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Abstract 

 The production of stable aqueous suspensions of several inorganic graphene 

analogues [MoS2, WS2 and hexagonal BN (h-BN)] by exfoliation of the corresponding 

bulk layered materials via sonication has been investigated, with a particular focus on 

the use and efficacy of non-ionic surfactants as dispersing agents. For the two metal 

dichalcogenides, some non-ionic surfactants afforded highly concentrated dispersions 

(up to several milligrams per milliliter), outperforming dispersions produced with an 

ionic surfactant or in water-alcohol mixtures in the absence of surfactant, which were 

taken as reference systems. Furthermore, suspensions with metal dichalcogenide to 

surfactant concentration ratios as high as 2.4 – 3.5 could be attained through appropriate 

processing of the as-prepared suspensions, which should be advantageous for the 

preparation of materials and devices with minimal interference from the surfactant. In 

the case of h-BN, all surfactants failed to yield suspensions with concentration 

significantly above that achieved in water alone, which was attributed to the chemical 

peculiarities of h-BN platelets exfoliated in water via sonication. The suspensions 

produced with the most successful non-ionic surfactants exhibited long-term stability 

(months) and were made up of platelets with lateral dimensions from 50 up to a few 
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hundred nanometers and thicknesses of a few to several nanometers. Raman 

spectroscopy analysis suggested that edge effects dominate the detailed spectral features 

for the MoS2 and WS2 platelets, in particular the position of their Raman bands. Such 

result indicates that extreme caution must be exercised when using this technique to 

gauge the thickness of small-sized MoS2/WS2 platelets, such as those typically 

produced by liquid-phase exfoliation approaches. Overall, the present results should 

facilitate the manipulation and use of these two-dimensional materials in several 

prospective applications areas, such as biomedicine or photocatalysis.       

 

1. Introduction 

 During the last decade, research on graphene has progressed at a breathtaking pace 

in a number of fronts that encompass its production, fundamental science and 

prospective applications.1,2 Such efforts have been mainly driven by the exceptional 

electronic, mechanical, thermal and optical properties of this carbon material, and also 

by the observation of exotic physical phenomena related to its two-dimensional (2D) 

nature.1,3 As a direct consequence of the explosion of activity in the graphene field, 

interest in other 2D materials has been steadily growing over the last few years. 4-8 

These are quite numerous and include layered transition metal dichalcogenides (e.g., 

MoS2 and WS2) and other metal chalcogenides (GaSe, Bi2Te3, etc), layered transition 

metal oxides (MnO2, Nb3O8, etc), as well as hexagonal boron nitride (h-BN), silicene 

and germanene.4,5 Single- and few-layer sheets of such materials are expected to exhibit 

outstanding physical properties and can therefore complement graphene in the 

development of novel materials and devices for use in many areas, including electronics, 

photonics, sensing, energy conversion and storage, biomedicine or catalysis.4-8 
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 Similar to the case of graphene, the large-scale implementation of 2D materials in 

practical applications will only be possible if cost-effective methods for their mass 

production and processing become available.9,10 In this regard, as has already been 

demonstrated with graphene,11 top-down approaches based on the exfoliation of bulk 

layered crystals in the liquid phase are in principle one of the most attractive routes to 

access 2D materials in large quantities. 12  Such approaches would afford colloidal 

dispersions of the 2D sheets and readily lend themselves to the preparation of, e,g., inks, 

thin films, composites and hybrid materials. 

 Many layered crystals, particularly transition metal dichalcogenides, can be 

efficiently exfoliated by means of a lithium intercalation process that yields aqueous 

colloidal dispersions of single-layer sheets.13 - 16  However, this method is extremely 

environment-sensitive and can lead to structural and electronic changes in the sheets as 

a result of the intercalation step.13,16 Alternatively, layered compounds can be directly 

exfoliated in certain solvents with the assistance of ultrasound.17 In this case, exfoliation 

and stabilization of the 2D sheets has been shown to be favored in solvents with surface 

energies roughly matching that of the dispersed material.17, 18  Typical successful 

solvents of many 2D materials include several pyrrolidone derivatives (e.g., N-methyl-

2-pyrrolidone), γ-butyrolactone and cyclohexanone, but unfortunately not water, which 

is often the preferred dispersing medium and the one required for their prospective use 

in, e.g., biomedical applications. Nevertheless, such drawback can be overcome with the 

aid of suitable dispersants. As a matter of fact, recent work has demonstrated that a 

number of surfactants are able to stabilize exfoliated sheets of several layered 

compounds in aqueous medium.19-22 

 Notwithstanding the progress achieved so far in the surfactant stabilization of 2D 

sheets, this research area is still in its infancy and several issues have yet to be 
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addressed to take full advantage of aqueous dispersions of these novel materials. One of 

such issues relates to the fact that earlier efforts have mostly relied on ionic surfactants 

to stabilize the sheets,19-22 even though the use of non-ionic dispersants could potentially 

offer a number of benefits. For example, previous research on graphene has 

demonstrated that non-ionic surfactants tend to outperform ionic ones in terms of 

attaining high concentrations of dispersed material, which is always advantageous with 

a view to applications.23,24 Similar trends might apply with other 2D materials, but to 

the best of our knowledge this question has not been examined in detail. Likewise, in 

biomedical research non-ionic surfactants are frequently the dispersants of choice on 

biocompatibility grounds,24 so the availability of aqueous suspensions of 2D sheets 

stabilized by such type of surfactants would be highly desirable. 

 Therefore, in the present work we have investigated a suite of non-ionic surfactants 

regarding their ability to exfoliate under ultrasound and stabilize in aqueous medium 2D 

sheets of several layered compounds, namely, MoS2 and WS2 and h-BN. For the two 

metal chacolgenides, several efficient surfactants have been identified that afford 

significantly larger concentrations of these 2D sheets (up to several milligrams per 

milliliter) than it was previously possible in aqueous medium. The effect of several 

processing parameters, including initial concentration of layered material, surfactant 

concentration, as well as sonication time and power, has also been studied. On the other 

hand, the results reveal h-BN to be in a league of its own. It has been reported that this 

material can be exfoliated and dispersed in water in the absence of stabilizers through 

sonication-induced hydrolysis,25 and it was expected that the use of surfactants would 

afford significant increases in the dispersed concentrations, but the results indicated that 

this is not the case.  
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2. Experimental 

 The starting layered materials MoS2 and WS2 as well as all the surfactants were 

purchased from Sigma-Aldrich and used as received, whereas h-BN was obtained from 

ESK Ceramics GmbH. The following non-ionic surfactants were tested: 

polyoxyethylene sorbitan monooleate (Tween 80), polyoxyethylene sorbitan trioleate 

(Tween 85), polyvinylpyrrolidone (PVP), polyoxyethylene (4) dodecyl ether (Brij 30), 

polyoxyethylene (100) octadecyl ether (Brij 700), polyoxyethylene octyl (9-10) phenyl 

ether (Triton X-100), gum arabic from acacia tree, Pluronic P-123 and n-dodecyl β-D-

maltoside (DBDM). For comparison purposes, the anionic surfactant sodium cholate 

(SC), which has been reported to be an efficient dispersant of these materials,19 was also 

employed. In a typical dispersion experiment, the layered material was added at a given 

initial concentration (typically 30 mg mL-1) to an aqueous surfactant solution and 

sonicated in a custom-made, variable power ultrasound bath cleaner (40 kHz, ATU 

Ultrasonidos S.L.) at a power of 26 W L1. The resulting suspension was typically 

centrifuged at 1500 rpm for 20 min in an Eppendorf 5424 microcentrifuge to sediment 

unexfoliated particles of the layered material and the top ~75 % of the supernantant 

volume was collected and stored for further characterization. The effect of surfactant 

concentration as well as sonication time and power, which could be varied from ~10 to 

50 W L-1, was investigated. 

 To evaluate and compare the effect of the different surfactants and processing 

conditions on the amount of layered material that was exfoliated and stably suspended 

in aqueous medium, UV-vis absorption spectroscopy was used. Spectra of the 

surfactant-stabilized dispersions were recorded on a double-beam Heλios α 

spectrophotometer (Thermo Spectronic) in the 200-1000 nm wavelength range. In 

principle, both the surfactants and the exfoliated sheets could contribute to the observed 
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spectral features. In practice, only those surfactants with C=C bonds in their structure 

(e.g., Triton X-100) exhibited absorbance in such a range, but it was just limited to 

wavelengths below ~300 nm, the absorbance measured at longer wavelengths being 

exclusively brought about by the exfoliated sheets. Therefore, determination of the 

suspension absorbance at a given wavelength ≥300 nm can be used to estimate, at least 

in relative terms, the concentration of dispersed material. Here, such concentration was 

gauged by measuring absorbance at the following wavelengths: 350 (h-BN), 674 

(MoS2) and 630 nm (WS2). We note, however, that similar to earlier reports, a 

significant background was observed in the spectra recorded for these materials, which 

was attributed to scattering of light by the sheets.17 The scattering background displayed 

an exponential wavelength dependence ( nA −λ∝ , where A is the measured absorbance, 

λ is the wavelength and n is the scattering exponent) that became more clearly evident 

in the non-resonant region at long absorption wavelengths (see below). Furthermore, 

because the magnitude of this background (i.e., the exponent n) is thought to depend on 

the sheet size, a meaningful comparison of the suspension concentrations achieved 

using different processing conditions (e.g., different sonication power and/or time) can 

in principle only be made after background subtraction. Such operation was indeed 

routinely carried out for all MoS2 and WS2 dispersions. However, we note that the 

background subtraction procedure can be a tricky task. For that reason, we implemented 

a procedure that was identical for either all MoS2 or all WS2 dispersions. Using the 

same subtraction routine for a given material (MoS2 or WS2) ensured the internal 

consistency of our results, although such results would probably not be directly 

comparable with those obtained using different subtraction routines. Specifically, 

because we measured absorbance values at 674 nm for MoS2, we determined and 

subtracted the scattering background in the 730-955 nm region for dispersions of such 
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material; for WS2 we measured absorbance values at 630 nm, so the background was 

determined and subtracted in the 710-950 nm region. We also note that h-BN is a large 

bandgap (~6 eV) semiconductor, so it only exhibits absorption at short wavelengths 

(below ~200 nm). Therefore, the signals measured in the UV-vis spectra at longer 

wavelengths should be exclusively due to scattering of light by the sheets and not to 

absorption. For this reason, h-BN concentrations could only be estimated using such 

background signal. However, because the lateral size of the h-BN sheets was very 

similar for dispersions prepared here under identical sonication conditions (i.e., power 

and time), the values obtained from the background signals should reflect their relative 

concentrations, and hence comparisons between different dispersions could be 

reasonably made. To obtain meaningful sets of data, the dispersions were prepared at 

least in triplicate, so that average and standard deviation values of absorbance can be 

provided. 

 Further characterization of the samples was accomplished by field emission 

scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), 

atomic force microscopy (AFM), Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS) and thermogravimetric analysis (TGA). FE-SEM was carried out 

on a Quanta FEG 650 apparatus (FEI Company). TEM images were recorded with a 

JEOL 2000 EX-II instrument operated at 160 kV. Samples for TEM were prepared by 

drop-casting ~20 µL of the surfactant-stabilized dispersions onto a Cu grid (200 mesh) 

covered with a continuous carbon film, which was then allowed to dry under ambient 

conditions. AFM was performed in the tapping mode of operation with a Nanoscope 

IIIa Multimode apparatus (Veeco Instruments), using rectangular Si cantilevers with 

spring constant of ~40 N m-1 and resonance frequency around 250-300 kHz. To this end, 

the dispersions were drop-cast (~50 µL) onto either highly oriented pyrolitic graphite 
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(HOPG) or mica substrates pre-heated at ~50-60 ºC. After drying, the substrates were 

thoroughly rinsed with Milli-Q water to remove surfactant from their surface. Raman 

spectra were obtained on a Horiba Jobin-Yvon LabRam instrument at a laser excitation 

wavelength of 532 nm. To avoid damage to the samples during the measurement, the 

power of the incident laser was kept to ~0.5 mW. XPS was performed on a SPECS 

spectrometer using a Mg Kα X-ray source (1253.6 eV, 100 W) and working at a 

pressure of 10-7 Pa. The charge effect observed during analysis on h-BN was 

counteracted by the use of an electron flood gun. Specimens for both Raman 

spectroscopy and XPS were prepared by depositing the dispersions drop-wise onto a 

pre-heated flat metallic disk (12 mm in diameter) until a uniform film was seen to cover 

the substrate. The starting bulk MoS2, WS2 and h-BN smaples were pressed into pellets 

with a hydraulic press. ATR-FTIR spectra were acquired with a Nicolet 8700 

spectrometer, from Thermo Scientific, using diamond as ATR crystal. For TGA, an 

SDT Q600 thermobalance (TA Instruments) was employed. Thermograms were 

recorded under synthetic air flow (100 mL min-1) at a heating rate of 3 ºC min-1, using 

Pt crucibles. 

 

3. Results and discussion 

 In principle, the amount of layered material that can be exfoliated and stabilized in 

aqueous medium, as well as the characteristics of the resulting dispersions, are expected 

to depend on many processing parameters, including initial concentration and particle 

size of the layered compound, surfactant type and concentration, sonication time and 

power, and centrifugation conditions (time and centrifugal force). Among these, the 

initial concentration and particle size of the layered material are thought to be 

particularly relevant factors, because they should determine the amount of thin flakes 
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 9 

that are cleaved from the particles to be potentially stabilized by the surfactant 

molecules. Fig. 1 shows representative FE-SEM images of the starting h-BN (a), MoS2 

(b), and WS2 (c) powders. Consistent with their layered nature, the materials are made 

up of thin particles, or plates, which display lateral sizes typically between 1 and 20 µm. 

For these powders, preliminary experiments with several surfactants indicated that 30 

mg mL-1 was a reasonable starting concentration in terms of attaining significant 

amounts of dispersed sheets in aqueous medium, and such concentration was 

subsequently used throughout the experiments. Lower starting concentrations of the 

layered compounds yielded correspondingly lower dispersed concentrations, whereas 

the use of much higher initial concentrations generally failed to increase substantially 

the concentration of the final suspension. 
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Figure 1. Representative FE-SEM images of the starting powders of (a) h-BN, (b) 

MoS2, and  (c) WS2. 

 The dispersing ability of the surfactants was systematically investigated in a series 

of benchmark tests that consisted of sonicating the layered materials (30 mg mL-1) in 

surfactant solutions of different concentrations for 5 h at a power of 26 W L-1 and 
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finally centrifuging the sonicated suspensions at 1500 rpm for 20 min. The 

centrifugation conditions were chosen so as to maximize the amount of material that 

could be suspended in the solution showing no or little amount of precipitation to the 

naked eye over the course of weeks. The sonication time and power were also selected 

to favour the production of dispersions with reasonable concentrations. The effect of 

these two parameters was studied in detail and will be further discussed below. Fig. 2a 

plots typical UV-vis spectra recorded for the resulting dispersions of h-BN (gray curve), 

MoS2 (green) and WS2 (red) in water with the surfactant Brij 700, which display the 

expected features for each of these materials.19,20 Being a wide bandgap (~6 eV) 

semiconductor,4 h-BN only exhibits strong absorbance at the shortest wavelengths in 

the measured range. On the other hand, the metal dichalcogenides show well-defined 

peaks at 612 and 674 nm (MoS2), and 630 nm (WS2), which are known to arise from 

excitonic transitions characteristic of such materials.5 After subtracting the background 

from the MoS2 and WS2 spectra (e.g., inset to Fig. 2a for MoS2), the absorbance of the 

different dispersions was determined at a specific wavelength (350, 674 and 630 nm for 

h-BN, MoS2 and WS2, respectively) as a relative measure of their concentration. 

Photographs of the typical aqueous dispersions are shown in Fig. 2b (WS2), c (MoS2) 

and d (h-BN). 
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Figure 2. (a) UV-vis spectra recorded for aqueous dispersions of WS2 (red curve), 

MoS2 (green) and h-BN (gray) stabilized by the surfactant Brij 700. Digital photographs 

of the suspensions are shown in (b) for WS2, (c) for MoS2 and (d) for h-BN. (e) 

Dispersed concentration of MoS2 as a function of surfactant concentration for SC (light 

green), Brij700 (dark green) and PVP (black). (f) Calibration plots relating dispersed 

concentration with absorbance at 630 nm for WS2 (red circles), 674 nm for MoS2 

(green) and 350 nm for h-BN (gray). For WS2 and MoS2, absorbance data are given 

after subtraction of the scattering background. 

 

 On assessing the effect of surfactant concentration on the amount of material that 

could be successfully dispersed, we observed that in most cases the dispersed 

concentration went through a maximum value with increasing surfactant concentration. 

This is exemplified in Fig. 2e for MoS2 with the surfactants SC, Brij 700 and PVP. A 

similar behavior has been recently reported for aqueous graphene dispersions with such 

anionic stabilizers as SC, sodium deoxycholate or several pyrene derivatives. 26 , 27 

Although the origin of this behavior is not well understood, it has been related to 

concentration-induced changes in the ionization degree of the stabilizer functional 
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groups,26 but such a mechanism cannot be expected to be in effect for non-ionic 

stabilizers. In principle, one could expect the dispersed concentration to steadily 

increase with surfactant concentration until a plateau value is reached, but the 

observation of a maximum requires some explanation. In aqueous medium, surfactants 

provide colloidal stability to hydrophobic particles (h-BN, MoS2 and WS2 in the present 

case) through adsorption of their hydrophobic section onto the particle surface, whereas 

their hydrophilic head is usually oriented towards the water molecules. It is known that 

surfactant self-assembly at the particle-water interface can lead to different types of 

surfactant aggregates, such as full micelles, hemimicelles or monolayers. 28 , 29 

Furthermore, for a given surfactant the colloidal stability of the particle depends not 

only on the amount of surfactant adsorbed at the interface, but also on the specific 

structure (conformation, orientation, etc) of the formed aggregates.30,31 

 As a rule, the amount of surfactant adsorbed at a water-solid interface has been 

shown to remain approximately constant at surfactant concentrations above the critical 

micelle concentration (cmc).30,32  The range of surfactant concentrations investigated 

here (2-12 mg mL-1) lies above the cmc values of the tested non-ionic surfactants 

(typically well below 1 mg mL-1),33 so their amount adsorbed on the layered solids is 

not expected to change significantly over such a range. For SC, the concentration at 

which the amount of dispersed solid decreased markedly (around 10 mg mL-1, see Fig. 

2e) was also above the cmc value of this surfactant (~4-6 mg mL-1).34 We thus have to 

conclude that changes in the amount of surfactant adsorbed onto the layered materials 

are not responsible for the observation of maxima in the dispersed concentrations. 

Rather, we interpret that these maxima are the result of structural transformations in the 

adsorbed surfactant layer, which would be associated with changes in the ability of the 

layer to keep the solid particles colloidally stabilized. Such transformations have been 
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both theoretically predicted and experimentally observed to occur upon changes in 

surfactant concentration (including concentrations above the cmc) for some aqueous 

surfactant-solid systems.29,31, 35 , 36  However, information regarding the possible 

arrangements of the adsorbed surfactant layer for the specific systems investigated here 

is currently not available, so further experimental and/or theoretical work will be 

required to validate the proposed interpretation. 

 The surfactant concentrations that yielded maximum dispersed amounts of the 

layered solids are collected in Table 1 for the different surfactant-solid combinations. 

These were considered to be the optimal concentrations for each system, and were 

therefore used in all the subsequent experiments. We note that there is a significant 

disparity in the obtained values, being as low as 2 mg mL-1 for, e.g., the surfactant 

Tween 85 with WS2, and as high as 12 mg mL-1 for P-123 with MoS2. It is also worth 

mentioning that for a given surfactant-solid system, the dispersed concentration 

measured at the optimal surfactant concentration can be very different to that achieved 

at other concentrations (see, for instance, the cases of SC and PVP with MoS2 in Fig. 

2e). This indicates that in order to compare the actual performance of the surfactants in 

the colloidal stabilization of these layered materials, we should use the optimal 

concentration value for each surfactant instead of the same concentration for all 

surfactants, as has been usually done in previous studies with, e.g., graphene.23,24 
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Surfactant 

MoS2 WS2 h-BN 

Surfactant 

concentration 

(mg/mL) 

Dispersion 

concentration 

(mg/mL) 

Surfactant 

concentration 

(mg/mL) 

Dispersion 

concentration 

(mg/mL) 

Surfactant 

concentration 

(mg/mL) 

Dispersion 

concentration 

(mg/mL) 

SC 6 0.38 ± 0.06 10 0.77 ± 0.08 4 0.08 ± 0.02 

Brij 30 8 0.5 ± 0.2 8 0.3 ± 0.2 8 0.18 ± 0.03 

Brij 700 4 0.52 ± 0.08 10 0.6 ± 0.2 2 0.07 ± 0.01 

DBDM 10 1.2 ± 0.4 10 2.9 ± 0.8 2 
0.046 ± 

0.001 

Gum arabic 8 0.4 ± 0.1 4 2.1 ± 0.6 2 
0.056 ± 

0.005 

P-123 12 12 ± 2 10 2.8 ± 0.7 6 0.08 ± 0.03 

PVP 2 0.22 ± 0.01 10 0.6 ± 0.1 1 
0.110 ± 

0.005 

Tritón X-100 10 0.6 ± 0.1 8 1.3 ± 0.2 8 0.05 ± 0.02 

Tween 80 6 1.5 ± 0.3 6 0.8 ± 0.5 6 0.08 ± 0.01 

Tween 85 2 0.25 ± 0.06 2 0.04 ± 0.02 12 0.05 ± 0.01 

Water --- 
0.004 ± 

0.001 
--- 

0.0017 ± 

0.0005 
--- 0.12 ± 0.02 

IPA-water 

(30-70 vol%) 
--- 0.71 ± 0.02 --- 0.78 ± 0.07 --- 0.40 ± 0.09 

 
Table 1: Optimal surfactant concentrations and final dispersed concentrations of MoS2, 

WS2 and h-BN exfoliated in water. 

 

 To determine the dispersed concentrations attained with the different surfactants in 

terms of mass of layered material per unit volume from their measured absorbance 

values, knowledge of the extinction coefficient of each material is first required. To 

gauge the extinction coefficients, we prepared relatively large amounts of h-BN, MoS2 

and WS2 dispersed in isopropanol (30 %vol)-water mixtures (see below for the selection 

of this mixture) by sonicating the materials at an initial concentration of 30 mg mL-1 for 

5 h at a power of 25 W L-1 and finally centrifuging at 1500 rpm for 20 min. Then, a 
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given volume of the resulting dispersions was vacuum-filtered through a polycarbonate 

membrane filter (50 nm of pore size). The solid collected on the membrane filter was 

weighed to calculate its concentration in the prepared suspensions. Because no 

surfactants were employed to prepare such suspensions, the weight of the layered 

materials could be determined with better accuracy. Finally, a calibration plot relating 

absorbance at a given wavelength (after background subtraction for MoS2 and WS2) and 

the concentration of suspensions prepared by serially diluting the original suspension in 

the appropriate solvent was obtained, from which the extinction coefficient of the 

material could be determined (Fig. 2f). The following values were found: (1741 ± 33) 

m-1 g-1 L at 350 nm for h-BN, (238 ± 6) m-1 g-1 L at 674 nm for MoS2 and (421 ± 14) m-

1 g-1 L at 630 nm for WS2. Although such values were obtained from aqueous 

dispersions in the absence of surfactants and (for MoS2 and WS2) in the presence of 

isopropanol, we assume that they are also essentially valid for surfactant-stabilized 

aqueous dispersions. This is because only weak interactions between water, isopropanol 

or surfactant molecules and the layered materials are expected to arise, so the absorption 

behavior of the latter will not be very significantly altered by such interactions. 

Likewise, we note that the extinction coefficients estimated for MoS2 and WS2 from 

their background-subtracted spectra are very different (much smaller) to those obtained 

when the background is not subtracted. For example, the coefficient for MoS2 without 

background subtraction would be (2692 ±51) m-1 g-1 L. 

 Estimates of dispersed concentrations at the optimal surfactant concentrations are 

given in Table 1 for the different surfactant-layered material combinations. Significant 

differences in the amount of material that can be stably suspended by these surfactants 

are noticed. For instance, the surfactants PVP or Tween 85 appear to be rather 

inefficient in exfoliating and dispersing MoS2 in aqueous medium, whereas P-123 
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affords very high concentrations of this layered material. Similar trends are also 

observed for WS2, with Tween 85 being the worst performing surfactant, and DBDM 

and P-123 being the best ones. For the two metal dichacolgenides, we note that the 

dispersing efficiency of many of these non-ionic surfactants compares favorably with 

that of SC, thus confirming the hypothesis that such type of surfactants can be as 

effective as, or even outperform, ionic ones in their colloidal stabilization. Furthermore, 

it has been previously reported that certain water-alcohol (e.g., ethanol and isopropanol) 

mixtures are quite effective media for the exfoliation and stabilization of MoS2 and WS2 

without requiring the addition of any stabilizers.37,38 We therefore prepared dispersions 

of MoS2 and WS2 in isopropanol-water mixtures with the optimal proportion of the 

alcohol (30 %vol) under the same processing conditions as those used to obtain the 

surfactant-stabilized suspensions, and compared the results in Table 1. Although the 

isopropanol-water mixture is rather effective in dispersing significant concentrations of 

the metal dichacolgenides, it is clearly outperformed by some surfactants. More 

significantly, the suspensions prepared with the best surfactants generally exhibited 

long-term colloidal stability, showing no or little sign of sedimentation over the course 

of at least 6 months. By contrast, most of the material dispersed in the isopropanol-

water mixture was seen to precipitate in a matter of days, even if the suspensions were 

kept in air-tight vials to prevent evaporation of the alcohol. 

 As shown in Table 1, the results for h-BN were very different to those obtained with 

MoS2 and WS2. First, even though the dispersions were prepared under exactly the same 

conditions as those used for the metal dichalcogenides, the dispersed concentrations 

were rather low and relatively similar for all the tested surfactants, i.e., there were no 

specific surfactants that afforded high concentrations of this material. Second, what was 

even more surprising was the fact that such concentrations were not better than that 
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achieved in the absence of surfactants. It has been reported that thin h-BN platelets can 

be exfoliated and stabilized in water without surfactants through a hydrolytic process 

induced by sonication.25 This process is thought to lead to the decoration of the edges 

and basal plane defects of the h-BN platelets with hydroxyl groups, thus conferring the 

platelets with some hydrophilic character that would be responsible for their colloidal 

stabilization in water. We speculate that such a hydrophilic character might change the 

adsorption behavior of the surfactant molecules on the h-BN platelet surface, so that 

there would no longer be a strong thermodynamic drive for the hydrophobic section of 

the surfactant molecules to adsorb on the platelet surface. As a result, their ability to 

stabilize the platelets in water would be significantly hampered. However, we note that 

the surfactant-free h-BN dispersions are colloidally stable under neutral and basic pH, 

probably due to electrostatic repulsion effects afforded by ionization of the hydroxyl 

groups, but precipitate under acidic conditions.25 By contrast, the stabilization provided 

by many non-ionic surfactants is not drastically affected in acidic medium,39 so their use 

would still be advantageous when working under such physicochemical conditions. 

 The effect of sonication time (up to several hours) and power (between ~10 and 50 

W L-1) on the dispersed concentrations was also investigated for several surfactant-

layered material combinations, and some representative results are shown in Fig. 3. As 

could be anticipated, the dispersed concentrations tended to increase with sonication 

time (Fig. 3a), although the magnitude of such increases was seen to differ for different 

surfactants, reflecting their different dispersing abilities commented upon before, and 

also between MoS2/WS2 and h-BN. For instance, the concentration of dispersed MoS2 

in Tween 80 and of WS2 in gum arabic rose by ~0.25-0.35 mg per hour, compared with 

a value of ~0.02 mg per hour for h-BN in PVP. Sonication power should have a strong 

influence of the dispersed concentrations, but this parameter is usually not considered in 
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the liquid-phase exfoliation of graphene and other 2D materials.40 Indeed, sonication 

power had a strong effect on the amounts of suspended material that could be obtained 

here, exhibiting a marked increase with this parameter (Fig. 3b). Albeit the interaction 

of solid particles with ultrasound waves in a liquid is quite complex and not thoroughly 

understood, it is generally agreed that the collapse of cavitation bubbles at or near the 

particle surface generates intense shock waves and liquid microjets that damage the 

particles. 41  For layered materials, this can be expected to lead to the tearing and 

exfoliation of small fragments (platelets) from the particle surface, providing that the 

energy associated to such damage events is above a certain threshold. Indeed, it can be 

seen from Fig. 3b that the dispersed concentrations fall to nearly zero for sonication 

powers in the 10-20 W L-1 range. As the sonication power is increased above this range, 

the number of cavitation bubbles with sufficient energy should rise and/or their energy 

should increase so as to allow larger numbers of fragments to be ripped apart from the 

surface of the particles. As a result, the concentration of platelets suspended in the 

aqueous medium would be expected to increase, as actually observed in Fig. 3b. 

However, microscopic characterization indicated that higher sonication powers also 

tended to produce platelets with smaller lateral dimensions, which is an undesirable 

feature in many cases. In this regard, a reasonable compromise can be attained by 

selecting relatively modest powers above the 10-20 W L-1 range (e.g., 26 W L-1) without 

sacrificing drastically the final dispersed concentrations. 
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Figure 3. Dispersed concentrations of WS2 with gum Arabic (red circles), MoS2 with 

Tween 80 (green) and h-BN with PVP (gray) as a function of sonication time (a) and 

power (b). 

 

 Although the previous results have demonstrated that the layered materials under 

investigation can be suspended in water using non-ionic surfactants, with a high 

efficiency in many cases, the characteristics of the dispersed objects are not known and 

must be elucidated. In particular, it is desirable that the dispersions are constituted by 

sheets with a limited number of monolayers and that the sheets have not been 

structurally or chemically altered to any significant extent by the ultrasonic processing. 

Fig. 4 shows TEM images of the typical objects that were observed for some 

representative surfactant-stabilized dispersions: MoS2 with P-123 (a) and Brij 700 (b), 

WS2 with DBDM (c) and Triton X-100 (d), and h-BN with Tween 80 (e and f). We note 

that some of the features observed in these images appear slightly blurred. We believe 

the main reason for this to be related to the presence of surfactant molecules on/around 
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the exfoliated platelets. For example, the rounded shadows seen in the upper part of Fig. 

4e can be attributed to surfactant aggregates. As a result, the quality of the images tends 

to degrade to some extent. It was not easy to remove these surfactant molecules. One 

possible way to do this would be by aggressively rinsing the sample with water (like we 

did in the case of AFM imaging), but the Cu grids covered with a thin carbon film that 

were used for TEM are very fragile and did not stand such a rinsing process. In any case, 

the quality of the presented images was sufficient to discern its main features. 

Specifically, the dispersions were seen to be mostly or even exclusively constituted by 

thin platelets, which were interpreted to be few-layered sheets of the corresponding 

materials, thereby suggesting that a considerable degree of exfoliation was attained with 

these surfactants. The platelets displayed irregular polygonal shapes with lateral 

dimensions approximately between 50 and 300 nm for MoS2 and WS2, and 100-500 nm 

for h-BN. We note that the typical sizes of the h-BN platelets tended to be somewhat 

larger than those of their MoS2 and WS2 counterparts under the same processing 

conditions. This can be probably put down to differences in tensile strength between h-

BN and the metal dichalcogenides, i.e, relatively low strength values for the latter 

would facilitate breaking-up the exfoliated platelets into smaller fragments during  

sonication.17 
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Figure 4. TEM images of representative platelets exfoliated in water via sonication: 

MoS2 with P-123 (a) and Brij 700 (b), WS2 with DBDM (c) and Triton X-100 (d), and 

h-BN with Tween 80 (e,f). 

 

 Platelet thickness was evaluated by means of AFM imaging, as exemplified in Fig. 5 

for MoS2 (a), WS2 (b) and h-BN (c) with Tween 80. Line profiles such as those shown 

superimposed on the images of Fig. 5a-c allowed to determine the apparent height of the 

platelets relative to the supporting substrate, which in turn was taken as an estimate of 

their thickness. Histograms showing platelet thickness distribution for the samples of 

Fig. 5a, b and c are presented in Fig. 5d, e and f, respectively. Typical values ranged 

between 2 and 10 nm for the three Tween 80-stabilized samples, and similar results 

were obtained for dispersions stabilized with other surfactants. These values are 

comparable to those reported previously for platelets of the same materials exfoliated in 
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the liquid phase.17,21 Taking into account that the thickness of one monolayer of these 

materials is about 0.7 nm (MoS2 and WS2) and 0.35 nm (h-BN),42,43 we deduce that the 

platelets in the present surfactant-stabilized dispersions would typically contain from 

about 3 to 14 layers of MoS2 or WS2 and from 5 to 25 layers of h-BN. However, as a 

result of the different nature of the platelets and the supporting substrate, we note that 

some inaccuracy (instrumental offset) can be introduced in the determination of 

thickness values by this procedure, which typically amounts to ~1 nm in excess of the 

actual thickness.44-47 Likewise, the presence of surfactant molecules adsorbed on the 

platelet surface, which are difficult to remove completely, can also increase the 

measured thickness values. As a result, the figures provided here probably overestimate 

the actual platelet thicknesses by the equivalent of up to several monolayers of the 

material. Another way to determine the thickness (layer number) of the platelets would 

be by counting the number of lattice fringes observed by TEM at the platelet edges. 

This has been successfully done in the case of graphene, where folds are usually formed 

at its edges that facilitate the observation of fringes. However, for transition metal 

dichalcogenides this approach is much more difficult to implement because the platelets 

tend to be more rigid than graphene, so that folds do not readily form.17 
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Figure 5. AFM images of platelets exfoliated in water with Tween 80 and deposited 

onto mica substrates: h-BN (a), MoS2 (b) WS2 (c). Line profiles (blue traces) taken 

along the marked white lines are shown superimposed on the AFM images. Histograms 

showing the platelet thickness distribution as derived from the apparent height of the 

platelets in the AFM images: h-BN (d), MoS2 (e) and WS2 (f). 

 

 Raman spectroscopy was employed to gain structural information on the materials 

that comprise the aqueous dispersions. Fig. 6 (red traces) shows representative Raman 

spectra corresponding to aqueous dispersions of h-BN (a), MoS2 (b) and WS2 (c) with 

Tween 80. For comparison, spectra recorded for the starting layered materials in bulk 

form are also presented (blue traces). The Raman spectrum of bulk h-BN was 

characterized by a peak at ~1366 cm-1, which corresponds to a vibration mode of E2g 

symmetry associated to in-plane bond-stretching motion of pairs of atoms.48 For bulk 

MoS2, which possesses trigonal prismatic metal coordination (2H polymorph), the 
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spectrum was dominated by two first-order peaks located at about 384 and 409 cm-1, 

ascribed to E1
2g and A1g phonon modes, respectively.49 The former mode arises from 

opposite in-plane displacements of two S atoms with respect to the metal atom, whereas 

the A1g mode is associated to out-of-plane vibrations of S atoms in opposite directions. 

Similar to the case of MoS2, the polymorph of WS2 is 2H, with trigonal prismatic metal 

coordination, but its Raman spectrum exhibited several peaks other than those 

corresponding to the E1
2g (~356 cm-1) and A1g (~421 cm-1) modes. These additional 

peaks have been put down to a series of overtone and combination modes, which arise 

as a result of the laser excitation (532 nm) being in resonance with the B excitonic 

transition of WS2.
50  The most significant of these overtone modes is the so-called 

2LA(M) peak (~352 cm-1), which is located very close to the E1
2g mode and is due to 

longitudinal acoustic (LA) phonons at the M point of the Brillouin zone. 
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Figure 6. Representative Raman spectra (532 nm laser line) for platelets exfoliated in 

water with Tween 80 (red trace) and for their non-exfoliated, bulk layered material 

counterparts (blue): h-BN (a), MoS2 (b) and WS2 (c). (d,e) Detailed Raman spectra for 

MoS2 (d) and WS2 (e) recorded for the bulk, non-exfoliated material focusing the laser 

on basal planes (blue trace) and edges (green) and for the material exfoliated in water by 

sonication in the presence of Tween 80 (red). 

 

 Overall, we see from Fig. 6 that the spectra recorded for platelets of the three 

layered solids exfoliated and dispersed in water-surfactant media were identical (or 

almost identical) to those of their bulk counterparts. Such observation suggests that the 

solids did not undergo any considerable structural changes during their ultrasonic 

processing or at any other step in the preparation of the dispersions, i.e., the exfoliated 

platelets generally retained the structural integrity of their parent material. For instance, 

the exfoliated h-BN platelets exhibited no detectable peaks at ~1055 and 1305 cm-1 (Fig. 

6a, red trace), which would have indicated a partial transformation to the cubic phase of 

BN.48 Likewise, no peaks at about 156, 226 and 333 cm-1, which would be associated to 

a distorted 1T phase, were seen to appear for MoS2 upon exfoliation (Fig. 6b). This 

phase is known to arise as a result of a structural transformation in 2H-MoS2 induced by, 

e.g., lithium intercalation, 51  but such a transformation did not take place in the 

surfactant-stabilized MoS2 platelets. 

 The position of the Raman E1
2g and A1g peaks in MoS2 and WS2 has been recently 

shown to be sensitive to the number of layers of the specimen.49,50,52,53 Similarly, a shift 

in the frequency of the E2g peak has been predicted to occur when going from bulk to 

monolayer h-BN, 54 although to the best of our knowledge this prediction has not yet 

been experimentally corroborated. Thus, measurement of peak positions could in 
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principle be used to estimate the number of layers present for samples produced by 

liquid-phase exfoliation. Nevertheless, the magnitude of the shifts has been shown to be 

quite small, amounting to just a few cm-1 for monolayers and being practically 

negligible for samples consisting of about 5 or more layers. According to the AFM data 

(Fig. 5), the surfactant-stabilized platelets prepared here were typically made up of a 

few to several layers; therefore, we should not expect any significant shifts in the 

position of their Raman peaks compared with that of their bulk counterparts. This is in 

fact what we observed for h-BN (Fig. 6a). However, some subtle changes in the position 

of the observed peaks were noticed for the two metal dichalcogenides. These changes 

can be better appreciated in the detailed spectra shown in Fig. 6d (MoS2) and e (WS2). 

For exfoliated MoS2 (Fig. 6d, red trace), peaks at about 379 and 404 cm-1 were 

consistently recorded, which lie ~5 cm-1 lower than those of bulk MoS2 (Fig. 6d, blue 

trace) but match against those previously reported for MoS2 exfoliated in organic 

solvents.17 Although a peak at ~404 cm-1 would be consistent with a down-shifted A1g 

band arising from platelets 1-3 layers thick, if that was the case we should have 

observed as well an up-shift of the E1
2g band of about 1-2 cm-1, but not a down-shift.49,52 

Considering also that the AFM images pointed to exfoliated samples dominated by 

platelets generally thicker than 1-3 layers, we have to conclude that the origin of the 

apparent down-shifting of the Raman peaks is not related to platelet thickness. Instead, 

we propose that it is associated to the presence of a relatively large fraction of edges in 

the platelets as a result of their small size. 

 To provide evidence in support of such hypothesis, we note that the type of 

spectrum shown in Fig. 6d for bulk, non-exfoliated MoS2 (blue trace) was obtained 

when the Raman laser was focused onto the basal plane of the MoS2 particles (see Fig. 

1b). However, it was also possible to focus the laser on particle edges, so that the 
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volume sampled in the Raman measurement contained a majority of atoms in basal 

planes along with a small, but non-negligible, fraction of atoms at edges. A 

representative spectrum recorded for the latter situation is shown in Fig. 6d (green trace). 

Four clearly resolved peaks could be noticed: two of them lay at the same position as 

that of the E1
2g and A1g peaks from the basal plane of bulk MoS2 (~384 and 409 cm-1, 

respectively), whereas the other two matched against the peaks observed for exfoliated 

MoS2 (379 and 404 cm-1). This result suggests that the two latter peaks might not be just 

the E1
2g and A1g modes down-shifted by 5 cm-1, but instead peaks arising from different 

vibration modes that become Raman-allowed in the proximity of edges. Indeed, peaks 

at about 379 and 404 cm-1, together with the E1
2g and A1g peaks, have been recently 

reported by Mathew et al for proton-irradiated (i.e., defect-rich) MoS2 and attributed to 

E2
1u and B1u phonon modes that become Raman active when the local symmetry of the 

lattice is broken (e.g., at vacancies, edges, etc). 55  Thus, we ascribe the two peaks 

observed for exfoliated MoS2 to the E2
1u and B1u modes. We also infer that such modes 

tend to yield very intense peaks, because even a quite small fraction of edges can give 

rise to peaks comparable in intensity to that of the E1
2g and A1g modes (e.g., green trace 

in Fig. 6d). For the exfoliated MoS2 platelets, the fraction of edges should be relatively 

large on account of their small size (50-300 nm), so that the E2
1u and B1u bands can 

dominate the Raman spectrum altogether (red trace in Fig. 6d). This was also observed 

for, e.g., MoS2 dispersions stabilized with surfactants other than Tween 80, such as Brij 

700 and PVP (see Fig. S1a in the Electronic Supplementary Information). We observed 

similar trends, although the down-shifts of the bands were slightly smaller (maxima 

located at 380-381 cm-1 and 406-407 cm-1) than those of MoS2 stabilized with Tween 80. 

We interpret that these features could result from the overlap of E1
2g and A1g peaks 

stemming from the basal planes of MoS2 (maxima at ~384 and 409 cm-1) with, 
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respectively, E2
1u and B1u peaks stemming from the edges of MoS2 (379 and 404 cm-1) 

if they happen to possess similar intensity. Such a situation could arise if Brij 700- and 

PVP-stabilized dispersions were made up of platelets with slightly larger mean lateral 

size than that of samples prepared with Tween 80. A detailed investigation of the 

influence of platelet lateral size on the relative intensity of the E2
1u and B1u peaks with 

respect to E1
2g and A1g peaks is beyond the scope of this work and will be investigated 

in the future.   

 A similar reasoning could be applied for the case of WS2. For this material, Chung 

et al have documented the progressive emergence of a peak in the low wavenumber side 

of the A1g mode (at ~416 cm-1) for WS2 films that expose increasing fractions of edge 

planes on their surface.56 These authors ascribed the new peak to a combination mode of 

longitudinal and transverse acoustic phonons [LA(K) + TA(K) mode]. Indeed, we 

observed such a peak as a shoulder on the A1g band in spectra recorded by focusing 

fosusing the laser on the edges of bulk WS2 particles (Fig. 6e, green trace), but not when 

the laser was focused on their basal planes (Fig. 6e, blue trace). Again, this edge-related 

peak became completely dominant for spectra obtained from the small-sized, exfoliated 

WS2 platelets (Fig. 6e, red trace). Likewise, a decrease in the relative intensity of the 

E1
2g band could be noticed in Fig. 6e when going from bulk WS2 (basal plane) to bulk 

WS2 (edge) and exfoliated WS2. As a general conclusion from the Raman results, we 

stress that a great deal of caution must be exercised when using peak positions to infer 

information about the exfoliation degree (thickness) of colloidally dispersed metal 

dichalcogenide platelets. Because such platelets tend to display a relatively small lateral 

size, the characteristics of the observed peaks could be dominated by edge effects rather 

than by platelet thickness, thus preventing any meaningful assessment of the latter. 
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 Further indication that the exfoliated sheets retained their structural and chemical 

integrity was obtained by XPS. Fig. 7 shows representative XPS spectra for h-BN (a), 

MoS2 (b) and WS2 (c) in bulk (blue traces) and exfoliated (with Tween 80, red traces) 

form (further spectra for MoS2 exfoliated with Brij 700 and PVP can be found in Fig. 

S1b of the ESI). The binding energies for N 1s and B 1s bands obtained for h-BN in 

exfoliated form are 398.1 and 190.4 eV, respectively, which are consistent with 

hexagonal BN. 57  Furthermore, both the bulk and exfoliated materials show π→π* 

shake-up satellites ~9 eV higher than the position of the N 1s and B 1s bands, which are 

characteristic of sp2-bonded, hexagonal BN,57 and are absent in sp3-bonded, cubic BN. 

Given the similarity between the relative intensity of the satellite to the band in the 

normalized spectra of bulk and exfoliated h-BN materials, it can be concluded that there 

has not been any significant transformation from hexagonal to cubic BN with 

exfoliation, which is consistent with the Raman spectroscopy results. The ~0.6 eV shift 

in binding energy between the bulk and exfoliated forms of h-BN can be attributed to 

insufficient charge compensation for the relatively thick pellet of electrically insulating 

bulk material compared with the very thin film of exfoliated platelets. In the case of 

MoS2 (Fig. 7b) and WS2 (Fig. 7c), a charge effect appears in the spectra of the 

exfoliated material presumably due to the presence of adsorbed surfactant molecules on 

the platelets. A hypothetical transformation of a fraction of the starting 2H polymorph 

into its 1T counterpart upon exfoliation would be accompanied by the development of 

some asymmetry in the XPS bands for both Mo (or W) and S,16 which is not observed 

in the recorded spectra. This suggests that the materials did not undergo any 

considerable structural changes upon exfoliation, and in fact retain the 2H polymorph of 

their starting bulk solids.16,58 
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Figure 7. Normalized, high resolution XPS spectra for the non-exfoliated, bulk layered 

materials (blue traces) and the materials exfoliated in water by sonication in the 

presence of Tween 80 (red traces): (a) B 1s and N 1s peaks for h-BN, (b) S 2p and Mo 

3d peaks for MoS2, and (c) S 2p and W 4f peaks for WS2. 
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 Finally, having established the suitability of several non-ionic surfactants for the 

exfoliation and colloidal stabilization of these layered materials in water, there is a 

question that is worth posing but often overlooked in the literature: What is the actual 

amount of surfactant adsorbed on the exfoliated/stabilized platelets? Such a question 

can be relevant, e.g., when considering practical uses of these platelets. It is well known 

that the performance of materials and devices obtained from surfactant-stabilized 

particles can be affected (usually degraded) by the presence of the surfactant 

molecules.26, 59  Therefore, knowledge of the amount of surfactant adsorbed on the 

particles could be helpful in designing materials/devices with improved characteristics. 

To estimate adsorbed amounts, the aqueous dispersions were centrifuged at a high 

centrifugal force (20000 g) for 120 min to sediment the platelets with their adsorbed 

surfactant layer, while the non-adsorbed molecules remained in the supernatant liquid. 

These sediments were then analyzed by thermogravimetry under flowing air. Two 

representative thermogravimetric plots are shown in Fig. 8 for the sediment of MoS2 

(green plot) and WS2 (red plot) with P-123. A mass loss step in the ~200-300 ºC region 

signaled the gasification of the surfactant molecules, from which the mass percentage of 

the latter in the sample could be determined. Values of about 22-29% were obtained, 

indicating that relatively large amounts of surfactant are required to stabilize the 

exfoliated platelets in water. However, we note that the sediments could be stably re-

dispersed in pure water through a short, mild sonication treatment, thus yielding 

suspensions with layered material to surfactant concentration ratios of about ~2.4-3.5. 

Such ratios are significantly higher than the best values reported so far for aqueous 

dispersions of graphene, h-BN or MoS2 (~0.3-0.5),22,26 making the present re-dispersed 

suspensions very attractive for the preparation of materials and devices with minimal 
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interference from the stabilizing agent. Opportunities for application of these 

dispersions could be found in the biomedical field, due to the good biocompatibility of 

many non-ionic surfactants, or in photocatalysis, as recently demonstrated for MoS2 

stabilized with P-123.60   

 

 
Figure 8. Representative TG plots for centrifuged sediments of MoS2 (green plot) and 

WS2 (red plot) with P-123. 

            

 

4. Conclusions 

 We have demonstrated several non-ionic surfactants to be very efficient stabilizers 

for the production of stable aqueous dispersions of MoS2 and WS2 platelets exfoliated 

by sonication. Concentrations up to several milligrams per milliliter could be achieved, 

which were considerably higher than those attained for dispersions prepared in two 

reference media previously reported for their efficacy, namely, water-sodium cholate 

and water-alcohol in the absence of surfactant. On the other hand, the investigated 

surfactants were found to be ineffective in affording high concentrations of h-BN 

platelets. Furthermore, such concentrations were similar to that brought about for this 

material in water without using surfactants. Although the exact reason for such result is 

currently unknown, it was tentatively related to chemical changes (decoration with 
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hydroxyl groups) induced on the platelets by hydrolytic processes during sonication. 

The Raman spectra for the exfoliated MoS2 and WS2 platelets revealed subtle changes 

relative to the spectra of their bulk counterparts that did not originate from the reduced 

thickness of the specimens but were instead ascribed to edge effects. This result sends a 

cautionary tale about the use of Raman spectroscopy as a tool to estimate the thickness 

of small-sized metal dichalcogenide platelets, such as those produced by sonication-

induced exfoliation, which exhibit a relatively large fraction of edges. Finally, aqueous 

dispersions of MoS2 and WS2 with minimal surfactant content (relative to the amount of 

suspended platelets) could be prepared by re-processing of the as-prepared dispersions, 

which should facilitate their integration into different materials and devices towards a 

variety of applications. 

 

Electronic Supplementary Information (ESI) 

Additional Raman and XPS spectra of MoS2 exfoliated in water in the presence of 

surfactants. 
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Captions to table 

 

Table 1: Optimal surfactant concentration and dispersed concentration at the optimal 

surfactant concentration for the different surfactant- layered materials combinations.  

 

Captions to figures 

 

Figure 1. Representative FE-SEM images of the starting powders of (a) h-BN, (b) 

MoS2, and  (c) WS2. 

 

Figure 2. (a) UV-vis spectra recorded for aqueous dispersions of WS2 (red curve), 

MoS2 (green) and h-BN (gray) stabilized by the surfactant Brij 700. Digital photographs 

of the suspensions are shown in (b) for WS2, (c) for MoS2 and (d) for h-BN. (e) 

Dispersed concentration of MoS2 as a function of surfactant concentration for SC (light 

green), Brij700 (dark green) and PVP (black). (f) Calibration plots relating dispersed 

concentration with absorbance at 630 nm for WS2 (red circles), 674 nm for MoS2 

(green) and 350 nm for h-BN (gray). For WS2 and MoS2, absorbance data are given 

after subtraction of the scattering background. 

  

Figure 3. Dispersed concentrations of WS2 with gum Arabic (red circles), MoS2 with 

Tween 80 (green) and h-BN with PVP (gray) as a function of sonication time (a) and 

power (b). 
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Figure 4. TEM images of representative platelets exfoliated in water via sonication: 

MoS2 with P-123 (a) and Brij 700 (b), WS2 with DBDM (c) and Triton X-100 (d), and 

h-BN with Tween 80 (e,f). 

 

Figure 5. AFM images of platelets exfoliated in water with Tween 80 and deposited 

onto mica substrates: h-BN (a), MoS2 (b) WS2 (c). Line profiles (blue traces) taken 

along the marked white lines are shown superimposed on the AFM images. Histograms 

showing the platelet thickness distribution as derived from the apparent height of the 

platelets in the AFM images: h-BN (d), MoS2 (e) and WS2 (f). 

 

Figure 6. Representative Raman spectra (532 nm laser line) for platelets exfoliated in 

water with Tween 80 (red trace) and for their non-exfoliated, bulk layered material 

counterparts (blue): h-BN (a), MoS2 (b) and WS2 (c). (d,e) Detailed Raman spectra for 

MoS2 (d) and WS2 (e) recorded for the bulk, non-exfoliated material focusing the laser 

on basal planes (blue trace) and edges (green) and for the material exfoliated in water by 

sonication in the presence of Tween 80 (red). 

 

Figure 7. Normalized, high resolution XPS spectra for the non-exfoliated, bulk layered 

materials (blue traces) and the materials exfoliated in water by sonication in the 

presence of Tween 80 (red traces): (a) B 1s and N 1s peaks for h-BN, (b) S 2p and Mo 

3d peaks for MoS2, and (c) S 2p and W 4f peaks for WS2. 

 

Figure 8. Representative TG plots for centrifuged sediments of MoS2 (green plot) and 

WS2 (red plot) with P-123. 
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The production of stable aqueous suspensions of several inorganic graphene analogues 

was performed by exfoliation of the corresponding bulk layered materials via sonication 

using non-ionic surfactants as dispersing agents. 
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