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Membrane distillation has attracted great attention in the development of sustainable desalination and 

zero-discharge processes because of its possibility to recover 100% water and the potential to integrate 

with low-grade heat such as solar energy. However, the conventional membrane structures and 

materials afford limited flux thus obstructing its practical application. Here we report ultrathin 

nanoporous graphene membranes by selectively forming thin graphene layers on the top edges of 

highly porous anodic alumina oxide support, which creates short and fast transport pathways for water 

vapor but not liquid. The process avoids the challenging pore-generation and substrate-transfer 

processes required to prepare regular graphene membranes. In the direct contact membrane distillation 

mode under a mild temperature pair of 65℃ /25℃, the nanoporous graphene membranes show an 

average water flux of 421.7 Lm
-2

h
-1

 with over 99.8% salt rejection, which is an order of magnitude 

higher than any reported polymeric membranes. The mechanism for high water flux is revealed by 

detailed characterizations and theoretical modeling. Outdoor field tests using Red Sea water heated 

under direct sunlight radiation show that the membranes have an average water flux of 86.3 Lm
-2

h
-1

 

from 8 am. to 8 pm., showing a great potential for real applications in seawater desalination. 
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1. Introduction 

The growing water scarcity globally and the high carbon footprint of the current water desalination 

technologies urge an alternative low-cost and sustainable solution.[1] Membrane distillation (MD) is a 

simple process that utilizes heat to drive vapour to pass through a porous hydrophobic membrane 

and obtains clean and fresh water in the permeate, while liquid water is blocked by surface 

hydrophobicity.[2]  The potential of using low-grade heat has made MD a promising low-cost and 

sustainable water desalination technology.[3] MD is also a key technology in many zero-discharge 

sustainable processes because the “last-mile” of such processes often involves a high-salinity water 

solution that is failed to be treated by other desalination technologies, while MD can in principle 

harvest 100% water from either polluted or high salinity waters.[4] 

 

The reported MD membranes are typically prepared from hydrophobic polymers such as 

polypropylene (PP), polyvinylidene fluoride (PVDF), and polytetrafluoroethylene (PTFE). [5] However, 

these membranes have suffered from low flux. Structural optimization using, for example, 

sandwiched, hierarchical, or Janus structures, has been studied extensively to improve the flux.[6] 

Nevertheless, the best-reported membrane flux thus far is less than 80 LMH in the  direct contact 

membrane distillation (DCMD) mode even under a high temperature gradient of 90C/20C.[2a, 6a, 7] 

As a result, applications of these membranes in sustainable processes such as solar-driven MD 

systems have shown far below the practically required water capacity. 

 

In our previous work, we found a graphitic carbon nanowire membrane showing a superior water 

flux of 400 LMH at 90C/20C in vacuum membrane distillation process (VMD) mode because of the 

fast water transport on the graphitic surface and the short transport pathway.[8]  However, the 1D 

forest-like carbon nanowires also caused profound concentration polarization. In contrast, the 
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atomically thin 2D graphene, another graphitic carbon material, with a similar surface mass-transfer 

property to the 1D carbon nanowires/tubes, could ameliorate these challenges while holds 

potentially even shorter transport distance thus higher MD performance. [9] However, because of its 

impermeability and insufficient strength over large areas, a functional graphene membrane will 

require post-synthesis pore generation and transfer to porous support. Both have been proved to be 

of great challenge in the current studies. [9c, 10] 

 

Bearing in mind these challenges, here we report a novel process to prepare ultrahigh-flux 

nanoporous graphene (NG) membranes with no need for the post-synthesis pore generation and the 

transfer process. The nanoporous graphene membrane exhibited an unparalleled high-water flux 

(421.7 LMH) and impressive salt rejection (>99.8%) in the DCMD mode under a mild temperature 

pair of 65C/25C. We further demonstrated that our NG membrane had great potential application 

for seawater desalination using solar-driven membrane distillation by simply exposing the Red Sea 

water to sunlight. 

2. Results and Discussion 

2.1. Membrane Fabrication  

The fabrication procedure is illustrated in Figure 1A. Commercial anodic alumina oxide (AAO) discs 

with 25 mm diameter and 60 m thickness are used as support. The AAO disc has vertically aligned 

straight channels with an average pore size of 32 nm and surface porosity of 38% (Figure 1B). In the 

first step, the AAO channels are entirely filled by a photoresist (Figure 1C). Second, the top surface is 

etched by oxygen plasma to expose the top edges (Figure 1D). Next, the nickel powder is sputter-

coated on the exposed edges. Afterward, the photoresist inside the channels is removed. The 

removed photoresist also takes away the nickel powder that may deposit in the channel areas, 

which leaves only the nickel powder on the top edges (Figure 1E). The sample obtained at this stage 
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is called Ni-AAO. Next, the sample is exposed to perfluorodecyltrichlorosilane (FDTS) vapor to graft a 

monolayer coating and denoted as FDTS-AAO. Finally, the sample is sintered at elevated 

temperatures. During the sintering process, the FDTS deposited on the nickel surface is converted to 

graphene under the catalytic effect of the nickel powder, while the FDTS at other places is thermally 

decomposed. Therefore, the final membrane structure comprises an ultrathin graphene layer 

formed only on the top edges of the AAO support. The membrane is named NG or NG-XXX, where 

XXX represents the sintering temperature in C. 

 

Figure 1. Membrane fabrication. (A) Schematic cross-sectional illustration of the NG 

membrane fabrication procedure. (B-F) Surface and cross-sectional SEM images of the 

bare AAO support, AAO filled with photoresist, exposed top edges after plasma etching, 

Ni-AAO, and NG-800, respectively. 
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As illustrated, the graphene layer forms a hydrophobic gap that stops the transport of liquid water 

but allows water vapor to pass through. Hence, when the NG membrane contacts liquid water from 

both sides, the water from the AAO side will enter and fill the channels until it reaches the graphene 

interface, while the water from the graphene side cannot enter the channels. The two streams will 

be separated by a gap created by the hydrophobic graphene layer. Figure 1F shows the SEM images 

of an NG-800 membrane. It appears almost the same as that of Ni-AAO (Figure 1E). This is because 

the FDTS coating and the converted graphene layer are very thin. The average surface pore size and 

surface porosity of the NG-800 membrane are ~26.8 nm and ~28%, respectively. 

 

It is worthy to note that every step in the above process can be conducted easily and has the 

potential to scale up. In stage III, full coverage of nickel powder on all the top edges is critical to 

forming an interconnected graphene layer. As shown in Figure S1 (Supporting Information), the 

coverage could be improved by increasing the sputtering time. When nickel fully covered the top 

edges, the surface changed from non-conductive to conductive, which provided a simple way to 

optimize the sputtering time. In Stage V, the FDTS coating will cover all the sample surfaces and 

make them hydrophobic. Hence, the obtained FDTS-AAO sample can also be used in MD, but the 

vapor transport distance in this case will equal the entire thickness of the AAO support, and thus low 

water flux is expected. The sintering step is very important. It is not only selectively convert the FDTS 

coating on the nickel powder surface to graphene but also provides a simple way to completely 

remove the FDTS or residual photoresist from the AAO channels and subsequently allow water to 

enter the channels to reduce the transport distance down to the nanometer scale during the MD 

process.  

The main limitation for scaling up our membrane is from the commercial AAO support because of 

the high cost, available size and frangibility. A cheap, scalable and robust support but with the 

similar AAO microstructure is highly demanded in the real application, while remains a great 
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challenge to membrane society. This has been succeeded in polymeric membranes using block-

copolymers (i.e., isoporous membranes)[11a], but not yet in inorganic membranes. Recent 

developments in preparation of low-cost inorganic membranes for low-end applications, such as 

porous stainless steel support, [11b] have demonstrated promising progresses in consideration of 

scale up and application cost. 

 

2.2. Membrane Characterization 

The evolution of conversion from FDTS to graphene upon temperature was studied first by TEM in 

Figure 2A. At room temperature, a uniform FDTS amorphous layer with thickness ~1.5 nm could be 

easily identified from the crystalline nickel powder, which is in good agreement with previously 

reported FDTS coating. [11c] The FDTS layer did not change much when the sintering temperature was 

lower than 500C. A graphite-like layered structure appeared at 700C, and became more obviously 

at 800C. The lattice space of the layered structure was 0.34 nm, matching the graphene structure. 

[12] The thickness of the graphene layer was almost the same as that of the FDTS precursor layer. The 

TEM image also showed that the nickel crystal structure was almost destroyed at 800C, but there 

was no visual change in SEM (Figure 1F). However, sintering at higher temperatures, e.g., 1000C, 

has caused particle melting and agglomeration into large clusters (Figure S2, Supporting Information). 

Hence, the temperature 800C was deemed as the optimal pyrolysis temperature. 

 

The thermal conversion was also monitored by C1s X-ray photoelectron spectroscopy (XPS, Figure 2B) 

and Raman spectroscopy (Figure 2C). The C1s spectrum consisted of signals from sp3 C, sp2 C, C-F2, 

and C-F3 at binding energy around 284.8, 283.7, 289.2, and 290.5 eV, respectively. [13] At room 

temperature, the strongest peaks were C-F2, C-F3, and sp3 C. The C-F2 and C-F3 peaks were gradually 

reduced as the sintering temperature increased from room temperature to 500C, indicating the 
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gradual decomposition of the FDTS precursor. The C-F2 and C-F3 peaks were entirely disappeared 

when the sintering temperature was higher than 700C. There was no sp2 peak at room temperature 

because there was no C-C double bond in FDTS. The sp2 peak started to appear at 300C. As the 

sintering temperature increasing, the sp2 peak gradually increased while the sp3 peak gradually 

decreased due to the gradual conversion of FDTS to graphite-like carbon structure. The sp2 peak 

overpassed the sp3 peak at 700C and prevailed at higher temperatures. At 1000C, the sp3 peak 

almost disappeared, implying the continuous conversion to improve the graphene layer’s 

crystallinity. The Raman spectra sintered at below 500C showed no peaks, but at 700C, 800C and 

1000C all showed two strong characteristic peaks of graphene, i.e., the D band at 1360 cm-1 and the 

G band at 1580 cm-1.[14] In addition, a small peak at around 2650 cm-1 associated with the 2D mode 

was observed, and its intensity increased noticeably as the sintering temperature increased from 

700C to 1000C, indicating the increasing crystallinity of the graphene layer. The graphene peaks 

were relatively broad due to the relatively small size of graphene, which grew only on the 

nanometer-sized nickel grains. [14c] 
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Figure 2. Membrane characterization. (A) TEM images showing the conversions of FDTS 

coating to few-layer graphene (outlined by two dashed yellow curves) at different 

sintering temperatures. Inset in the 800°C image shows the FFT diffraction pattern of the 

few-layer graphene from the selected region (red square) with a lattice spacing of 0.34 

nm. (B) XPS analysis at different sintering temperatures. (C) Raman spectra at different 

sintering temperatures. (D) AFM image of NG-800. (E) AFM current image of AAO support 

and (F) AFM current image of NG-800 membrane. 

 

Figure 2D 2E and 2F showed the AFM image and the surface current images of the AAO substrate 

and the NG-800 membrane measured by atomic force microscopy. The AFM image confirmed the 

surface pores and interconnected edges. The current image of the AAO support was completely 

black because it was non-conductive, while the current image of the NG-800 membrane showed 

clearly the conductive edges and the non-conductive pores. The membrane surface potentials at 

different sintering temperatures were further studied by Kelvin probe force microscopy (KPFM, 

Figure S3 and Table S2, Supporting Information). The surface potential increased with sintering 

temperature and reached 4.94 ~ 4.82 eV when the sintering temperature was higher than 800C, 

which matched with the reported values of the graphene films on the nickel surface.[15] Hence, all 

the characterization data consistently confirmed the FDTS coating conversion to a graphene layer on 

the nickel surface. 

 

Figure 3A showed the high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image and the energy-dispersive X-ray (EDX) mappings of nickel under the 

background aluminum and oxygen of the NG-800 membrane. These images revealed that there was 

an ultrathin nickel layer with thickness of 9 nm on top of the AAO support. To demonstrate the 
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different hydrophobicities, the water contact angles of the AAO, FDTS-AAO, and NG-800 membranes 

were measured and shown in Figure 3B. Both sides of the AAO support had small contact angles of 

~18.2°, consistent with its well-known hydrophilicity. The contact angle of the FDTS-AAO was 

~151.2°, matching also with the superhydrophobic property of the FDTS coating. The NG-800 

membrane had different contact angles at each side. The top side, i.e., the graphene side, had a 

contact angle of 95.2°, indicating the slightly hydrophobic nature of graphene. In contrast, the 

backside had a contact angle close to that of the AAO support, and thus it was hydrophilic. 

 

Figure 3. Water penetration tests. (A) HAADF-STEM image and EDX mapping of the NG-

800 membrane. (B) Water contact angles of the bare AAO, FDTS-AAO, and NG-800 

membrane. (C) Optical images showing how the rhodamine B solution is penetrated from 

the bottom side, and a methylene blue droplet is spread on the top side (top) and the 

cross-sectional schematic diagrams (bottom). (D) Three-dimensional and cross-sectional 

confocal microscopy images of the NG-800 membrane exposed to different fluorescent dye 

solutions at each side. The bottom panel in the right-side figure is a magnified illustration 
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of the interface structure of the NG-800 membrane. (E) Infrared thermal images when the 

bottom side of the sample was in contact with 65C water while the top surface to 25C air. 

 

Figure 3C showed the water penetration behaviors over the AAO, FDTS-AAO, and NG-800 

membranes when a water droplet stained by methylene blue was placed on the top surface and a 

rhodamine B aqueous solution was brought in contact from the bottom surface. In the case of AAO, 

the water droplet spread over the top surface under a strong red background color. It indicated that 

the rhodamine B solution penetrated the AAO channels and reached the top surface. In contrast, no 

wetting was observed on either side of the superhydrophobic FDTS-AAO, and thus the background 

color was much lighter. For the NG-800 membrane, there was again a strong red background color 

implying that the rhodamine B solution entered the pores, but it did not penetrate the top surface, 

as the methylene blue droplet maintained its shape on the top surface. Dynamic salt diffusion tests 

showed that the FDTS-AAO and NG-800 membranes had good salt rejection, while the AAO support 

had a high salt diffusion rate (Figure S4, Supporting Information), which were well consistent with 

the water penetration behaviors (Figure 3C). Video 1 further demonstrated the different wetting 

properties of the NG-800 membrane. 

 

Figure 3D showed the confocal laser scanning microscopy image of the NG-800 membrane when it 

was exposed to different fluorescent dye solutions at each side. A clear interface with no mixing was 

observed between the two solutions. The interface was further studied in Figure 3E by investigating 

the heat transfer through AAO, FDTS-AAO, and NG-800 membranes, in which the bottom side was in 

contact with 65C water while the top side to 25C air. The surface temperature was measured by an 

infrared thermographic camera (Figure S7, Supporting Information). In steady-state, the surface 

temperatures of the AAO, FDTS-AAO, and NG-800 membranes were 42.3C, 30.1C, and 33.9C, 

respectively. The temperature of the AAO support was the highest because the warm water could 
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penetrate the membrane to reach the top surface. The temperature of the FDTS-AAO is the lowest 

because the warm water was away from the top surface. The surface temperature of the NG-800 

membrane was close to that of the FDTS-AAO. Since the water could enter the channels from the 

backside of the NG-800 membrane, there should be an air gap to stop the warm water from 

reaching the top surface. Thus, it confirmed the samples’ hydrophobicity and their water 

penetration behaviors didn’t change in warm waters.  

 

In summary, the contact angle measurements and the water penetration tests confirmed that the 

NG membrane had different wetting properties. Water could enter the channels from the 

hydrophilic AAO side but not from the hydrophobic graphene layer side. There was a thin gap to 

separate the two streams. 

2.3. MD Performance 

A custom-designed DCMD setup is schematically depicted in Figure 4A. The membrane was sealed 

inside a permeation cell to provide a permeation area of ~0.26 cm2 (see Figure S8, Supporting 

Information, for the detailed cell design, and Video 2 for the membrane assembly process as well as 

the MD operation process). To minimize the temperature and concentration polarization effects, the 

warm salty water stream was fed to the graphene layer side and the cold freshwater stream to the 

AAO side. The weight and salt concentration of the cold freshwater stream were monitored in situ 

by a digital balance and a conductivity meter. It is worthy to note first that the total amount of the 

freshwater stream should also include the water in the connection tubes, but because they are 

always fully filled during the MD process, so the amount of the permeation water can be determined 

from the weight change of the storage tank. Second, the salt concentration can be detected at the 

accuracy of 0.01 ppm level from the conductivity measurements (Figure S9, Supporting Information). 

Hence the salt rejection can be measured accurately even the permeate water will be diluted by the 

circulated stream, and any leaks can be detected very sensitively. 
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Figure 4B showed the water flux of the NG-800 membrane at different temperature differences. In 

all cases the salt rejections were close to 100%. The water flux increased and slightly flattened at 

high temperature difference, indicating that the process contained severe temperature polarization. 

The water flux at T of 40 C was ~421.7 LMH. Compared to other reported MD membranes, as 

shown in Figure 4F and Table S1 (Supporting Information), most reported water fluxes under the 

same operating conditions were 10–35 LMH. Several MD membranes with novel structures (e.g., 

hierarchical fibrous composite membranes) or advanced materials (e.g., graphene oxide and carbon 

nanotubes) showed relatively high fluxes of 50–75 LMH. The flux of the NG membrane was almost 

one order of magnitude higher than the best-reported results thus far. Furthermore, even at a very 

low feed temperature of 40C, the NG membrane exhibited an extraordinary high water flux of 

163.4 LMH, while most conventional MD membranes would require at least a feed temperature of 

65C or even 90C to achieve a satisfactory water flux (> 20 LMH).  
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Figure 4. MD membrane performance and comparison. (A) Schematic illustration of the 

DCMD setup. (B) Water flux and salt rejection at different temperature differences, where 

the feed temperature was fixed at 25C and the feed concentration at 0.6M. (C) Water flux 

and salt rejection at different salt concentrations, where the system temperature was 

maintained at 65/25C. (D) Illustration of membrane transport model. (E) Water flux and 

salt rejection of NG membranes prepared at different sintering temperatures, where the 

system temperature was maintained at 65/25C and the feed concentration at 0.6M. (F) 

Comparison of the water flux of the NG membrane (red star) with other reported MD 

membranes under the same test conditions in Figure 4B. Data in the figure were taken 

from the references listed in Table S1 (Supporting Information). (G) Stability of the NG 

membrane under 65/25C and feed concentration of 0.6M. (H) Regeneration and recycling 
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of the NG membrane. (I) Stability of the NG membrane under 35/25C and feed 

concentration of 0.6M. 

 

Figure 4C showed the water flux at different salinities ranging from the seawater level (~0.6M) to 3M, 

where the temperature difference was fixed at 40C. Again, in all cases the salt rejections were close 

to 100%. The water flux decreased slightly from 421 LMH to ~361 LMH. This minor change was 

mainly due to the weak decline of the saturated water vapor upon salinity, which represents one of 

the main advantages of MD vs. other desalination methods such as RO. 

 

For reference, Figure S10 (Supporting Information) showed the MD performances of the bare AAO 

and FDTS-AAO. As expected, water penetrated through the hydrophilic AAO, resulting in no salt 

rejection and zero water flux. The zero water flux was due to the equal hydraulic pressures on both 

sides. The FDTS-AAO exhibited a water flux of 14.2 ± 2.6 LMH and ~100% salt rejection. The low 

water flux was due to the long transport distance, which was equal to the thickness of the entire 

AAO support. This result was also consistent with the literature reported values, [16] verifying the 

accuracy of the MD setup. 

 

The structure of the NG membrane was mainly determined by the sintering temperature (Figure 2). 

Thus, Figure 4E studied the performances and the water contact angles (the values also listed in 

Table S3, Supporting Information) of the NG membranes prepared at different sintering 

temperatures. The NG-300 membrane sintered at 300C had a similar MD performance as that of 

the FDTS-AAO. The membrane was superhydrophobic. This is because the FDTS layer largely kept the 

chemical structure at this temperature. The NG-500 membrane showed no salt rejection and zero 

flux. This is because FDTS was largely decomposed, but the graphitic structure had not yet 
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developed. Thus the membrane lost its hydrophobicity (water contact angle = 74.6 ± 4.1°). The FDTS 

layer on the nickel surface was gradually converted to a hydrophobic graphitic layer at higher 

temperatures. Accordingly, the NG membranes showed good salt rejection and significantly 

improved water flux of 338.1 ± 97.2 LMH and 421.7 ± 88.0 LMH at 700C and 800C, respectively. 

However, at 1000C the NG-1000 membrane showed no salt rejection and zero flux again, despite 

the increasing crystallinity of the graphitic layer. The reason is that the nickel powder coarsened into 

large clusters, evidenced from different characterization results in Figure S2 (Supporting Information) 

and the water contact angle measurements (Table S3, Supporting Information), which caused 

defects in the NG membrane. It was noted that the experimental deviation was relatively high in the 

temperature studies. The reason is that the pyrolysis process is temperature-sensitive. [17] Hence, 

multiple samples were prepared to reduce the experimental error. Table S4 (Supporting Information) 

shows the performances of nine NG-800 samples. The water flux ranged from 303.9 to 510.9 LMH. 

However, 5 out of 9 samples showed consistently high water fluxes of more than 450 LMH, 

indicating that the process reproducibility could be improved with better process control. 

 

To understand the origin of the high water flux, a model was built based on the membrane structure 

illustrated in Figure 4D. The model considered the temperature polarization effect by allowing the 

temperature at the cold freshwater interface, Ta, to be different from its feed temperature TC. We 

first assumed the vapor transport through the graphene gap is Knudsen diffusion, which is the most 

common transport mechanism in MD processes. The membrane water flux can be estimated from 

the following equation, 

𝐹 = 3600𝑀
𝜀

𝜏

𝑑

3
√
8𝑅𝑇

𝜋𝑀

𝑃(𝑇𝐻) − 𝑃(𝑇𝑎)

𝑅𝑇𝐿
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Where, F is water flux (LMH), M is water molecular weight,  is surface porosity,  is tortuosity, d is 

pore size, R is gas constant, L is the gap distance, and 𝑃(𝑇𝐻) and 𝑃(𝑇𝑎) are the saturated vapor 

pressures at temperatures 𝑇𝐻 and 𝑇𝑎, respectively. 

 

The surface porosity  (28%) and the pore size d (26.8 nm) were obtained from the characterization 

data. The tortuosity was assumed to be 1. We first used the equation to estimate the flux of FDTS-

AAO under 65/25C. In this case, the vapor transport distance L equaled 60 m that is verified by 

confocal microscopy and SEM-EDX mapping of the membrane FDTS-AAO (see details in Figure S5 

and S6, Supporting Information), and there was no temperature polarization, so Ta = 25C. The 

simulated flux was 14 LMH, which matched very well with the experimental result of 14.2 LMH.  

 

The gap distance in the NG membranes was assumed to be equal to the thickness of the nickel layer, 

i.e. 9 nm, as the nickel powder was surrounded by the graphene layer. The simulated water flux and 

the interface temperature Ta at different test conditions are shown in Table 1. 

 

We further used molecular dynamics simulation (MDS) to model the vapor transport through the 

graphene gaps. The advantage of MDS is that it also models the kinetics of evaporation at the water 

interface, and hence the results should be more reasonable. The MDS results are also listed in Table 

1.  

 

It can be seen that the simulation results from both modelling methods matched well with the 

experimental data. In all cases the interface temperature Ta was significantly higher than TC but very 

close to TH. It indicates that (1) the process contained severe temperature polarization, and (2) if 

there is no temperature polarization, the theoretical water flux, either from Knudsen diffusion or 
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MDS, would be much higher than the measured water flux. The predicted flux from MDS is higher 

than Knudsen diffusion, reflecting the fast transport in graphitic channels. [8, 18] 

Table 1: Simulated water fluxes and interface temperatures by Knudsen diffusion and 
molecular dynamics simulation. 

TC 

[C] 

TH 

[C] 

Exp Flux 

[LMH] 

Ta 

[C] 

Flux (Knudsen) 

[LMH] 

Flux (MDS) 

[LMH] 

25 40 163 39.90 169 
166 

25 50 275 49.90 259 
278 

25 65 421 64.91 417 
466 

25 80 505 79.93 545 
973 

 

The NG membrane has a much smaller pore size than polymeric MD membranes (typically > 1 µm). 

Hence, the main reasons for the high flux of the NG membrane should be its higher surface porosity 

and shorter gap distance. The graphene channel has also facilitated the vapor transport, but its role 

should be minor. As said, the Knudsen diffusion is also the common diffusion mechanism in polymer 

membranes, hence the simulation results from the Knudsen model imply that a polymer membrane 

with similar structures as the NG membrane will achieve the same superior flux. However, to the 

best of our knowledge this is very difficult to achieve from the existing membrane fabrication 

methods. All the reported polymer membranes have either a much thick layer or a much low surface 

porosity. In this work, we have also tried to prepare an ultrathin FDTS coating by masking the AAO 

channels using photoresist. However, we failed to achieve high flux and the reason is because, 

without the pyrolysis step, we cannot remove the FDTS or residual photoresist completely from the 

AAO channels to recover their hydrophilicity. The simulation results further indicate that the thermal 

transport through the graphene layer should be negligible for the following reasons. First, the 
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graphene layers exist only on the edges; thus the heat conduction area is small. Second, because Ta 

is very close to TH, hence the driving force is small. Thirdly, the heat conduction should be 

insignificantly compared to the large amount of latent heat carried by the vapor transport. Hence, 

our approach to convert the FDTS to graphene is novel and critical in order to consistently achieve 

the observed high flux. 

 

The membrane stability is shown in Figure 4G -I. At the temperature pair of 65/25C, both the 

membrane flux and salt rejection started to decay after 60 minutes, indicating that the membrane is 

get wetting. Autopsy analysis revealed that the wetting was due to the salt precipitation on the 

graphene surface originated from concentration polarization. The salt could be washed away to fully 

recover the membrane performance, as shown in Figure 4H. Another common way to avoid wetting 

is to operate the MD process below a critical water flux. [19] For example, Figure 4I shows that when 

the temperature difference was reduced to 10 C, the membrane could run stably for more than 100 

h without any decay. This is also consistent with the stable operations observed in the below 

desalination tests under direct sunlight radiation. It indicates that the NG membrane itself is 

chemically and thermally durable. 

2.4. Desalination of Red Sea water under direct sunlight radiation 

 High flux endows the NG membrane with the practical capability to utilize low-grade thermal energy 

(e.g., the waste heat stored in RO brine, solar energy, and geothermal energy) to produce sufficient 

freshwater from seawater. To demonstrate its practical applicability, we carried out the desalination 

of seawater from the Red Sea (fetched from location 22°18.38′ N, 38°53.12′ E) using solar heating 

under the outdoor conditions. The setup is shown in Figure 5A, and the process is illustrated in 

Figure 5B. The Red Sea water was warmed up by direct sunlight irradiation in a water tank and then 

fed into the graphene side of the membrane cell. The cold stream was maintained at 25C using a 

circulation chiller. It is worthy to note that the cold stream temperature was intentionally selected 
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because, in reality, it can also be achieved by more economical means such as air cooling or using 

the under-surface water as coolant. As shown in Figure 5C, the warm seawater temperature varied 

from 27 C to 41 C from 8 am to 8 pm. During this period, the NG-800 membrane exhibited 20 to 

100 LMH water flux with an average water production of 86.3 LMH, while the salt rejections were 

always higher than 99.8%. As a comparison, a commercial PTFE MD membrane was tested under the 

same conditions, but it gave an average of 4.1 LMH water flux only (Figure 5D). Based on the 

measured performance, it can be expected that 1 m2 of the NG-800 membrane could theoretically 

produce enough freshwater per half-day to meet the daily water requirement of a typical household. 

Compared with solar-driven multi-stage evaporation or solar-driven RO technology, solar-driven 

DCMD distillation of the NG membranes has great advances in seawater desalination by simply 

exposing the Red Sea water to sunlight. The setup is simple, and no solar photovoltaic panels or 

high-pressure pumps are required, which reduce energy consumption, space/equipment investment 

and operating/maintenance cost. In summary, our work can provide a low-cost and sustainable 

approach to provide clean and fresh water, especially for communities that are lack resources and 

electricity.  
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Figure 5. Desalination of Red Sea water using direct sunlight radiation. (A) Schematic 

illustration of the MD setup under direct sunlight radiation. (B) Photo of the MD setup. (C) 

The daily temperature variation of the water tank under direct sunlight radiation and the 

NG membrane desalination performance. (D) The desalination performance of a reference 

PTFE membrane.   

 

3. Conclusion  

We successfully developed a process to prepare ultrathin NG membranes through catalytic pyrolysis 

of a solid carbon source. The NG membrane largely inherited the high porosity of the support with 

no need for substrate transfer and post-synthesis pore generation. The use of the solid carbon 

source achieved precise control of the membrane thickness down to the nanometer scale. At the 

same time, the catalytic pyrolysis made it possible to form the graphene layer selectively on the top 

edges of the AAO support and to remove organic species completely from the inner channels, which 

create an ultrathin hydrophobic gap to separate the water streams to allow fast transport of vapor, 

but not liquid water. In the DCMD mode, more than 400 LMH at the temperature pair of 65C/25C 

was achieved, which was an order of magnitude higher than any other reported MD membranes 

thus far. Theoretical analyses indicated that the high water flux was primarily due to the high surface 

porosity and thin gaps. Even though the measured water flux was unprecedently high, the MD 

process on the NG membrane contained severe temperature polarization that limited the water flux. 

Outdoor tests showed that an average 86.3 LMH water flux was achieved under direct sunlight 

radiation from 8 am to 8 pm. The process didn’t use any special heating materials or devices. Our 

work thus provided a promising low-cost and sustainable seawater desalination process. It is also 

expected that the process can be extended to wastewater treatments to achieve zero discharge. 
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4. Experimental Section  

Membrane Fabrication: The NG membrane was prepared in six steps (Step I: pore blocking; Step II: 

etching; Step III: nickel deposition; Step IV: photoresist removal; Step V: FDTS coating; and Step VI: 

sintering). Detailed descriptions of each step are provided in Supporting Information. 

Membrane Characterization: The morphology and composition of the NG membrane were 

characterized by TEM, SEM, AFM, EDX, XPS, Raman, and laser confocal microscopy. The thermal 

images of the membrane were taken by an infrared camera. The membrane hydrophobicity was 

measured by the water contact angle. Water penetration was measured by droplet tests, dynamic 

salt diffusion tests and confocal microscopy. Detailed equipment information and characterization 

methods were provided in Supporting Information. 

Membrane Performance Test: The DCMD performance was evaluated in terms of water flux and salt 

rejection. Video 2 in Supporting Information recorded in detail how the membrane was assembled in 

the permeation cell and how the weight and conductivity were monitored in situ during the MD 

process for one hour. The detailed procedures on how to calculate the water flux and salt rejection 

from the measured weight and conductivity change over time were also provided in Supporting 

Information. Multiple samples were prepared and tested for critical measurements, such as the 

water flux on the NG-800 membranes (Table S4, Supporting Information), and the average value was 

reported. 

Desalination of the Red Sea Water under Direct Sunlight Radiation: The salt concentration of the Red 

Sea water is shown in Table S5 (Supporting Information). The Red Sea water was pretreated by 

filtering it through a 0.22 μm ultrafiltration membrane and stored in a plastic storage tank. Before 

the desalination test, about 1 L Red Sea water was poured into an open tank with an initial 

temperature of 25C and exposed directly under the sunlight from 7:30 am. After about half-hour, 

the warmed seawater was fed to the graphene layer side of the membrane cell with an effective 

membrane area of 0.26 cm2. The other side of the membrane cell was circulated with freshwater, 

where it was shielded by aluminum foil and the temperature was maintained at 25C by a chiller. 

The weight and the salinity of the freshwater stream were monitored in situ by a digital balance 

(MS1602TS, Mettler Toledo) and a conductivity meter (WD-35414-00, Oakton Instruments), 

respectively. The water flux and the salt rejection were calculated accordingly. 

Molecular Dynamics Simulation: The transport process was modeled by two reservoirs 

interconnected by a carbon nanotube with diameter of 27 nm and length of 9 nm (fresh water 
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reservoir with 52101 water molecules and salty water reservoir with 50913 water molecules, 594 

Na+ ions, and 594 Cl- ions corresponding to the salt concentration of 0.6 M). The Tip3p (transferable 

intermolecular potential with 3 points) charge water model[20] was used due to its high accuracy. The 

positions of all carbon atoms were fixed to save the computational cost. The GROMACS package[21] 

and the GROMOS96 force fields[22] were used in the molecular dynamics simulations. The model was 

based on NVT ensemble under three-dimensional periodic boundary conditions (PBC). The V-rescale 

temperature coupling method was used to keep the constant temperature difference between the 

lower half/upper half of the salty water/fresh water reservoir. The cut-off distance was set to 12 Å 

and the time step to 2 fs. The simulations were run over 8 ns in steps of 2 fs.  

A list of all the abbreviation terms was provided in Table S6. 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Ultrahigh-flux Nanoporous Graphene Membrane for Sustainable Seawater Desalination Using 

Low-grade Heat  

 

Ultrathin nanoporous graphene membrane was developed, which creates short and fast transport 

pathways for water vapor but not liquid. The fabrication process avoided the challenging pore-

generation and substrate-transfer processes generally required for graphene membranes. In direct 

contact membrane distillation mode under mild temperature gradient, the membrane shows 

outstanding performance and holds great potential for water desalination towards a low-carbon 

future. 

 


