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A B S T R A C T   

Molybdenum disulfide (MoS2) has been fabricated into thin-film composite (TFC) membranes for dye desali
nation due to its excellent underwater stability and tunable interlay spacing. However, it remains challenging to 
synthesize thin layers of MoS2 with high water permeance and high dye rejection due to the difficulty in 
fabricating large crystalline sheets or exfoliation. Herein, we report a scalable method coupling bottom-up hy
drothermal synthesis and top-down ultrasonic exfoliation to obtain well-dispersed MoS2 nanosheets and a vac
uum filtration method to prepare ultrathin membranes (thickness: 30 – 60 nm) for dye desalination. The MoS2 
nanosheets and membranes are thoroughly characterized for their chemistries and nanostructures. The mem
brane with 60-nm MoS2 exhibits water permeance of 32 LMH/bar, Na2SO4 rejection of 2.3%, and Direct Red-80 
rejection of 99.0%. The MoS2 membranes exhibit dye desalination performance superior to state-of-the-art 
commercial polyamide membranes and many leading membranes based on two-dimensional materials.   

1. Introduction 

Textile dyeing and finishing is one of the most chemically intensive 
industries and the largest industrial polluter of clean water. The 
wastewater contains a significant number of toxic dyes with a detri
mental impact on the environment and salts with high osmotic pressure 
(Chen et al., 2022; Lin et al., 2016; Shinde et al., 2021). State-of-the-art 
polyamide-based nanofiltration (NF) membranes can effectively recover 
dyes from the water, but they cannot separate divalent ions from the 
dyes and would require high pressure to overcome the osmotic pres
sures. Two-dimensional (2D) nanomaterials have emerged as a prom
ising platform for constructing thin-film composite (TFC) membranes 
for dye desalination owing to their adjustable interlay spacings (with a 
strong size-sieving ability) and large surface area for chemical func
tionalization (Liu et al., 2020; Yang et al., 2020). 

Molybdenum disulfide (MoS2) has distinct characteristics for mem
brane applications, such as physical and chemical stability for under
water operation (Chu et al., 2020; Hu et al., 2023; Liu et al., 2022; Liu 
et al., 2020; Liu et al., 2021a, 2021b). For example, MoS2 nanosheets 
display greater hydrophobicity and thus a lower degree of swelling by 
water (15%) than graphene oxides (GOs) (65%) (Chen et al., 2020; Gao 
et al., 2019; Ries et al., 2019). Additionally, when soaked in water for 1 

day, the MoS2 membrane retained the d-spacing at 6.2 Å, while the 
MXene membrane showed an increased d-spacing from 12.8 to 15.7 Å 
(Mei et al., 2022). 

The key to preparing high-performance TFC membranes with 2D 
materials lies in the exfoliated nanosheets that can be well-dispersed in 
coating solutions. MoS2 nanostructures can be produced using top-down 
or bottom-up approaches. For the top-down approaches, MoS2 is inter
calated using n-butyl-lithium (n-BuLi) in hexane to generate LixMoS2, 
which then reacts with water to form LiOH and H2 to exfoliate the 
nanosheets (Chen et al., 2022); the MoS2 suspension can also be pre
pared by ultrasonic exfoliation in the liquids (Backes 2019; Ott et al., 
2019). The top-down methods yield large nanosheets, but they can be 
time-consuming and require a large quantity of solvents or air-sensitive 
chemicals. For the bottom-up synthesis, the nanosheets can be obtained 
using a hydrothermal/solvothermal route, where sulfur and molybde
num sources react in an autoclave cell at ≈200 ◦C (Mphuthi et al., 2022), 
forming sub-micrometer particles and poorly-crystalline nanosheets 
(Feng et al., 2015; Wang et al., 2017; Ye et al., 2014). However, these 
nanosheets have a smaller amount of laminar organization, and the 
membranes often have very thick selective layers (25–30 µm) to achieve 
high dye rejection (Arshad et al., 2022). 

Here we demonstrate for the first time an integration of bottom-up 
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hydrothermal synthesis of large MoS2 flakes and top-down ultrasonic 
exfoliation to obtain nanosheets large enough to prepare membranes by 
vacuum filtration onto polysulfone (PSF) porous support (Fig. 1). More 
importantly, this approach is scalable, as hydrothermal reaction and 
ultrasonication have been practiced for industrial material processing 
(Karim et al., 2023), and vacuum filtration technique has been demon
strated to fabricate 2D material-based membranes on a large scale, such 
as reduced GO-based membranes by roll-to-roll process (Esfahani et al., 

2023) and amine-treated GO hollow fiber membranes (Zhou et al., 
2019). Our approach significantly shortens the membrane preparation 
time by substituting time-consuming exfoliation steps (such as n-BuLi 
intercalation) with 1-h ultrasonic exfoliation and does not require any 
additives (such as polymers or zwitterionic molecules) to create MoS2 
layers as thin as 30–60 nm. The nanosheets and membranes are thor
oughly characterized for their chemistries and nanostructures. The MoS2 
membranes are evaluated for dye desalination and demonstrate the 

Fig. 1. Schematic of the scalable synthesis of MoS2-TFC membranes in three sequential steps, including bottom-up hydrothermal synthesis of MoS2 flakes, top-down 
ultrasonic exfoliation to prepare well-dispersed nanosheets, and vacuum filtration to fabricate ultrathin membranes. 

Fig. 2. Characterization of the MoS2 flakes synthesized from L-cysteine and Na2MoO4 by hydrothermal reaction. (a) TEM and (b) HRTEM images. High-resolution 
XPS for (c) Mo 3d region, (d) S 2p region, (e) C 1s region, and (f) O 1s region. (g) FTIR spectrum, (h) XRD pattern, and (i) Raman spectrum. 
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performance superior to state-of-the-art polyamide-NF membranes and 
other leading membranes based on 2D materials. 

2. Experimental 

2.1. Materials 

L-Cysteine (C3H7NO2S) and sodium molybdate (Na2MoO4) were 
purchased from Panreac and Synth (Brazil), respectively. N, N-Dime
thylformamide (DMF), isopropyl alcohol (IPA), Direct Red 80 (DR, 1373 
g/mol), Congo Red (CR, 697 g/mol), Methylene Blue (MB, 320 g/mol) 
and Methyl Blue (MethylB, 800 g/mol) were obtained from Sigma- 
Aldrich (St. Louis, MO, USA). PSF 20k support with a molecular 
weight cut-off of 20 kDa was provided by Solecta, Inc. (Oceanside, CA, 
USA). 

2.2. Synthesis of MoS2 membranes 

First, MoS2 flakes was synthesized using a modified hydrothermal 
procedure (Schneider et al., 2021), where Na2MoO4 (as a molybdenum 
source) was mixed with L-cysteine (as a sulfur source) at an Mo:S molar 
ratio of 2:4.5. In detail, 0.1900 g of L-cysteine and 0.2517 g of Na2MoO4 
were dissolved in 10 mL and 15 mL of water, respectively. Both solutions 
were mixed and heated from 25 to 200 ◦C at 3 ◦C /min in a stainless-steel 
autoclave. After 17-h reaction, the produced MoS2 was separated from 
the supernatant by centrifugation at 8000 rpm and 5 ◦C for 10 min and 
then washed with water before drying at 40 ◦C for 72 h to obtain black 
MoS2 particles. 

Second, the MoS2 nanosheets were prepared by dispersing particles 
in DMF followed by ultrasonic exfoliation for 1 h. Third, the TFC 
membranes were prepared by vacuum filtration (Chen et al., 2022). 
Specifically, PSF support was pre-treated in IPA for 24 h and then soaked 
in water before the use (Tandel et al., 2022). The MoS2 suspension was 
diluted in water to 25 and 50 mg/L and then filtered through the sup
port. The volume ratio of DMF to water was 5:95 and 10:90 in the so
lutions of 25 and 50 mg/L, respectively, and the MoS2 loading is 
estimated to be 15 and 30 µg/cm2, respectively. Finally, after the 
filtration, the membranes were rinsed carefully with water for 10 min 
and stored in water (up to 48 h) before further studies. The samples were 
labeled as MoS2-15 (with an estimated MoS2 thickness of 30 nm based 
on its density of 5.06 g cm− 3) and MoS2-30 (60 nm). 

2.3. Characterization of MoS2 nanosheets and membranes 

The MoS2 flakes were characterized by Transmission Electron Mi
croscopy (TEM, Tecnai G2 F20) and Scanning Electron Microscopy 
(SEM, FIB-SEM, Carl Zeiss Auriga CrossBeam, Zeiss, Germany). The 
surface charge and Zeta potential (ζ) were determined by a Zetasizer 
NanoZS/Malvern. Fourier Transformed Infrared (FTIR) Spectroscopy 
with attenuated total reflectance (ATR) was employed to determine 
functional groups using Bruker Vertex 70. X-ray Photoelectron Spec
troscopy (XPS) was performed using ESCALAB-MKII with Al Kα (1486.6 
eV) to determine the surface chemical composition. The high-resolution 
XPS spectra were recorded in Sulfur, Molybdenum, Carbon and Oxygen 
regions. Raman spectra (100–500 cm− 1) were obtained using HORIBA 
LabRAM HR Evolution. X-ray diffraction (XRD) patterns (5–70◦) were 
obtained with a scan speed of 1◦/min in an XRD-6000/Shimadzu. Dye 
molecular sizes were measured using dynamic light scattering (DLS) by 
Zetasizer Nano ZS90. 

The membranes were characterized by Atomic Force Microscopy 
(AFM, MultiMode VIII/Bruker) for surface roughness and a Model 190 
goniometer (Rame-Hart Instrument Co., Succasunna, NJ) was employed 
for water contact angle (WCA) measurements. For water filtration 
studies, the membranes were cut into coupons of 1.8 cm in diameter and 
tested in dead-end cells. Water permeance (AW, L m− 2 h− 1 bar− 1 or 
LMH/bar) can be calculated using Eq. (1) (Huang et al., 2018): 

AW =
JW

Δw
=

V
t × Δp × Am

(1)  

where JW is the permeate flux (L m− 2), Δp is the transmembrane pressure 
(TMP, bar), Am is the active membrane area (m2), and V is the volume of 
the water permeated (L) over the collection time t (h). The dye rejection 
tests were conducted with feed solutions containing 200 ppm dyes at 5 
bar. The dye rejection (RD) is calculated using Eq. (2): 

RD =
(
1 − CP,D

/
CF,D

)
× 100% (2)  

where CP,D and CF,D are the dye concentration in the permeate and feed, 
respectively. For each membrane, at least two samples were tested, and 
an average value is reported. 

3. Results and discussions 

3.1. Synthesis and characterization of MoS2 flakes and nanosheets 

The successful synthesis of MoS2 flakes by bottom-up hydrothermal 
reaction of L-cysteine and Na2MoO4 is confirmed by various physical 
and chemical characterizations. Fig. S1a shows the morphology of MoS2 
nanosheets with some degree of agglomeration. Figure 2a and Fig. S1b 
display the TEM images of a few stacked MoS2 nanosheets with 
dimension of 3–5 µm, and Fig. 2(b) shows an irregular-edged contour of 
nanosheets and a poorly crystalline structure, consistent with the hy
drothermal MoS2 reported in the literature (Abinaya et al., 2018; Lai 
et al., 2021). 

The high-resolution XPS data of MoS2 (Fig. 2(c)–(f)) confirm the 
formation of Mo-S bonds by the presence of the peaks in the Mo 3d and S 
2p regions, as well as the presence of O 1s and C 1s peaks (Chen et al., 
2021; Kumar et al., 2019; Lei et al., 2022). The Mo 3d region (Fig. 2(c)) 
demonstrates the predominance of the Mo4+ state centered at 228.1 eV 
(derived from Mo 3d5/2) and 231.4 eV (arising from Mo 3d3/2). The 
deconvoluted peaks indicate that hydrothermal reaction forms a mixture 
of 1T and 2H crystalline domains, which are assigned to the crystalline 
phases from 2D TMDs (Chen et al., 2021; Lee et al., 2022). The shoulder 
at 235.2 eV refers to the highly oxidized states of molybdenum (Mo6+), 
which are commonly associated with Mo-O bonds (Li et al., 2015) and 
can be ascribed to the atmospheric oxygen passivation, the unreacted 
Na2MoO4, or the MoO3 impurities (Lei et al., 2022; Tiwari et al., 2022). 
Figure 2(d) shows the two S2− oxidation states at 161.0 eV (S 2p3/2) and 
162.1 eV (2p1/2). Two additional peaks are observed at 164 eV for S–O 
bond and at 163.2 eV for S–S bridging (S2−

2 ) or apical S2− (Kumar et al., 
2019). 

The hydrothermal reaction also introduces the O and C, forming 
functional groups covalently attached to or adsorbed on the MoS2 flakes. 
For instance, the C 1s peak is deconvoluted into three peaks for C–C 
(284.0 eV), C–O (285.0 eV), and C––O (287.1 eV) (Fig. 2(e)) (Kumar 
et al., 2019), while the O 1s peak can be deconvoluted into Mo–O 
(531.1 eV), C–O (231.9 eV) and C––O (233.3 eV) (Fig. 2(f)) (Liu et al., 
2021a; Tang et al., 2022). 

The FTIR spectrum exhibits vibrational modes from organic func
tionalization and confirms the surface/edge modifications or non- 
covalently molecules adsorbed onto the MoS2 flakes (Fig. 2(g)). The 
main peaks include 450 cm− 1 (Mo–S stretching (Fang et al., 2018; Zhao 
et al., 2020)), 658 cm− 1 (Mo–O (Tang et al., 2022)), 1414 cm− 1 (SO4

2−

(Zhao et al., 2020)), and 1585 cm− 1 (C––O symmetric (Jiang et al., 
2021)), 1107 cm− 1 (SO3 (Singh et al., 2022)), and 943/905 cm− 1 

(Mo––O (Tang et al., 2022; Zhao et al., 2020)). These peaks also 
corroborate with the XPS analysis. The functional groups are expected to 
increase the d-spacing due to the steric hindrance between basal planes 
of the nanosheets and the reduced van der Walls stacking along the 
z-axis. Additionally, the MoS2 shows a negative zeta potential value of ζ 
= − 28.8 ± 1.6 mV, consistent with the literature (Schneider et al., 
2021). 
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Figure 2(h) displays the XRD pattern of MoS2 with low-intensity and 
broad peaks, suggesting a non-crystalline structure, which is typical for 
those prepared by the hydrothermal route (Abinaya et al., 2018; Ye 
et al., 2014). The (100) plane is assigned to S-terminated edge (Posysaev 
and Alatalo, 2019), (101) refers to basal plane facets (An et al., 2022), 
and (110) peak at 2θ = 58.3◦ refers to the distance between Mo and S in 
the sheets. Interestingly, the characteristic peak at 2θ ≈ 14.5◦ (d-spacing 
of ≈6.2 Å) associated with stacking of MoS2 flakes (002 plane) is not 

present in the diffractogram, probably due to their nanomorphology 
(Fig. 2(a)). Figure 2(i) displays the Raman spectrum with the two 
characteristic peaks of MoS2 structures of 404 cm− 1 (A1g) and 380 cm− 1 

(E1
2g). 

3.2. Characterization of the MoS2 membranes 

Figure 3(a)–(c) displays the SEM images of the pristine PSF, MoS2- 

Fig. 3. Surface characterization of the PSF and MoS2 membranes. (a–c) SEM images of membrane surfaces. (d–f) AFM 2D images and topological height variation 
profile. (g–i) Water contact angles. 
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15, and MoS2-30, respectively. The PSF shows a porous surface with an 
average pore size of 20–30 nm. The deposition of 25 mg/L MoS2 solution 
results in agglomerates on the surface, which is not fully covered, 
reaching a MoS2 loading of 15 µg/cm2, similar to those reported in the 
literature (Abinaya et al., 2018). By contrast, the deposition of 50 mg/L 
MoS2 appears to completely cover the surface and forms wrinkles, 
reaching a loading of 30 µg/cm2, which are characteristics of 2D 
nanosheets (Huang et al., 2018). The SEM cross-section images for the 
MoS2 membranes were obtained (Fig. S2), but the thickness of the MoS2 
layer is too low to determined using the collected SEM image. Fig. S3a–c 
also confirms that the deposition of thin MoS2 layers does not change the 
appearance of the membrane surface. 

The AFM images of the membranes (Fig. 3(d)–(f)) show the well- 
defined pores on the PSF membrane and the MoS2 deposition, consis
tent with the SEM images (Fig. 3(a)–(c)). The pristine PSF displays a 
smooth surface with an average roughness (Ra) of 8.3 nm. Increasing the 
MoS2 content in the suspensions increases the Ra values. For example, 
MoS2-15 and MoS2-30 show the Ra values of 21 and 37 nm, respectively. 

Figure 3(a)–(I) compares the static WCAs for various membranes. 
PSF support shows the WCA of 76.3 ± 0.3◦. The MoS2 deposition in
creases the WCA, indicating the enhanced hydrophobicity. MoS2-30 
exhibits greater hydrophobicity than MoS2-15 because of the higher 
coverage and thicker MoS2 layer (Gao et al., 2016; Tran et al., 2020). 

3.3. MoS2 membrane for water purification 

Table 1 compares steady-state dye solution permeance (AW) and dye 
rejection for PSF and MoS2 membranes. As expected, increasing the 
MoS2 thickness decreases the dye solution permeance, though all 
membranes show similar values of molecular weight cut-off (MWCO) 

(Fig. S4). Nevertheless, MoS2-15 exhibits water permeance of 200 LMH/ 
bar, much higher than those observed for polyamide-based NF 
membranes. 

PSF support shows higher rejection to the dyes with negative charges 
(such as DR and CR) than MB with a positive charge because of the 
negative charge on the membrane surface (Dashtbozorg et al., 2022; 
Gholami et al., 2022). On the other hand, MethylB exhibits rejection 
lower than expected (though it has molecular weight similar to CR), 
presumably because MethylB has smaller aggregates than CR in aqueous 
solutions. Positively charged dyes can be easily adsorbed by the nega
tively charged membranes, while the negatively charged dyes might be 
excluded by the Donnan effect (Deng et al., 2017; Ding et al., 2022; Fang 
et al., 2022; Liu et al., 2021a). 

The MoS2 membranes exhibit much higher dye rejection than PSF 
support (despite similar MWCOs), especially for the negatively charged 
DR and CR. For example, MoS2-30 exhibits DR rejection of 99% (much 
higher than 79% in PSF) and CR rejection of 91% (higher than 78% in 
PSF), and the reduced DR concentration in the permeate can be viewed 
by the color difference from the feed solution (Fig. S5). The superior 
separation properties of MoS2 membranes can be partially ascribed to 
their suitable interlay spacings and hydrophobicity, rendering robust 
underwater molecular sieving abilities. However, the MoS2 layers are 
too thin to be characterized using x-ray diffraction for the d-spacing. On 
the other hand, the positively charged MB exhibits low rejection in the 
MoS2 membranes because of the negative charge of the MoS2. Fig. S3 
also compares the surface color change after the DR test for the three 
membranes. The MoS2 layer deposition reduced the DR adhesion, 
indicating the improved antifouling properties. Additionally, all mem
branes show very low rejection of NaCl and MgCl2 (≈3%). 

Table 2 compares the developed MoS2 membranes with those re
ported in the literature (which were often derived from n-BuLi exfolia
tion). Our approach avoids the use of additives or long-time 
intercalation processes, and it does not require any additional surface 
coating to eliminate defects (Gao et al., 2019; Li et al., 2018), which 
would lower water permeance. The strategy of employing bottom-up 
route to synthesize MoS2 particles combined with a top-down ultra
sonic exfoliation in DMF renders well-dispersed MoS2 nanosheets for 
facile fabrication of membranes using scalable vacuum filtration. More 
importantly, our MoS2 selective layers have the thickness of 30–60 nm, 
much thinner than others reported in the literature, while achieving 
good desalination performance of negatively charged dyes. 

Table 1 
Comparison of water permeance and dye rejection in PSF, MoS2-15, and MoS2- 
30. DR, CR, and MethylB have negative surface charges, and MB has a positive 
charge.  

Membranes MWCO 
(kDa) 

DR solution 
AW (LMH/bar) 

Dye rejection (%) 

DR 
(− ) 

CR 
(− ) 

MethylB 
(− ) 

MB 
(+) 

PSF 31 750 ± 120 79 78 16 8 
MoS2-15 36 200 ± 40 91 91 38 12 
MoS2-30 36 32 ± 6 99 91 60 9  

Table 2 
Comparison of the dye removal performance of our MoS2 TFC membranes with those reported in the literature, as well as synthesis routes, thickness, and porous 
supports.  

MoS2 synthesis Thickness 
(nm) 

MoS2 modification Porous 
support 

Dyes or ions Rejection 
(%) 

AW (LMH/ 
bar) 

Ref. 

Top-down (n-BuLi) 250 Acetamide-; methyl-; 
ethyl-2-ol-MoS2 

Nylon Phtalocyanine 100 >3 (Ries et al., 2019) 

500 – PES Pb2+ – 145 (Wang et al., 2020) 
1700 – PTFE Evans blue (+) 90.3 245 (Sun et al., 2013) 
462 – PVDF MB (+) 82 25 (Lu et al., 2020) 

Top-down (ultrasonic exfoliation) 4540 PSBMA†1/PDA HPAN MB (+) 99.8 108 (Zhang et al., 2021) 
100 β-CD and TDI†2 PVP CR (− ) 95 30 (Feng et al., 2022) 
4500 O-MoS2

†3 PES Rose Bengal 
(− ) 

99.9 75 (Tian et al., 2023) 

80 TA-MoS2
†4 PES CR (− ) 99.6 55 (Fan et al., 2018) 

Bottom-up – PTCA†5 PES CR (− ) 79 217 (Sreeramareddygari et al., 
2021) 

Hydrothermal synthesis & 
ultrasonic exfoliation 

30–60  PSF CR (− ) 91 32 This work  
DR (− ) 99  

†1 Poly(sulfobetaine methacrylate). 
†2 β-Cyclodextrin and toluene-2,4-diisocyanate. 
†3 Molybdenum disulfide oxide. 
†4 Tannic acid. 
†5 Polythiocyanuric. 
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Nevertheless, in this study, the membranes were often stored in water 
for up to 48 h, and the permeation tests often last for 2 h due to the high 
water flux of these membranes. Consequently, their long-term stability 
for continuous permeation tests needs to be validated. 

The separation factor (α) of the salt over dye is defined as: 

α = (1 − RS)/(1 − RD) (3)  

where RS is the rejection of the salt. Figure 4 compares the separation 
factor of our MoS2 membranes with state-of-the-art membranes for dye 
desalination. The MoS2-30 membrane shows a good water permeance 
and separation factor comparable with other membranes based on MoS2 
(Zhang et al., 2021; Zhang et al., 2019), COF (Fan et al., 2018; Shinde 
et al., 2021), rGO (Han et al., 2013; Zhu et al., 2017) and MXene (Wang 
et al., 2022). Other 2D materials-based TFC membranes like GOs (Chen 
et al., 2018) and S-rGO (Huang et al., 2018) exhibit higher separation 
factor but lower water permeance than our MoS2 membranes. 

4. Conclusions 

We demonstrate a facile fabrication of ultrathin membranes by 
vacuum filtration of MoS2 nanosheets, which were synthesized using an 
integrated approach of bottom-up hydrothermal reaction in aqueous 
solutions and top-down ultrasonic exfoliation in DMF. This approach 
yields large, well-dispersed nanosheets, which exhibit negative charges 
and remarkable hydrophobicity. TFC membranes containing MoS2 se
lective layers of 30–60 nm were successfully prepared and demonstrate 
desalination performance of negatively charged dyes superior to state- 
of-the-art commercial NF membranes and many 2D materials-based 
membranes. 
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