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Materials 28 

The MoS2 powder, n-butyllithium, hexane, organohalide, diazonium salt, Nylon filter 29 

paper and organic dye (Nickel(II) phthalocyanine-tetrasulfonic acid tetrasodium salt) 30 

were purchased from Sigma Aldrich. The salt, sucrose, organic micropollutant except 31 

for dye, and solvent were purchased from Alfa Aesar. The commercial forward osmosis 32 

membranes (FTSH2O Flat Sheet Membrane, CTA) were purchased from Sterlitech. All 33 

chemicals were used as received. 34 

 35 

 36 

Characterization  37 

Scanning electron microscopy (SEM) images were obtained using Hitachi S4800. The 38 

X-ray Diffraction (XRD) was carried out on an Xpert Pro apparatus with filtered Cu 39 

Kα radiation (λ = 0.15418 nm) operating at 40 kV and 20 mA. Aberration-corrected 40 

high-resolution (scanning) transmission electron microscopy imaging (HR-(S)TEM) 41 

and energy-dispersive X-ray spectroscopy (EDS) were performed using a FEI Titan 42 

Cubed Themis microscope which was operated at 200 kV. The Themis is equipped with 43 

a double Cs aberration corrector, a monochromator, an X-FEG gun, a super EDS 44 

detector, and an Ultra High Resolution Energy Filter (Gatan Quantum ERS) which 45 

allows for working in Dual-EELS mode. HR-STEM imaging was performed by using 46 

HAADF and annular dark-field (ADF) detectors. The Raman spectroscopy was 47 

performed on a Renishaw 1000 system using a green laser of 532 nm. Attenuated Total 48 

Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy was conducted on 49 

Nicolet Nexus FT-IR spectrometer equipped with Golden Gate Diamond ATR. The 50 

solid-state 13C CP MAS NMR experiments were performed on a Bruker 700 MHz (16.4 51 

T) spectrometer at a frequency of 176.05 MHz, using 3.2 and 4 mm Bruker MAS probes 52 
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spinning at 10 kHz. 13C chemical shifts were referenced to tetramethylsilane, using 
53 

adamantane as a secondary reference. The 13C solution NMR was conducted for ethyl 54 

iodoacetate on a Bruker Avance 300 MHz.    55 

 56 

 57 

Zeta potential of MoS2 nanosheets 58 

The zeta potential of pristine and functionalized MoS2 nanosheets was measured using 59 

an Anton Paar Litesizer 500 Particle Analyzer at neutral pH (in DMSO and water 60 

mixture). The exfoliated pristine MoS2 nanosheets showed a zeta potential of -48.7, 61 

suggesting a negatively charged nature, which agreed well with previous reports [1]. 62 

The zeta potential was decreased after nanosheets functionalization since the partial 63 

charges on nanosheets' surfaces were quenched by electrophiles, as seen in 64 

Supplementary Table 1. 65 

 66 

Supplementary Table 1 Zeta potential of pristine and functionalized MoS2 67 

Samples Zeta potential (ξ, mV) 

Pristine -48.7 ± 0.6 

C2 -40.5 ± 1.6 

C3 -39.5 ± 1.5 

Ace -42.9 ± 1.8 

Ben -38.5 ± 1.8 

C3OH -40.2 ± 1.0 

Aryl -32.6 ± 1.3 

 68 

 69 

ATR-FTIR spectra of MoS2 membranes 70 

ATR-FTIR spectroscopy was carried out on MoS2 membranes. To avoid possible 71 

residual DMSO to affect the detection of S-C bond, we functionalized the nanosheets 72 

in water: isopropanol (2:3 in volume) mixture. An obvious absorption on ~680 cm-1 for 73 
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all functionalized membranes was observed, showing the existence of the S-C bond [2], 74 

confirming the covalent grafting of the functional groups.  75 

 76 

Supplementary Figure 1. Attenuated total reflectance FTIR (ATR-FTIR) spectrum of 77 

pristine and functionalized MoS2. The S-C stretching is highlighted by the dotted gray 78 

line. 79 

 80 

 81 

Raman Spectrum of MoS2 nanosheets               82 

The Raman spectroscopy was performed on MoS2 nanosheets to see the changes of 83 

vibration modes after functionalization. The pristine MoS2 nanosheets clearly showed 84 

four vibrational modes presented by the A1g, J1, J2 and J3 peaks. Among those, the J1 85 

and J3 peaks are highly correlated with electron-phonon coupling [3]. After 86 

functionalization, the out-of-plane A1g mode was less affected. While the J1 and J3 peaks 87 

broadened and exhibited a blueshift. The J2 peak became significantly stronger and 88 

showed a redshift. The changes in vibration modes originated from the modification of 89 

functional groups as the covalent bonding with MoS2 nanosheets would change the 90 

original electron structure of MoS2 nanosheet and induce a new electron-phonon 91 

coupling mode.  92 
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 93 

Supplementary Figure 2. Raman spectrum of pristine and functionalized MoS2 94 

nanosheets. The dotted gray lines represent J1, J2, J3 and A1g peaks of pristine MoS2 95 

nanosheets, respectively.  96 

 97 

 98 

13C Nuclear Magnetic resonance spectroscopy (NMR) 99 

The solid-state 13C CP MAS NMR experiments were carried out on Ace- and Ary-100 

functionalized nanosheets to compare the chemical shift of the aliphatic carbon (α-C) 101 

of the functional groups before and after the reaction. As we can see that the chemical 102 

shift of α-C from I-C in ethyl iodoacetate appeared at -3.7 ppm in agreement with 103 

previously reported results, which moved to higher ppm value after covalently grafting 104 

on MoS2 nanosheets. While the chemical shift of the other C in ethyl iodoacetate only 105 

slightly changed after functionalization. The chemical shift of diazonium salt showed 106 

similar changes with ethyl iodoacetate before and after the reaction. Briefly, the 107 

chemical shifts of C from N≡N-C in diazonium salt appeared at 115.3 ppm and the peak 108 

largely moved around 126 ppm ppm after grafting on MoS2 nanosheets. The chemical 109 

shift of the other C in the diazonium salt did not change significantly after reaction. 110 

This 13C shift at higher ppm values from NN-C and I-C to S-C environments was 111 

confirmed by NMR calculations on simple models (Supplementary Figure 3) 112 

 113 

DFT calculations of NMR parameters 114 
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Simple models of ethyl-acetate and phenyl groups grafted on an MoS2 surface were 115 

DFT-relaxed with the VASP code (see Force field parameters of MD simulation 116 

section and Supplementary Figure 3). 13C NMR chemical shift calculations were then 117 

performed within the DFT formalism using the QUANTUM-ESPRESSO (QE) 118 

software [4]. The PBE generalized gradient approximation [5] was used and the valence 119 

electrons were described by norm conserving pseudopotentials [6] in the 120 

Kleinman-Bylander form [7]. The wave functions were expanded on a plane wave basis 121 

set with a kinetic energy cut-off of 80 Ry. The shielding tensor was computed using the 122 

Gauge Including Projector Augmented Wave (GIPAW) [8] approach, which permits the 123 

reproduction of the results of a fully converged all-electron calculation. 124 

 125 

 126 

Supplementary Figure 3 : Calculated 13C NMR chemical shifts in simple models of 127 

ethyl-acetate and phenyl groups grafted on an MoS2 surface Atom color codes: Mo, 128 

violet; S, yellow; C, black; H, green; O, red. 129 

 130 

TGA measurement on MoS2 nanosheets 131 

Thermogravimetric analysis (TGA) was carried out on MoS2 membranes using TGA 132 

Q500 Thermogravimetric Analyzer equipped with Thermal Analysis Controller. First, 133 

we stabilized the system for 30 min at 100 °C. Then the samples were heated at 10 °C 134 

min-1 from 100 °C up to 600 °C under N2 protection. The weight loss was recorded as 135 

a function of increased temperature, seen in Supplementary Figure 4. The weight of 136 

pristine MoS2 nanosheets was kept stable in the whole heating process. While the 137 
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weight of functionalized MoS2 nanosheets dropped sharply around 230 °C due to the 138 

degradation of functional groups. The extent of functionalization could be estimated by 139 

the weight loss from 100 °C to 500 °C as we assumed all of the weight loss comes from 140 

the degradation of the grafted groups. The evaluated functionalization degrees per 141 

sulfur were ~24 at.%, ~27 at.%, ~24 at.%, ~16 at.%, ~18 at.%, ~22 at.%, for C2, C3, 142 

Ace, Ben, C3OH and Aryl-grafted nanosheets, respectively. 143 

 144 

Supplementary Figure 4. TGA traces of pristine and functionalized MoS2 nanosheets 145 

heated to 600°C under nitrogen protection. 146 

 147 

 148 

SEM images of MoS2 membranes with different thickness 149 

By adjusting the filtration amount of MoS2 solution, the membrane thickness can be 150 

previously controlled from 1 μm down to 100 nm (Supplementary Figure 5a and 5b).  151 

From the SEM images, we can clearly see that the porous surface of the substrate can 152 

be completely covered by the dense MoS2 layer formed by the stacking of MoS2 153 

nanosheets, even with a membrane thickness as low as 100 nm (Supplementary Figure 154 

5c). The dense MoS2 layer acting as the active layer would give the membrane the 155 

desired sieving performance. 156 
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 157 

Supplementary Figure 5. The SEM cross-section view of MoS2 membranes with 158 

thickness of 1 um (a), 100 nm (b) and 100 nm (c). The b and c have different 159 

magnifications. Scale bar represents 1.2 um in (a, b) and 3 um in (c). 160 

 161 

 162 

Cross-section view of pristine and functionalized MoS2 membranes 163 

We measured the thickness of MoS2 membranes before and after functionalization 164 

using SEM. Before measurements, all membranes were dried under vacuum for 24 165 

hours to completely remove the water molecules between the interlayers. The thickness 166 

of membranes becomes larger after functionalization due to the increased interlayer 167 

space.    168 

   169 

Supplementary Figure 6. Cross-section SEM images of MoS2 membranes before and 170 

after functionalization, scale bar, 750 nm.  171 
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 172 

 173 

XRD patterns of MoS2 membranes soaking in water  174 

To probe the stability of nanochannels in aqueous solution, XRD was employed to 175 

detect the interlayer space after soaking the functionalized MoS2 membranes in water. 176 

We recorded the XRD patterns of membranes with different immersion times. Due to 177 

the different detection positions each time and the influence of residual water on the 178 

membranes' surface, the peak intensity varied sometimes. However, the peak can 179 

always be detected, demonstrating the intact nanochannel. From the graph, we can see 180 

that the peak position, which presents the interlayer space, did not shift significantly 181 

during long-term immersion for more than 100 hours, showing the robust nanochannels 182 

stacked by functionalized MoS2 nanosheets.   183 

 184 

Supplementary Figure 7. XRD patterns of functionalized MoS2 membranes immersed 185 

in water for different times. The dry membranes were obtained by placing them in a 186 

vacuum for 24 hours. 187 

 188 

 189 

XRD patterns of GO, MXene, and C3OH-MoS2 membranes before and after soaking 190 
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in water  191 

We measured the swelling ability of the GO, MXene and C3OH-MoS2 membranes to 192 

compare the stability in water. From Figure 8, we can see the d-space of GO and MXene 193 

membranes expands from 8.35 Å and 13.38 Å to 16.24 Å and 16.36 Å after soaking in 194 

DI water for 100 h, producing an increase of 94.5 % and 22.3%, respectively. This is 195 

consistent with previous reports confirming the instability of GO and MXene 196 

membranes in aqueous solution [9, 10]. In contrast, the d-space of our C3OH-MoS2 197 

membrane increases by only 1.1 Å, from 12.66 Å to 13.75 Å, showing a limited 198 

swelling of 8.6 %.  199 

    200 

Supplementary Figure 8. XRD patterns of GO (a), MXene (b) and C3OH-MoS2 (c) 201 

membranes after drying in vacuum for 24h and soaking in DI water for 100 h.   202 

 203 

Contact Angle of MoS2 membrane  204 

The contact angle measurements were performed on the pristine and functionalized 205 

MoS2 membranes to observe the changes in the surface nature of nanosheets. Here, we 206 

used the air-dried membranes for measurements to best know the wettability of 207 

nanochannels experienced by water in permeation experiments. As expected, 208 

hydrophobic groups grafted MoS2 membranes showed an increased contact angle while 209 

the hydrophilic group grafted MoS2 membrane exhibited a decreased angle compared 210 

with pristine membrane. 211 
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 212 

Supplementary Figure 9. Optical photos of a water droplet on the pristine and 213 

functionalized MoS2 membranes prepared by using the DMSO/H2O (2:1) mixture as 214 

solvent. 215 

 216 

In addition, we also measured the contact angle of functionalized MoS2 membranes 217 

prepared by using the IPA/H2O (2:1) mixture as solvent to elucidate the effect of solvent 218 

residues since the DMSO has high polarity and slow evaporation. From supplementary 219 

Figure 10, we can see that all the membranes except C3-functionalized membrane show 220 

the same contact angle, indicating that the DMSO has been completely removed from 221 

the membrane's surface after washing. While the C3-functionalized membrane prepared 222 

by DMSO/H2O mixture showed a lower contact angle than that prepared by IPA/H2O 223 

mixture, demonstrating a slight residue of DMSO on C3-functionalized membrane, 224 

resulting from the capture by C3 groups with the highest grafting degree on nanosheets.      225 
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 226 

Supplementary Figure 10. Contact angle of pristine and functionalized MoS2 227 

membranes prepared by using DMSO/H2O (2:1) mixtures or IPA/H2O (2:1) mixtures 228 

as solvent.   229 

 230 

 231 

XRD patterns of pristine MoS2 membrane and bulk MoS2   232 

 233 

Supplementary Figure 11. XRD patterns of bulk MoS2 crystal (black) and pristine 234 

non-functionalized MoS2 membrane (blue). As we can see, the pristine membrane has 235 

only 0.05 Å free space between two successive nanosheets, which cannot allow water 236 

molecules diffuse into the interlayer.     237 

 238 

 239 
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Water permeance of functionalized MoS2 membrane with different thickness 240 

To elucidate the effect of interlayer space and surface chemistry of nanochannel on 241 

water transport, we plotted the water permeance with capillary height and contact angle, 242 

respectively. As we can see, the water permeance shows a near-linear relationship with 243 

the capillary height for different thickness membranes, while no obvious trends 244 

between permeance and contact angle are discovered in our system, suggesting a mass 245 

transfer process regulated by structure rather than the surface nature of nanochannels. 246 

This may be attributed to the screening effect of high concentrated salt on chemical 247 

surface nature as we used 3M KCl as a draw solution. It has been reported that the 248 

cation intercalated into the nanochannels would change the surface wettability of 2D 249 

laminated membranes [11]. In our system, the KCl would enter the nanochannel 250 

through the reverse flow and reside in the interlayer due to the electrostatic attraction 251 

from the negatively charged MoS2 nanosheets. These interactions and the resulting 252 

effects are complex and need to be investigated systematically in the future.            253 

 254 

Supplementary Figure 12. The water permeance of functionalized MoS2 membranes 255 
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with different thickness and plotted as a function of capillary height. The water 256 

permeance shows a nearly linear relationship with capillary height. The dotted lines are 257 

the best fits. The vertical error bars corresponding to the standard deviation. The 258 

horizontal error bars represent the average half-width of the XRD peaks measured after 259 

immersing the membranes in water for a long time (Supplementary Figure 7).  260 

 261 

 262 

 263 

Supplementary Figure 13. The water permeance of functionalized MoS2 membranes 264 

with different thickness and plotted as a function of contact angle. The water permeance 265 

is less affected by the nanochannel wettability. The error bars corresponding to the 266 

standard deviation. 267 

 268 

 269 

Plotted the activation energy of water permeation over contact angle 270 
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 271 

Supplementary Figure 14. The activation energy of water permeation vs contact angle. 272 

There is no obvious correlation between activation energy and contact angle.  273 

 274 

 275 

FWHM and capillary height variation of functionalized MoS2 membranes  276 

We analyzed the full-width at half-maximum (FWHM) of XRD patterns measured by 277 

immersing the membranes in an aqueous solution for different times. The FWHM of 278 

functionalized membranes is different and it maintains stability during the long-term 279 

soaking process of more than 100 h, indicating that each functionalized membrane has 280 

a unique stack structure and it could keep steady in aqueous solution. According to 281 

Bragg's law, we can calculate the capillary height variation by inverting the FWHM, 282 

which can qualitatively characterize the degree of order of the laminar membrane stack. 283 

A larger variation range suggests a more disordered stack. Among all the functionalized 284 

membranes, the Aryl-functionalized membrane has the worst stack order while the Ben-285 

functionalized membranes possess the best alignment.          286 
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 287 

Supplementary Figure 15. a, The full-width at half maximum (FWHM) of XRD peaks 288 

measured after immersing the functionalized membranes in water for a different time. 289 

All membranes exhibited stable FWHM under soaking conditions. b, The calculated 290 

variation range of capillary height based on the average FWHM of the immersed 291 

membranes. The capillary height variation presents the degree of order of the laminar 292 

membrane stack. A more disordered stack would give a larger variation range. The Aryl-293 

functionalized membrane showed the most disordered stack structure while the Ben-294 

functionalized had the most ordered laminated structure among all functionalized MoS2 295 

membranes.  296 

 297 

 298 

Synthesis of single-layer graphene oxide (GO) 299 

GO was synthesized by exfoliating graphite using the modified Hummers’ method [12]. 300 

Briefly, the graphite powder (1.5g) was mixed with concentrated sulfuric acid (50.7 mL) 301 

and sodium nitrate (1.14g). Then the potassium permanganate (6 g) was slowly added 302 

to the mixture. After 3 days of reaction, the H2SO4 solution (150 mL) was added. The 303 

hydrogen peroxide (4.5 mL) was added in the end to stop the reaction. Hydrochloric 304 

acid (10%) was employed to remove the metal ion impurities. The resulting solution 305 

was washed several times by dialysis to remove metal ions and acids. The supernatant 306 

containing the single-layer GO nanosheets was collected after centrifugation at 3000 307 

rpm for 3 min.   308 

 309 

 310 

The size of Micropollutants  311 
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The stoke radius of the contaminant, which can represent the effective hydrodynamic 312 

radius of molecules in water, was calculated by: 313 

�� =
���

����
(1)   314 

Where kB denotes Boltzmann’s constant, T presents the temperature, � is the liquid's 315 

viscosity and D is the diffusion coefficient of the micropollutant molecules.  316 

 317 

Supplementary Table 2. Physicochemical properties of Micropollutants [13-16]. 318 

Stoke radius of NiPc was assessed according to the Stoke radius of porphyrin [16].  319 

 320 

 321 

 322 

Water purification performance of the functionalized MoS2 membranes 323 
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 324 

Supplementary Figure 16. The water purification performance of the functionalized 325 

MoS2 membranes. The measurements were performed on the 400-layer functionalized 326 

MoS2 membranes at 30℃ under forward osmosis. Only the average flux and rejection 327 

based on at least five independent measurements are plotted and the error bars are 328 

omitted for clarity.   329 

 330 

 331 

Water flux of Aryl-functionalized MoS2 membranes in tangential cross-flow filtration 332 

cell running for 7 days 333 

 334 

Supplementary Figure 17. Evolution of water flux through a large-scale Aryl-335 

functionalized MoS2 membrane with operation time. The flux was measured in 336 

tangential cross-flow filtration cell at room temperature using 2 M sucrose and DI water 337 

as draw and feed solution. The inset image is the optical photo of the tested membrane. 338 

 339 

XRD pattern of Aryl-functionalized membrane after 7 days operation in tangential 340 

cross-flow filtration cell 341 
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 342 

Supplementary Figure 18. The XRD pattern of Aryl-functionalized membrane after 7 343 

days operation in tangential cross-flow filtration cell for desalination and the 344 

comparison with the dry membrane and the membranes immersed in water for 1 h. After 345 

a long-term operation, the peak intensity was still high and the peak position was not 346 

shifted, indicating that the Aryl-functionalized MoS2 membranes had robust 347 

nanochannels, which can resist the cross-flow shear, ensure for the long-term operation 348 

and bring stable Na+ sieving performance.  349 

 350 

 351 

Specific energy consumption (SEC) calculation 352 

In FO system, the major energy consumption is attributed to the recirculating pump. 353 

Thus, the power consumption from the pump is assumed to equal to the power 354 

consumption of the FO system. The SEC was calculated using Eq. (1) (2): 355 

����� =
�������

��
=

�����

��

(1) 356 

����� =
��� × ������ + ��� × ������

3.6 × 10� × �
(2) 357 

where ����� is the power of pump (kW), �� is the recovered water flow rate in m3.h-
358 

1, η is the pump efficiency, ������ and ������ are feed water and draw solution flow 359 

rates in m3.h-1, ��� and ��� are the feed hydraulic pressure (Pa) in feed and draw 360 

side, which is estimated using Eq. (3): 361 

p =  ρ ×  g ×  h (3) 362 

where ρ is density of fluid (kg/m3), g is acceleration of gravity (9.81 m/s2), h is head 363 
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increase across the pump (m), which includes the total head loss and the height at which 364 

the solution is pumped. The height of the solution pumped is determined by the 365 

installation of equipment. While the head loss is affected by the fluid velocity and 366 

viscosity, tube diameter, pipe length and the pipe absolute roughness.           367 

  Here, we assumed an 80% efficiency to estimate the power of the pump and a 1 meter 368 

long silicone hose with a diameter of 0.22 cm was used for delivering the solutions. 369 

After calculations, we estimate an energy consumption as low as 0.004 kWh.m-3. 370 

 371 

 372 

Comparison of the performance of the MoS2 membranes with state-of-the-art 2D 373 

laminar membranes 374 

The FO desalination performances of the functionalized MoS2 membranes have been 375 

compared with the literature (main Fig. 6b) and the corresponding data are detailed in 376 

Supplementary Table 3. There are two models used in FO desalination. The NaCl 377 

solution acts as permeate solution in diffusion configuration while as feed solution in 378 

separation configuration. The salt permeance under diffusion configuration is measured 379 

by the reverse solute flux, while the salt permeance (Ps) under separation model can be 380 

estimated from the equations (4) and (5): 381 

�� = �� × �� × (1 − �) (4) 382 

�� =
��

П
(5) 383 

where П is osmotic pressure in bar, Js is forward salt flux in mol m-2 h-1 (molMH), Jw is 384 

forward water flux in L m-2 h-1 (LMH), CF is feed NaCl concentration in mol L-1 (M), 385 

and R is the percent salt rejection. 386 
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Supplementary Table 3 Comparison of the desalination performance of 2D laminar membranes measured in forward osmosis cells under diffusion or separation models. 

Type 
Membrane 

configuration 

Effective 

membrane area 

(cm2) 

Draw solution Feed solution 
Osmotic 

pressure (bar) 

Water flux 

(LMH) 

Water 

permeance 

(LMHB) 

Salt permeance 

under separation 

model 

(molMHB) 

Salt permeance 

under diffusion 

model 

(molMHB) 

Salt rejection Ref 

GO 

GO-280 nm 1.13 0.25 M NaCl H2O 12 0.85 0.0708 - 0.058 n/a 

[17] 
KCl-GO-280 

nm 
1.13 

0.25 M 

NaCl+0.25 M 

KCl 

H2O+0.25 M KCl 12 0.36 0.03 - 4.2*10-4 n/a 

GO 

GO-1 μm 0.785 1 M Sucrose H2O 25 0.2 0.008 - - - 

[18] 

GO-5 μm 0.785 1 M NaCl H2O 48 n/a n/a - 0.052 n/a 

GO/Grap

hene 

GO/G-5 μm 0.5 3 M Sucrose 0.1 M NaCl 75 0.5 0.0067 0.00002 - 97% 

[19] GO-5 μm 0.5 3 M Sucrose 0.1 M NaCl 75 0.6 0.008 0.00032 - 60% 

GO/G-1 μm 0.5 3 M Sucrose 0.1 M NaCl 75 2.5 0.0333 0.0002 - 94% 

rGO 

rGO-KCl-280 

nm 
1.13 

0.25 M NaCl + 

0.25 M KCl 

H2O + 0.25 M 

KCl 
12 0.22 0.0183 - 0.00524 n/a 

[17] 

rGO-280 nm 1.13 0.25 M NaCl H2O 12 0.57 0.0475 - 0.025 n/a 

Graphene 

lGP-3 μm 0.264 3 M Sucrose 0.1 M NaCl 75 4.725 0.063 0.0001953 - 96.9% 

[20] 

mGP-3 μm 0.264 3 M Sucrose 0.1 M NaCl 75 1.875 0.025 0.0000475 - 98.1% 
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sGP-3 μm 0.264 3 M Sucrose 0.1 M NaCl 75 1.35 0.018 9.0*10-6 - 99.5% 

MXene 

Pristine-500 

nm 
1.83 0.2 M Sucrose 0.1 M NaCl 5 0.427 0.0854 0.003843 - 55% 

[21] 

MXene-

180 ℃-500 nm 
1.83 0.2 M Sucrose 0.1 M NaCl 5 0.2575 0.0515 0.000103 - 98% 

MXene 

Al-MXene-340 

nm 
1.77 2 M Sucrose 0.1 M NaCl 50 8.5 0.17 0.001785 - 89.5% 

[10] 

Al-MXene-580 

nm 
1.77 2 M Sucrose 0.1 M NaCl 50 4.8 0.096 0.0007392 - 92.3% 

Al-MXene-

1100 nm 
1.77 2 M Sucrose 0.1 M NaCl 50 2.8 0.056 0.000196 - 96.5% 

Al-MXene-

2700 nm 
1.77 2 M Sucrose 0.1 M NaCl 50 1.1 0.022 8.8*10-6 - 99.6% 

GLGM 
GO/LDH-1250 

nm 
1.77 1 M sucrose 0.01 M NaCl 25 2.25 0.09 0.0000513 - 94.3% [22] 

MoS2 

Pri-MoS2-330 

nm 
n/a 2 M Sucrose 0.1 M NaCl 50 0.17 0.0034 6.8*10-6 - 98% 

[23] 

MoS2-K+-330 

nm 
n/a 2 M Sucrose 0.1 M NaCl 50 1.22 0.0244 0.000122 - 95% 

MoS2-Na+-330 

nm 
n/a 2 M Sucrose 0.1 M NaCl 50 1.39 0.0278 0.0001112 - 96% 

MoS2-Li+-330 

nm 
n/a 2 M Sucrose 0.1 M NaCl 50 1.4 0.0280 0.000112 - 96% 
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MoS2-Mg2+-

330 nm 
n/a 2 M Sucrose 0.1 M NaCl 50 1.82 0.0364 0.0006188 - 83% 

fGraphen

e 
4 μm - 10 wt% NaCl H2O 85 13.9 0.1635 - n/a n/a [24] 

MXene 

Nb2CTx 

MXene-5 μm 
2 0.25 M NaCl H2O 12 4.3 0.3583 - 0.525 22.5% 

[25] 

NbSA-5 μm 2 0.25 M NaCl H2O 12 2.1 0.175 - 0.0083 93.3% 

MoS2 MoS2/SY-5 μm 0.28 3 M Sucrose  0.1 M NaCl 75 2.5 0.0333 3.33*10-5 - 99% [26] 

CAT  40000 
300 g/L 

Sucrose 
H2O 25 0.8 0.032 - - - [27] 

MOF 

Al-MOF-100 

nm 
0.07 0.5 M NaCl H2O 24 0.043 0.0018 - 6.25*10-6 n/a 

[28] 
Al-MOF-100 

nm 
0.07 0.5 M CoCl2 H2O 36 0.640 0.0178 - 4.17*10-6 n/a 

Al-MOF-20 

nm 
0.07 0.5 M CoCl2 H2O 36 1.44 0.04 - 4.44*10-6 n/a 

MoS2 

C2-MoS2 1.13 2 M Sucrose 
50 mM 

Benzoic acid 
50 0.98 0.0196 - - 100% 

This work C3-MoS2 1.13 2 M Sucrose 
50 mM 

Benzoic acid 
50 1.64 0.0328 - - 98.6% 

Ace-MoS2 1.13 2 M Sucrose 
50 mM 

Benzoic acid 
50 1.71 0.0342 - - 98.7% 
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Ben-MoS2 1.13 2 M Sucrose 
50 mM 

Benzoic acid 
50 2.74 0.0548 - - 95.2% 

C3OH-MoS2 1.13 2 M Sucrose 
50 mM 

Benzoic acid 
50 2.62 0.0524 - - 92.2% 

Aryl-MoS2 1.13 2 M Sucrose 
50 mM 

Benzoic acid 
50 3.17 0.0634 - - 97.7% 

Aryl-MoS2 

(small 

membrane) 

1.13 2 M Sucrose 0.1 M NaCl 50 4.37 0.0874 0.00053314 - 93.9% 

Aryl-MoS2 

in tangential 

cross-flow 

filtration cell 

7.54 2 M Sucrose 0.1 M NaCl 50 1.70 0.034 0.000204 - 94.0% 

Aryl-MoS2 

(big 

membrane) in 

tangential 

cross-flow 

filtration cell 

45.6 2 M Sucrose 0.1 M NaCl 50 1.41 0.0282 0.00016356 - 94.2% 
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Force field parameters of MD simulation 387 

We developed an extension of OPLS force field to describe bromobenzene- and 388 

ethylbenzene-functionalized MoS2. We used a Monte Carlo algorithm, to minimize the 389 

error between OPLS and density functional theory energies of various potential energy 390 

surfaces corresponding to bond dissociation, angle bend and dihedral twist. DFT 391 

calculations were performed with VASP [29, 30] at the PBE level [5] as well as with 392 

D3 vdW correction [31]. We performed relaxed surface scans of the PES with VASP by 393 

performing multiple geometry relaxations while constraining the bond/angle/dihedral 394 

positions and scanning their internal positions. For each bond dissociation scan, there 395 

is no other internal degree of freedom than the bond distance itself and this can be 396 

obtained straightforwardly. For an angle, for example the angle defined by the 3 atoms 397 

A-B-C, for each value of the angle, we performed a geometry relaxation for an 398 

ensemble of distances A-B and B-C, and finally selected the lowest energy structure as 399 

the reference. We proceeded similarly for dihedrals. We show Supplementary Figure 400 

19, DFT and the optimized OPLS energies over the training set. We can see that our 401 

final force field properly describes interactions between MoS2 and functional groups 402 

including C atom from alkane chains (as in MoS2-ethylbenzene) and C atom from an 403 

aromatic group (as in MoS2-bromobenzene). 404 
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 405 

Supplementary Figure 19. Potential energy surfaces corresponding to dissociation, 406 

bend and twist of bond/angle/dihedral in various functionalized MoS2 as a function of 407 

steps. Steps were selected as 0.1 Å, 1° and approximately 20° for bond, angle, dihedral, 408 

respectively. The blue lines correspond to DFT-D3 reference energies while red lines 409 

correspond to the optimized OPLS force field. We provide in Table 4 details on each 410 

subplot. 411 

 412 

Supplementary Table 4. Details on the subplots presented Supplementary Figure 18. 413 

The column system gives the actual system used as reference for the PES, the column 414 

PES-type gives the type of PES (bond dissociation/angle bend/dihedral twist), and the 415 

column atoms gives the ordered atom list corresponding to the bond/angle/dihedral. 416 

PES index System PES-type Atoms 

(1) MoS2-brbenzene angle Mo-S-C 

(2) MoS2-brbenzene angle S-C-C 

(3) MoS2-brbenzene bond S-C 

(4) MoS2-brbenzene dihedral Mo-S-C-C 

(5) MoS2-ebenzene dihedral S-C-C-C 

(6) MoS2-ethane angle S-C-C 

(7) MoS2-ethane dihedral Mo-S-C-C 

(8) MoS2-ethane dihedral S-C-C-H 

(9) MoS2-methane angle Mo-S-C 

(10) MoS2-methane angle S-C-H 

(11) MoS2-methane bond S-C 

(12) MoS2-methane dihedral Mo-S-C-H 

E
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y 
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)

Dissociation/angle bend/dihedral twist step

— OPLS 
— DFT-D3

(1) (2) (3)

(4)

(5)

(6)

(7) (8)

(9)

(10) (11) (12)
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 417 

Supplementary Table 5. OPLS parameters of the optimized force field. We added the 418 

elements Mo and S as OPLS types 907 and 908, respectively with OPLS bond, angle 419 

and dihedral types of 111 and 112, respectively (i.e. 907_b111_a111_d111 and 420 

908_b112_a112_d112). Columns “Atom 1-Atom 4” correspond to the OPLS type of 421 

the atoms involved in the bond/angle/dihedral. Columns “P1-P4” give the parameters 422 

of the bond/angle/dihedral in OPLS force field units (Å and kcal/mol). 423 

Atom 1 Atom 2 Atom 3 Atom 4 P1 P2 P3 P4 

13 112   129.49 1.82   

48 112   193.63 1.78   

46 13 112  44.16 104.76   

13 112 111  12.57 134.94   

13 13 112  32.29 111.27   

48 48 112  36.89 112.77   

48 112 111  9.11 147.77   

46 13 112 111 0.05 0.11 0.02 0.82 

46 13 13 112 0.64 0.41 -0.24 -0.34 

13 13 112 111 0.09 -0.77 0.19 0.03 

48 13 13 112 0.50 -0.33 -0.48 0.03 

48 48 112 111 0.03 -0.14 0.39 0.05 

 424 

  425 
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