a hybrid 

electrode prepared with a MoS2 to SWCNT weight ratio of 2:1, where the MoS2 NSs were 

seen to be covered by a layer of intermingled SWCNTs. Thus, besides providing efficient 

conductive paths throughout the hybrid material, the nanotubes acted as spacers between 

the MoS2 NSs, which should facilitate electrolyte access to inner regions of the electrode. 

Furthermore, the polar nature associated to the phosphate group in the GMP and FMN 

nucleotides adsorbed on MoS2 and SWCNTs, respectively, should facilitate wetting of 

the electrode by aqueous electrolytes. Indeed, the contact angle of aqueous 6 M KOH 

solutions (i.e., the electrolyte used here) measured on vacuum-filtered films of bare MoS2 

NSs and GMP-adsorbed MoS2 NSs was ~130º and 110º, respectively (see Fig. S6 in the 

SI), which confirmed the increased wettability of the latter. 
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Figure 6. Microscopic and electrochemical characterization of a hybrid made up of 

cathodically exfoliated MoS2 NSs and SWCNTs in a weight ratio of 2:1. (a,b) 

Representative FE-SEM images. (c) Cyclic voltammograms recorded in a three-electrode 

configuration at potential scan rates between 1 and 500 mV s-1. (d) Galvanostatic 

charge/discharge profiles obtained at current densities between 1 and 20 A g-1. (e) 

Capacitance values for (1) the product directly obtained from the cathodic treatment of 

MoS2 without any post-processing (sample designated as “as-expanded MoS2”); (2) as-

expanded MoS2 combined with GMP (sample denoted as “as-expanded MoS2/GMP”); 

(3) MoS2 NSs extracted from the as-expanded material by sonication with GMP (sample 

“MoS2 NS/GMP”); (4) SWCNTs; GMP-adsorbed NSs mixed with SWCNTs at MoS2 to 

SWCNT weight ratio of (5) 7:1 (sample “MoS2 NS/GMP + SWCNT/FMN 7:1”) and (6) 

2:1 (sample “MoS2 NS/GMP + SWCNT/FMN 2:1”).  (f) Nyquist plots for the some of 

the materials in (e). Inset to f: detailed view of the high frequency region of the plots. 

 

 Fig. 6c shows cyclic voltammograms recorded in a three-electrode configuration 

with the hybrid material (MoS2 to SWCNT weight ratio of 2:1) as the working electrode 

in 6 M KOH electrolyte at potential scan rates between 1 and 500 mV s-1. Overall, the 

voltammograms tended to be rectangular (or quasi-rectangular) in shape, although broad 

redox peaks were observed at ~0.15–0.35 V vs Hg/HgO when scanning at the lowest rates 

(e.g., Fig. S7a in the SI for 5 mV s-1). Such peaks were ascribed to redox processes in the 
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GMP and/or FMN molecules.56,57 Despite the rectangular shape of the voltammograms, 

we note that the charge storage mechanism in these materials was not (pseudo)capacitive, 

but of a hybrid nature instead. More to the point, when writing the current measured at a 

given potential, i, as a function of the potential scan rate, , in the form 

 

      i = ab                                                                   (2) 

 

, and fitting the actual current values for the present material to this equation (see Fig. 

S7b in the SI for anodic current values at 0.4 V vs Hg/HgO), the b exponent was neither 

1, as would be the case of purely capacitive and pseudocapacitive processes, nor 0.5, 

which would indicate a pure battery-type behavior based on diffusion-controlled redox 

processes.58 Rather, an intermediate b value was obtained (b ≈ 0.68), indicating that both 

(pseudo)capacitive and battery-type mechanisms were at play. Furthermore, similar to the 

case of, e.g., orthorhombic Nb2O5, which exhibits a hybrid charge storage mechanism,59 

the current response was highly linear at scan rates below 30 mV s-1, consistent with 

dominant (pseudo)capacitive processes, whereas it displayed a b exponent of ~0.66 in the 

50–500 mV s-1 range that revealed a substantial battery-type behavior. We believe this 

mixed response arises from different contributions by the diverse components and 

characteristics of the hybrid electrode. On one hand, the relatively high surface area of 

the MoS2 NSs and SWCNTs should afford capacitive processes through direct ion 

adsorption, whereas the redox-active nucleotides should deliver pseudocapacitance to the 

system. On the other hand, diffusion-limited intercalation and deintercalation of 

electrolyte ions into and out of the several-layer MoS2 NSs can be expected to give a 

battery-type contribution to charge storage. 

 Typical galvanostatic charge/discharge profiles recorded for the hybrid electrode at 

current densities between 1 and 20 A g-1 are presented in Fig. 6d, which exhibited 

essentially triangular and symmetrical shapes. The corresponding capacitance values are 

plotted in Fig. 6e, together with those of other electrodes obtained from cathodically 

treated MoS2 that was subjected to different post-processing conditions, as well as of 

SWCNTs without any MoS2, which are shown for comparative purposes. First, we note 

that the as-expanded MoS2 material, i.e., the product directly obtained from the cathodic 

treatment that was not post-processed in any form (only pressed under 1 ton to prepare 

the electrodes for measurement; sample denoted as “as-expanded MoS2” in Fig. 6e), 

possessed limited capacitance values (e.g., 65 F g-1 at 1 A g-1) and a poor rate capability 
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(~15% of capacitance retention at 10 A g-1). To a large extent, such a result was probably 

due to the hydrophobic nature of bare MoS2 and to the particular morphology of this 

electrode (comprised of long and narrow 2D passages between large, re-stacked MoS2 

layers), which should hinder access of the electrolyte to the bulk of the material.60 Indeed, 

the Nyquist plot recorded for this sample by electrochemical impedance spectroscopy 

(EIS) and shown in Fig. 6e consisted of just an essentially straight line with a slope close 

to 45º (Warburg region), suggesting a very slow mass transfer into the electrode.58,61 

 The capacitance values improved significantly, mainly at low current densities, when 

the as-expanded MoS2 was combined with GMP (sample denoted as “as-expanded 

MoS2/GMP”), most likely owing to the improved wettability of the electrode and to the 

pseudocapacitance contribution of the GMP nucleotide. Some further improvement in 

capacitance was attained with electrodes made up of MoS2 NSs extracted from the as-

expanded material by sonication with GMP (sample “MoS2 NS/GMP”), which can be 

ascribed to better electrolyte access through the larger number of voids and interstices 

present between the (sub)micrometer-sized NSs. This interpretation was consistent with 

the corresponding Nyquist plot for this sample (Fig. 6f), which exhibited a shorter 

Warburg region and a steeper line at lower frequencies compared to the case of as-

expanded MoS2, indicative of improved mass transfer into the electrode.58,61 When the 

GMP-adsorbed NSs were mixed with a limited amount of SWCNTs (MoS2 to SWCNT 

weight ratio of 7:1; sample “MoS2 NS/GMP + SWCNT/FMN 7:1”), larger capacitance 

values were measured at low current densities, but not at high densities. By contrast, better 

results in the whole current density range could be achieved with a MoS2 to SWCNT 

weight ratio of 2:1 (sample “MoS2 NS/GMP + SWCNT/FMN 2:1”), e.g., a capacitance 

of 170 F g-1 at 1 A g-1 with a ~53% retention at 10 A g-1 was measured, while the use of 

SWCNTs without any MoS2 led to a poorer performance (see Table S1 in the SI for a 

comparison with the capacitances of other MoS2-based electrodes reported in the 

literature) . Again, this behavior was reflected in the Nyquist plots of Fig. 6e. The hybrid 

electrode (weight ratio of 2:1) boasted the shortest Warburg region of all samples and a 

relatively steep profile at low frequencies, which was indicative of mass transfer 

processes with fewer restrictions, probably as a result of the SWCNTs acting as spacers 

between the NSs. We also notice from the high frequency region of the Nyquist plots 

(inset to Fig. 6f) that the semi-circular pattern commonly found in this region for many 

materials was only apparent in the SWCNT electrode (without MoS2). Such an 

observation could again be related to the morphological features of the electrodes, as the 
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absence of a semi-circle has been sometimes associated to electrodes with slit- and/or 

wedge-shaped pores/voids,61 and this is the dominant type of void expected when using 

2D materials. 

 To evaluate the performance of the cathodic MoS2-based electrodes in practical 

energy storage applications, an asymmetric supercapacitor was assembled using the best-

performing sample (i.e., the MoS2-SWCNT hybrid prepared with a weight ratio of 2:1) 

as the positive electrode and a commercial activated carbon (Kurarai YP-50F) as the 

negative electrode, in aqueous 6 M KOH electrolyte. Fig. 7a shows cyclic 

voltammograms (potential scan rate: 50 mV s-1) for both materials in the three-electrode 

configuration to illustrate the complementarity of their voltage windows. Stable scan 

windows between -1.1 and 0.0 V and between -0.2 and 0.6 V (vs Hg/HgO) were recorded 

for the activated carbon and the MoS2-SWCNT hybrid, respectively. Cyclic 

voltammograms for the asymmetric, two-electrode cell could thus be reliably obtained in 

the 0–1.55 V range (Fig. 7b), the shape of which was reasonably well preserved up to 

potential scan rates of 500 mV s-1, thus indicating that the device was able to cope with 

fast mass and electron transfer rates. The non-ideal rectangular shape of these 

voltammograms is believed to reflect the contribution of the diverse charge storage 

mechanisms that were discussed above. Galvanostatic charge/discharge curves for the 

asymmetric device at current densities between 1 and 10 A g-1 are presented in Fig. 7c, 

with the corresponding gravimetric capacitance values ranging between 83.3 and 26.7 F 

g-1 (at 1 and 10 A g-1, respectively). Furthermore, the charge storage capability of the 

supercapacitor remained essentially unaltered upon repeated cycling of the device, as 

demonstrated in the inset to Fig. 7c for 6000 consecutive charge/discharge cycles 

recorded at 3 A g-1. From these results, the maximum energy density delivered by the cell 

was determined to be 26 Wh kg-1 at a power density of 750 W kg-1, and it was still 8.3 

Wh kg-1 at 7500 W kg-1. As can be noticed from Table S2 in the SI, these figures were 

competitive with those recently reported in the literature for a variety of asymmetric 

supercapacitors having MoS2-based electrodes (typically the anode). We note that in most 

of these prior cases, the MoS2 materials were obtained through hydrothermal synthesis at 

relatively low temperatures (generally < 200 ºC). However, MoS2 prepared under such 

conditions tends to be of a limited crystalline quality and is particularly prone to oxidize 

under ambient conditions (especially in humid environments), which compromises its 

electrochemical and catalytic performance.62 Oxidation issues, on the other hand, should 
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be less severe when using MoS2 samples with good crystallinity, such as those produced 

here by cathodic exfoliation.  

 

 

 

Figure 7. (a) Potential windows of cathodically exfoliated MoS2 NS-SWCNT hybrid 

(positive electrode, blue trace) and activated carbon (negative electrode, red trace) at 50 

mV s-1. (b) Cyclic voltammograms recorded for the asymmetric two-electrode cell at 

potential scan rates between 1 and 500 mV s-1. (c) Galvanostatic charge/discharge profiles 

obtained at current densities between 1 and 10 A g-1. Inset to c: percentage of capacitance 

retention of the asymmetric cell measured at a current density of 3 A g-1 for consecutive 

charge/discharge cycles (up to 6000). 

 

2.5 Use of cathodically exfoliated MoS2 as a catalyst for the reduction of nitroarenes 

 Finally, we investigated the performance of the cathodic MoS2 NSs as catalysts for 

the reduction of the nitroarenes 4-nitrophenol (4-NP) and 4-nitroaniline (4-NA) with 

NaBH4 in aqueous medium. These reactions are of practical relevance in a number of 

industrial processes, such as the synthesis of certain antipyretic drugs (e.g., paracetamol), 

dyes or polymers, and while both are thermodynamically feasible, catalysts are typically 

required to circumvent significant kinetic barriers.63 Noble metal (Pt, Pd, Au, etc) 

nanoparticles have been extensively employed to this end, but in recent years a shift in 

emphasis towards the exploration of more earth-abundant alternatives, i.e., non-noble 

metal64 or even metal-free catalysts (e.g, nitrogen-doped graphene),65,66 has taken place. 

Different types of MoS2 NSs are also effective catalysts for nitroarene reduction,36,67 in 

particular 1T´-phase NSs produced by the lithium intercalation route, which exhibited a 

substantial activity that probably resulted from their metallic character.67 However, the 

metastability of the 1T´ NSs and their tendency to irreversibly agglomerate in water 

compromise their long-term catalytic performance. These issues could be avoided with 

2H-phase NSs produced in water/GMP solutions by direct ultrasound exfoliation, but at 
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the expense of a considerable decrease in catalytic activities (for 2H MoS2, catalytic sites 

are only located at edges and basal plane defects).6,36 Here we show that the 2H-phase 

NSs produced by cathodic exfoliation and colloidally stabilized with GMP boast catalytic 

activities for nitroarene reduction that are comparable to those of 1T´ NSs, thus 

incorporating the best features of the two previously studied types of MoS2 NSs. 

 The kinetics of both 4-NP and 4-NA reduction was followed with UV-vis absorption 

spectroscopy by recording the evolution of specific absorption peaks that are distinctive 

of the nitroarene molecules, but are absent from their reduced counterparts, so that their 

intensity reflects the nitroarene reactant concentration (see SI for details on the catalytic 

experiments). In the case of 4-NP, a peak at ~400 nm was monitored, which corresponded 

to the deprotonated form of the molecule, i.e, the 4-nitrophenoxide ion generated in the 

basic medium of the NaBH4 reductant (Fig. 8a). For 4-NA, the peak at ~380 nm was 

recorded (Fig. 8b). Fig. 8c shows typical kinetic profiles for the reduction of 4-NP (blue 

trace) and 4-NA (red trace) with the cathodically exfoliated, GMP-stabilized MoS2 NSs. 

An initial induction period of a few minutes was observed for the reduction of 4-NP, 

during which essentially no change in the intensity of the absorption peak was measured 

even though the reducing agent and the catalyst were both present in the reaction medium. 

Such a behavior was probably related to the presence of oxygen dissolved in the solution, 

which was consumed during the induction period by oxidizing the reaction product back 

to its original unreduced form (i.e, the reactant and product molecules were in dynamic 

equilibrium).68 Under this scenario, shorter induction periods were to be expected for 

faster reactions, such as the reduction of 4-NA, and this was indeed the case to the point 

that no induction period could be measured for 4-NA. After the induction period, if 

present, a steep and continuous decrease in absorbance was seen to occur, indicating that 

the forward (reduction) reaction became dominant. The absorbance does not drop down 

to zero but rather to a constant, finite value after the end of the reaction (see Fig. 8c), as 

the catalyst itself absorbs at the monitored wavelengths (see Fig. 2b). Similar to previous 

instances with MoS2 NSs,36,67 the kinetic profiles could be fitted to exponential decay 

functions, which was consistent with the reactions being pseudo-first-order with respect 

to nitroarene concentration (NaBH4 was used in large excess and thus its concentration 

remained essentially constant throughout the reaction). 
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Figure 8. UV-vis absorption spectra of (a) 4-NP (black trace), 4-nitrophenoxide ion (dark 

yellow), and its reduced form, 4-aminophenoxide ion (violet); (b) 4-NA (orange) and its 

reduced form, p-phenylenediamine (gray). (c) Typical kinetic profiles for the reduction 

of 4-NP (blue trace) and 4-NA (red trace) with the cathodically exfoliated GMP-stabilized 

MoS2 NSs as the catalyst.  

 

 To quantify the performance of the cathodically exfoliated NSs and compare it with 

that of other catalysts previously reported in the literature, their catalytic activity was 

calculated as the number of moles of reactant (4-NP or 4-NA) converted per unit time per 

mole of MoS2 used. Table S3 in the SI collects the results obtained for different types of 

MoS2 NSs as well as some materials derived from graphene oxide. We note that the GMP 

molecules adsorbed on the MoS2 surface had a significant effect on the catalytic activity 

of the nucleotide-stabilized NSs (both cathodically and ultrasound exfoliated), and 

therefore their amount had to be carefully optimized to obtain best results (see SI). If the 

amount of adsorbed GMP was too large, poor catalytic activities were attained, probably 

due to obstructed access of the 4-NP and 4-NA molecules to the catalytically active sites 

of the material, similar to the effect that the organic ligand shell has on the general 

catalytic activity of colloidal metal nanoparticles.69 On the other hand, the colloidal 

stability of the NSs in the reaction medium was compromised when the amount of 

adsorbed GMP was too low, which also impacted negatively on the measured catalytic 

activities as a result of NS agglomeration. 

 The activity of the present GMP-stabilized, cathodic MoS2 NSs was comparable to 

that measured for 1T´ NSs prepared by the lithium intercalation route, but several times 

higher than that of NSs produced by direct ultrasound exfoliation of bulk MoS2 with 

GMP, even though 2H-phase NSs with similar lateral sizes and thicknesses were used for 

the two types of GMP-stabilized catalysts. We believe this result to be related to the 
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particular processing history of the cathodically exfoliated product: (i) as discussed 

above, the reductive conditions of the cathodic treatment should be especially conducive 

to the generation of a certain amount of (catalytically active) sulfur vacancies in the NSs,39 

and (ii) the electrolytic delamination of the MoS2 cathode introduces substantial strain in 

the expanded layers in the form of, e.g., wrinkles and ripples (see Fig. 1e), which is also 

expected to enhance the catalytic activity of the material.70 Furthermore, the present 

catalytic activities were found to be ~2 orders of magnitude larger than those typical of 

graphene oxide-derived catalysts (Table S3 in the SI) and also compared favorably with 

those reported in recent years for catalysts based on non-noble metals, such as Cu, Ni or 

Co (Table S4 in the SI), indicating that the cathodic MoS2 NSs developed here can be 

competitive catalysts for this application. 

 

3. Conclusions 

An efficient approach for the cathodic delamination of bulk MoS2 into two-dimensional 

nanosheets has been demonstrated by resorting to aqueous solutions of very simple and 

widely available salts (most notably, KCl) as the electrolytic medium. In addition to its 

inherently safe and sustainable character associated to the use of such an electrolyte, this 

electrochemical route is able to avert any oxidation or phase transformation of the 

exfoliated products and, combined with a proper biomolecule-based solvent transfer 

protocol, affords colloidally dispersed MoS2 nanosheets of a high structural quality in 

substantial yields that are suitable for further processing towards practical applications. 

The cathodically exfoliated MoS2 nanosheets exhibited a competitive performance when 

used as the positive electrode for asymmetric supercapacitors and as a catalyst for the 

reduction of nitroarenes. Other prospective applications in the energy and catalysis realms 

where these cathodic MoS2 nanosheets possess a strong potential include their use in 

different types of rechargeable batteries and as hydrogen evolution reaction 

electrocatalysts, which will be explored in the near future. Finally, it is also envisaged 

that the present cathodic exfoliation strategy can be extended to other transition metal 

dichalcogenides as well as other layered materials of current interest (e.g., black 

phosphorus). 
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