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ABSTRACT 

Reduced-graphene oxide (r-GO) membranes with narrow channels exhibit salt rejections 

comparable to conventional nanofiltration (NF) membranes. However, their water permeances 

are much lower because of the high tortuosity for water permeation. Herein we report a facile 

solution-processable approach to create in-plane nanopores on GO nanosheets before 

reduction, dramatically decreasing the tortuosity and increasing water permeance while 

retaining the salt rejection. Specifically, holey GO (HGO) nanosheets were prepared via 

chemical etching using hydrogen peroxide, followed by the deposition on a porous support by 

vacuum filtration and then reduction via exposure to hydriodic acid solutions to generate the 

reduced HGO (r-HGO) membrane. The generation of nanopores increases the water permeance 

from 0.4 L m-2∙h-1∙bar-1 (LMH/bar) to 6.6 LMH/bar with Na2SO4 rejection greater than 98.5 %, 

and the membranes were robust under strong cross-flow shearing force for 36 h. Both water 

permeance and Na2SO4 rejection of these r-HGO membranes for the first time simultaneously 

reach the level of the commercial polyamide-based NF membranes. Given their good 

antibacterial properties and resistance to aggressive chemical washing, the r-HGO membranes 

show the promise as next-generation NF membranes for desalination.  

 

KEYWORDS: Holey graphene oxide; membranes; etching by H2O2; reduction by HI; 

desalination 
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1. INTRODUCTION 

Two-dimensional (2D) sheets with atomic thickness are ideal membranes for water 

purification because of their potential in forming sub-10 nm layers with high water 

permeance.1-3 For example, single-layer graphene with nanopores deposited on ultrafiltration 

(UF) membranes exhibited both high water permeance and salt rejection.4-7 However, it 

remains challenging to synthesize large-area defect-free sheets and generate pores with high 

density and uniform pore sizes.8 One approach to overcome these barriers is to prepare oxidized 

graphene (i.e., graphene oxide or GO), which can be stacked providing sub-nanometer 

interlayer channels (< 0.7 nm) for molecular separations.9-11 Similar to graphene, in-plane 

nanopores can be generated on the GO sheets (holey GO or HGO) to reduce the tortuosity and 

thus increase water permeance.12-14 However, the interlayer channels in GO or HGO are often 

larger than hydrated ions,15-17 and thus, they are mainly investigated for dye removal (larger 

than 1 nm) or separation of organic solvents, instead of water desalination.9, 18, 19 Additionally, 

GO is susceptible to re-dispersion in water due to its hydrophilicity and the shearing force from 

the feed flow, making it challenging for long-term underwater operation. 

To improve stability and salt rejection, GO nanosheets can be reduced to partially remove 

hydrophilic oxygen-containing groups (reduced GO or r-GO), which increases hydrophobicity 

and decreases interlayer spacing.20, 21 For instance, when GO was reduced by hydriodic acid 

(HI) vapor, increasing the exposure time from 0 to 3 min reduced the layer interspacing from 

1.15 nm to 0.37 nm and thus water permeance from 11 L m-2 h-1 bar-1 (LMH/bar) to ≈2 LMH/bar, 

while the NaCl rejection increased from 28.6 % to 56.9 %.20 There exhibits a tradeoff between 
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stability and water permeability for these r-GO membranes, i.e., higher degree of reduction (or 

greater stability and higher salt rejection) leads to lower water permeance.12 

An effective way to break this tradeoff is to create in-plane nanopores on r-GO sheets to 

decrease tortuosity and thus increase water permeance without decreasing salt rejection. For 

example, the membranes fabricated with HGO prepared using 70 % HNO3 and then H2 

reduction (with Pd catalyst) exhibited water permeance of 5.3 LMH/bar and Na2SO4 rejection 

of less than 69 %.11 Recently, HGO was prepared by chemical etching using hydrogen peroxide 

(H2O2), a mild process with flexibility in manipulating the pore size and density22, 23 as 

compared to conventional methods such as electron beam/laser irradiation,24, 25 catalytic 

oxidation,14, 26, 27 thermal annealing,28 and strong base and acid treatment.11, 29, 30 The HGO was 

dried for 12 h and then thermally reduced at 150 oC in the air for 1.5 h, and the obtained 

membranes exhibited water permeances of 40 LMH/bar and Na2SO4 rejection of ≈90 %.23 

However, the Na2SO4 rejection is still lower than conventional NF membranes (>98%), and 

the drying and annealing in the air may not be well-integrated into membrane manufacturing 

processes due to potential pore collapse of the support UF membrane. 

Herein we demonstrate a solution-processable approach to prepare reduced HGO (r-HGO) 

membranes with desirable pore size and density. HGO was prepared using H2O2 etching and 

facilely dispersed in aqueous solutions, which was then vacuum-filtered on UF membranes and 

subsequently reduced using HI solutions at ≈22 oC. The whole process uses aqueous solutions 

and can be scalable. Depending on the etching and reduction conditions, the obtained 

membranes exhibit water permeances ranging from 0.63 LMH/bar to 30 LMH/bar and Na2SO4 
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rejection ranging from 99.1 % to 82.8 %. The membranes show stable performance under 

crossflow with strong shearing force for 36 h. We also prepared dual-layer r-HGO membranes 

with various degrees of etching and reduction and superior desalination performance. This 

work presents the first example of graphene-based membranes achieving both water permeance 

and Na2SO4 rejection similar to the commercial polyamide-based NF membranes (which has 

been optimized for more than 50 years).  

 

2. RESULTS AND DISCUSSION 

2.1. Synthesis and characterization of membranes 

Figure 1a displays the process used for synthesizing r-HGO membrane, including the 

chemical etching of GO, preparation of HGO membranes by vacuum filtration, and reduction 

by HI solutions. The r-HGO membranes exhibit significantly less tortuosity for water 

permeation than the conventional r-GO membranes because of the holes in the HGO sheets. 

The subsequent reduction of the HGO by HI decreases the channel size and increases stability. 

The membranes are denoted as r-HGO-x-y, where x (h) is the H2O2 etching time for HGO 

formation, and y (mass%) is the HI concentration in the reduction solutions. The thickness of 

the HGO layer in this study is ≈20 nm unless otherwise stated. 

Figure 1b compares the FTIR spectra of the synthesized GO, HGO, and r-HGO. Both GO 

and HGO exhibit characteristic peaks of functional groups, such as 3300 cm-1 (O-H stretching), 

1720 cm-1 (stretching of C=O bond in –COOH), 1388 cm-1 (C-H bending), 1222 cm-1 
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(stretching of C-O), and 1053 cm-1 (stretching of C-OH ).31, 32 By contrast, most of these peaks 

disappear in the r-HGO, confirming the removal of the oxygen-containing groups. 

 

 

Figure 1. Synthesis and characterization of r-HGO. (a) Schematic of the synthesis of r-HGO 

membranes. (b) Fourier-transform infrared (FTIR) spectra of freestanding films of GO, 

HGO-1.25, and r-HGO-1.25-29. (c) Raman spectra of freestanding films of r-HGO-1.25 at 

different degrees of reduction. (d) Atomic force microscopy (AFM) images for HGO at 

various etching times. The magnified details and height profiles correspond with the arrowed 

lines. 

 

Figure 1c compares the Raman spectra of the GO, HGO, and r-HGO. GO displays two 

characteristic peaks at 1350 cm-1 (D band) and 1600 cm-1 (G band) corresponding with the 

defects in the graphitic domains and the in-plane sp2 domains, respectively.19 HGO-1.25 (x = 

1.25 h) shows an ID/IG value of 0.83, higher than GO (0.76), indicating an increase in structural 

defects after etching. For r-HGO, the ID/IG value increases with increasing HI concentration 

during reduction (or degree of reduction). The graphitic crystallite size (La) in the nanosheets 
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can be estimated using the Tuinstra-Koenig equation (𝐿𝑎 = 4.4𝐼𝐺/𝐼𝐷).33, 34 The La value is 5.8 

nm for GO and 5.3 nm for HGO-1.25, consistent with the more defective graphitic carbon in 

HGO. After reduction, the La further decreases to 5.0 nm, 4.7 nm, and 4.3 nm for r-HGO-1.25-

29, r-HGO-1.25-38, and r-HGO-1.25-46, respectively. These results suggest that the reduction 

decreases the average size of the sp2 domains and the new sp2 domains created by the reduction 

are smaller than the original ones. 

The morphology of GO and HGO nanosheets is characterized using AFM. Figure 1d 

reveals that the GO nanosheets are single-layered with an apparent thickness of ≈ 1 nm and do 

not have any holes. These nanosheets also have the size larger than 1 micron, which is much 

greater than the graphitic crystal size. By contrast, the HGO-1 shows holes with an average 

size of 18 ± 3 nm, and the average hole size increases to 34 ± 7 nm for HGO-2 and 62 ± 19 nm 

for HGO-3. Exampled holes and profiles are also illustrated in Figure 1d. After 4 h etching, the 

GO nanosheets were broken into small pieces. 

Figure 2 shows the structure and properties of the r-HGO membranes. As shown in Figure 

2a, the PAN350 UF membrane has a rough surface and a high density of pores. After the HGO 

deposition and reduction, the surface does not have any pores but shows some wrinkles (cf. 

Figure 2b), confirming the deposition of the HGO layers. The r-HGO membranes exhibit water 

contact angles between 57o and 68o, higher than PAN (46o ± 2°), as shown in Figure 2c. 

Increasing the HI concentration (or the degree of reduction) generally increases the contact 

angle because of the enhanced hydrophobicity of the reduced GO.35 Interestingly, r-HGO-4-46 

exhibits lower water contact angle than r-HGO-4-38, presumably because the reduction by the 
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46% HI solution might change the surface roughness. However, it is beyond the scope of this 

study to elucidate such changes. 
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Figure 2. Characterization of r-HGO membranes. Scanning electron microscope (SEM) 

images of the surface of (a) PAN350 and (b) r-HGO-4-34 (30-nm thick) membrane. (c) 

Water contact angle on PAN350 and r-HGO-4 membranes. High-resolution C 1s XPS 

spectra of (d) HGO-1.25 and (e) r-HGO-1.25-29. (f) XRD patterns of HGO-1.25 

membranes with different degrees of reduction. 

 

We performed an elemental analysis of the GO, HGO, and r-HGO using x-ray 

photoelectron spectroscopy (XPS). The C/O atom ratio is 2.3 in GO and increases to 2.8 in 

HGO-1.25 (cf. Table S1), which first appears to be counterintuitive given that the H2O2 etching 

is an oxidation process. However, the defect regions of the GO often contain significant 

amounts of oxygen-containing groups, which can be easily removed during the H2O2 etching 

process, resulting in an increase in the C/O ratio.22 The reduction further increases the C/O 
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ratio. For example, r-HGO-1.25-29, r-HGO-1.25-34, and r-HGO-1.25-46 exhibit the C/O ratio 

of 3.6, 4.3, and 6.1, respectively. Figures 2d and 2e compare the C 1S spectra in HGO-1.25 and 

r-HGO-1.25-29 to elucidate the effect of the reduction on the removal of the O-containing 

groups. The reduction decreases the C-O content from 40 % to 35 %, increases the C-C/C=C 

content from 50 % to 55 %, and has no impact on the C=O content, suggesting that the epoxide 

and hydroxyl groups are easier to be removed than C=O groups during the HI reduction 

processes. 

Figure 2f presents the effect of the reduction on the structure of HGO using x-ray diffraction 

(XRD) analysis. HGO-1.25 membrane shows a diffraction peak at 2θ = 11.4°, corresponding 

with an interlayer distance of 7.8 Å, consistent with the literature (7.6 Å).30 The reduction leads 

to a new peak at 2θ = 23.1° (corresponding with an interlayer space of 3.9 Å), confirming that 

the reduction decreases the interlayer distance. With increasing degree of reduction, the peak 

at 11.4° gradually disappears, and the peak at 23.1° becomes more dominant. These results also 

indicate that the reduction decreases the layer thickness. Assuming all the interlayer space 

decreases from 7.8 Å to 3.9 Å and a single GO layer remains to be ≈ 1 nm, the reduction can 

decrease the HGO layer thickness by 22 %. 

2.2. Desalination performance of the r-HGO membranes 

Figure 3 presents the effect of membrane fabrication and testing conditions on the 

desalination performance, including the degree of etching and reduction, the thickness of the 

HGO layer, and the salt concentration in the feed. As shown in Figure 3a, increasing the etching 

time increases the water permeance in the membranes of r-HGO-x-34 with a thickness of ≈ 16 
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nm. For example, water permeance increases from 2.7 LMH/bar for r-HGO-1-34 to 14 

LMH/bar for r-HGO-4-34 because of the increased pore size and density and thus the decreased 

tortuosity. However, increasing the etching time decreases the salt rejection. For example, as 

the etching time increases from 1 h to 4 h, the Na2SO4 rejection decreases from 98.5 % to 91.4 

%, and the NaCl rejection decreases from 51.8 % to 34.3 % because of the larger pores and 

smaller sizes of the HGO sheets with increasing degree of etching and more defects generated 

during the deposition.  

Figure 3b presents the water permeance as a function of the r-HGO-4-34 thickness, which 

is estimated to be 78% of that of the HGO, as shown in Figure 2f. As the thickness of the r-

HGO increases from 7.8 nm to 23 nm, the permeance of water decreases from 26 to 9.2 

LMH/bar, while the Na2SO4 rejection increases from 67.5 % to 96.7 %, and the NaCl rejection 

increases from 29.9 % to 41.0 %. As expected, the stacking of multiple layers decreases large 

defects in the selective layers, increasing the salt rejection. 

Figure 3c reveals that increasing the degree of reduction decreases the water permeance 

and increases the salt rejection in the r-HGO-4-y membranes. For example, water permeance 

decreases from 22 LMH/bar in r-HGO-4-29 to 0.77 LMH/bar in r-HGO-4-46 because of the 

decrease of the interlay spacing, as shown in Figure 2f. Consistently, the Na2SO4 rejection 

increases from 74.0 % in r-HGO-4-29 to 99.1 % in r-HGO-4-46, and the NaCl rejection 

increases from 20.0 % in r-HGO-4-29 to 34.3 % in r-HGO-4-34. 
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Figure 3. Desalination performance of the r-HGO membranes. Water permeance and salt 

rejection as a function of (a) the etching time in r-HGO-x-34, (b) the film thickness of r-

HGO-4-34, (c) the HI concentration in the reducing solutions for the r-HGO-4-y, and (d) 

Na2SO4 concentration for r-HGO-2-34. The concentration of the NaCl and Na2SO4 solution 

used in the desalination is 2 g/L in Figure 3a-c. The error bars represent one standard 

deviation of the data and are taken as the uncertainty of the measurement. 

 

Figure 3d displays that increasing the Na2SO4 concentration in the feed decreases its 

rejection in r-HGO-2-34 but has a negligible effect on the water permeance. When the Na2SO4 

concentration increases from 2.0 g/L to 10 g/L, the Donnan potential of the negatively charged 
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r-HGO surface decreases, increasing the sorption of co-ions (e.g., SO4
2-) and thus Na2SO4 

permeability.19 Consequently, Na2SO4 rejection decreases from 93.7 % to 57.9 %. 

To improve the water permeance, dual-layer of r-HGO membranes were fabricated 

mimicking the configuration of conventional multi-layer composite membranes to improve 

permeance. As shown in Figure 4a, a layer of HGO with a higher etching degree (such as 

HGO-4) was deposited first, and after drying, the second layer of HGO with a lower etching 

degree (such as HGO-1) was deposited and then reduced using a 34 % HI solution. The first 

layer with higher water permeance and moderate selectivity can also serve as a gutter layer to 

provide a smooth surface for the deposition of the thin second layer with higher salt rejection. 

The dual-layer membranes are denoted as m-n, where m and n are the thickness (nm) of the 

first layer (HGO-4) and the top layer (HGO-1), respectively. 

Figure 4b presents the water permeance and Na2SO4 rejection of the representative dual-

layer membranes. The membrane 10-2 shows higher water permeance than the 10-3 and 

comparable Na2SO4 rejection, suggesting that the first layer (r-HGO-4-34) has negligible 

resistance, and r-HGO-1-34 dominates the separation performance. When compared with the 

20-0 (r-HGO-4-34 derived from the HGO layer with 20 nm thickness), the 10-2 shows similar 

Na2SO4 rejection and improved water permeance. To further improve the salt rejection, a 

membrane of 15-5 was prepared, and it shows Na2SO4 rejection higher than 10-2 or 10-3 and 

similar to the 0-20 (r-HGO-1-34), but water permeance much higher than 0-20. Thicker layers 

are expected to mitigate defects generated during the membrane fabrication. Apparent water 
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permeability was calculated and sown in Figure S3. These results validate the success of the 

dual-layer approach to achieve superior desalination performance.  
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Figure 4. Superior desalination performance of r-HGO membranes. (a) Schematic of dual-

layer r-HGO membranes. (b) Water permeance and Na2SO4 rejection in representative dual-

layer r-HGO membranes of m-n, where m and n are the thickness (nm) of the first layer 

(HGO-4) and the top layer (HGO-1), respectively. (c) Long term stability test of r-HGO-2-

34 with 2 g/L Na2SO4 feed solution at ≈21 oC. (d) Comparison of the desalination 

performance of our r-HGO membranes (●) with commercial NF90 and DK4040C1024 

membranes36 (□ for MgSO4) and state-of-the-art GO-based membranes in the literature (∆).9, 

11, 16, 23, 37-45 The data are also recorded in Table S4. 

 

For the GO-based membranes prepared by vacuum-filtration, there are often concerns that 

the GO nanosheets may be delaminated by shear force in the crossflow system. To study the 



 

14 

stability of r-HGO membranes, we conducted a long term test of r-HGO-2-1.5 in a crossflow 

system, including a 10 h pure water test at 2.7 bar and 26 h desalination test with 2 g/L Na2SO4 

at 3.8 bar. The feed flow rate was set to 2 L/min, which corresponds with a Reynolds number 

of ≈1800. As shown in Figure 4c, pure-water permeance slightly decreases with time 

presumably because of the compaction. On the other hand, after 25 h of operation with the 

saline feed, the membrane exhibits stable water permeance and Na2SO4 rejection (≈ 99.2 %), 

demonstrating the stability of the r-HGO membranes. 

Figure 4d benchmarks the performance of our r-HGO membranes with the state-of-the-art 

GO-based membranes reported in the literature. Our r-HGO membranes show higher water 

permeance than those reported at comparable Na2SO4 rejection, demonstrating the promise of 

our approach in preparing NF membranes. The r-HGO may even be competitive with 

commercial NF membranes such as NF90.36 Graphene-based NF membranes have only been 

studied for a decade, and now their salt rejection and water permeance have simultaneously 

reached the level of the commercial polyamide-based NF membranes (which have been 

developed for almost 50 years). Moreover, they were reported to be antibacterial46-48 and 

resistant to aggressive chemical washing.49-51 Therefore, these r-HGO-based membranes are 

promising for the next-generation NF membranes. 

 

3. CONCLUSIONS 

We demonstrate that the r-HGO can be deposited onto porous supports as thin as several 

nanometers, and the generation of in-plane nanopores on r-GO sheets using H2O2 significantly 
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improve water permeance while retaining high salt rejection. The fabrication conditions (such 

as etching time, layer thickness, and reduction degree) can be flexibly tuned to achieve a 

balance of water permeance and salt rejection. For example, an r-HGO-4-34 shows water 

permeance of 14 LMH/bar and Na2SO4 rejection of 91.4 %, while an r-HGO-4-38 shows water 

permeance of 6.6 LMH/bar and Na2SO4 rejection of 98.5 %. The performance is among the 

best reported for graphene- or GO-based membranes, and it can be further improved by 

designing multi-layer composite membranes. Moreover, the fabrication of the r-HGO with <10 

nm thickness is facile and scalable, making them attractive for practical water purification. 

 

4. EXPERIMENTAL SECTION 

Equipment and instruments or materials are identified herein to adequately specify the 

experimental details. Such identification does not imply recommendation by the National 

Institute of Standards and Technology, nor does it imply the materials are necessarily the best 

available for the purpose. 

Material. Natural graphite powder (325 mesh) was procured from Qingdao Huatai Graphite 

Co. (Qingdao, China). H2SO4 (99 %), H2O2 (30 mass% in H2O), HI (57 mass% in H2O), 

Na2SO4 (≥99.0 %), KMnO4 (≥99.0 %), and N, N-dimethylformamide (DMF, 99.8 %) were 

purchased from Sigma-Aldrich Corporation (St. Louis, MO). HCl (2.0 N) and ethanol (95 %) 

were supplied by VWR International (Radnor, PA). PAN350 UF membrane was provided by 

Sepro Membranes, Inc. (Oceanside, CA). NaCl was obtained from Fisher Scientific 

International (Hampton, NH).  
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Fabrication of r-HGO membranes. First, GO was prepared from graphite using a modified 

Hummers' method.19 Briefly, 3.0 g graphite was mixed with concentrated H2SO4 (70 mL) under 

agitation at ≈ 22 oC. 9.0 g KMnO4 was gradually added while the solution was maintained at < 

10 oC using an ice bath. The flask was then transferred to a water bath at 40 oC, and the solution 

was stirred for 30 min before adding 150 mL water. The solution was then heated to 90 oC for 

15 min before adding 500 mL water. After that, H2O2 solution (30 mass%, 15 mL) was 

gradually added to remove excessive KMnO4 or manganese dioxide. The solution was filtered, 

and the precipitated GO was washed with an HCl aqueous solution. The obtained GO was 

dispersed in distilled water by ultrasonication.  

Second, the HGO was prepared by adding 10 mL H2O2 in 100 mL 2 g/L GO aqueous 

solution. The mixture was continuously stirred at 100 °C for various lengths of time (1 h, 2 h, 

4 h, or 4.5 h) to obtain different pore sizes and densities. After the reaction, the HGO suspension 

was purified by centrifugation and vacuum filtration to remove the remaining H2O2 and small 

HGO debris. 

Third, the HGO membranes were prepared by vacuum filtration of the HGO aqueous 

solution on the PAN350 UF membranes. Before the deposition, the PAN350 was pretreated by 

ethanol for 1 h and then kept in the DI water. The thickness of the HGO layer can be calculated 

from the mass of HGO in the solution, the density of GO, and the coating area. 

Finally, the HGO membranes were dried in air and then reduced by HI solutions [(29 to 46) 

mass% in water) for 3 h. The obtained r-HGO membrane was washed using running DI water 

for several hours to remove the residue iodine and then air-dried for 24 h. 
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Characterization. The prepared GO and HGO were characterized using AFM (Bruker 

Dimension Icon with ScanAsyst, Bruker, Germany) under tapping mode. The diluted GO or 

HGO dispersion was dropped on a mica substrate (Ted Pella, Inc., Redding, CA) followed by 

air drying. XRD was performed using a Rigaku Ultima IV diffractometer (Rigaku, Japan) with 

Cu Kα radiation (λ= 0.154 nm). FTIR spectrometer (Bruker, Vertex 70 Billerica, MA) was used 

to characterize the freestanding films of GO and r-HGO. The freestanding films were prepared 

by immersing the GO or r-HGO membranes in DMF and then transferred to a glass slide. 

Raman spectra were collected using Raman spectroscopy (Renishaw InVia, UK) with 514 nm 

laser source. SEM images were obtained using a focused ion beam SEM (FIB-SEM, Carl Zeiss 

Auriga CrossBeam, Carl Zeiss Germany). XPS was used for elemental analysis of the GOs 

with a Kratos AXIS Ultra DLD Spectrometer (Kratos Analytical, Manchester, UK) and a 

monochromatic Al K source (1486.6 eV) operating at 140 W. The spectra were collected from 

a nominal spot size of 300 µm × 700 µm and analyzed using the CasaXPS software package. 

The water contact angle of the membranes was measured using a Ramé Hart contact angle 

goniometer (Model 190, Succasunna, NJ). 

Water permeance through membranes was determined via dead-end filtration using 2 g/L 

NaCl or Na2SO4 solutions at a feed pressure of 4 bar. Water permeance (Aw) was calculated 

using equation 1: 

𝑨𝒘 =  
𝑽

𝑨𝒎∙ 𝒕∙(∆𝒑−∆𝝅)
               (1) 
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where V (L) is the volume of water permeated through the membrane with an active area of Am 

(11.3 cm2) during a time of t (h), ∆𝑝 (bar) is the trans-membrane pressure, and ∆𝜋 (bar) is 

the osmotic pressure difference. For salty water, 𝜋 can be estimated using equation 2: 

𝜋 = 𝑛𝑐𝑅𝑇                (2) 

where n is the number of ions for each salt molecule, c is the salt concentration in the solution 

(mol/L), R is the gas constant, and T (K) is the temperature. The salt rejection (RS, %) can be 

calculated using equation 3:  

𝑅𝑆 = (1 −
𝐶𝑝

𝐶𝑓
) × 100              (3) 

where cp and cf are the salt concentration in the permeate and feed, respectively. The salt 

concentration was determined using a conductivity probe (Vernier, OR, US). 

The membranes were also tested using a constant-flux crossflow system to demonstrate the 

long-term stability of r-HGO membrane in the presence of shear force. The feed pressure was 

kept constant, while the permeate pressure was varied to maintain the targeted permeate flux 

(controlled by a mass flow controller).  
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Table S1 displays the C/O atomic ratio in the GO, HGO, r-HGO membranes. Both etching and 

reduction increase the C/O atomic ratio. 

 

Table S1. C/O atomic ratio of the GO, HGO, and r-HGO 

membranes. 

Sample C/O atomic ratio 

GO 2.3 

HGO-1.25 2.8 

r-HGO-1.25-29 3.6 

r-HGO-1.25-34 4.3 

r-HGO-1.25-46 6.1 

 

Figure S1 displays the water permeability and Na2SO4 rejection of the representative dual-layer 

membranes. Comparing with 20-0, dual-layer membrane 10-2 presents a similar Na2SO4 

rejection and twice of the permeability. In addition, the Na2SO4 rejection of 15-5 is close to 

that of 0-20, but the permeability of 15-5 is over twice of the 0-20. These results demonstrate 

the effect of dual-layer membranes in achieving superior desalination performance.  
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Figure S1. Permeability and Na2SO4 rejection in representative dual-layer r-HGO membranes of m-n, where 

m and n are the thickness (nm) of the first layer (HGO-4) and the top layer (HGO-1), respectively. 
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Table S2 compares the r-HGO membranes developed in this study with state-of-the-art 

membrane materials for NF applications. The results are also presented in Figure 4d. For 

commercial membranes, MgSO4 rejection was reported, while MgSO4 and Na2SO4 often have 

very similar rejection in polyamide-based NF membranes. 

 

Table S2. Comparison of the permeance and rejection efficiency of Na2SO4 using membranes 

reported in the literature and samples we prepared. 

Membranes 
Preparation 

method 

Thickness 

of selective 

layer (nm) 

AW 

(LMH/bar) 

Na2SO4 

rejection 

(%) 

Na2SO4 

content 

(g/L) 

Ref. in 

the main 

text 
# Materials 

1 
PVDF-

PAA/GO1 

Vacuum 

filtration 
378 2.8 79 2.0 37 

2 uGNMs2 
Vacuum 

filtration 
53 3.3 60 2.84 44 

3 G-CNTm (8:1)3 
Vacuum 

filtration 
40 4.8 95.1 1.42 38 

4 GO/PAN4 LbL ~37 5.2 68 0.95 39 

5 
PRGO/ HNTs-

PSS5 

Solvent 

evaporation 
220 8.8 <20 1 40 

6 r-PGM-206 Rod coating 55 11 46.2 0.71 11 

7 RGO-OCNT7 
Vacuum 

Filtration 
71 11 83 0.71 41 

8 
GO (120) 

NFMs8 
Electrospraying 56 11 63.1 2.84 42 

9 GO/NMP/PSF9 Phase inversion - 13 72 -- 43 

10 GO/PSF10 LbL 44 16 45 1.42 9 

11 SLGO11 
Vacuum 

filtration 
4.7 20 60† 1.2 16 

12 SAM12 Shear-aligned 150 72 35 2.0 45 

13 rNPGO13 
Vacuum 

filtration 
11 40 90 2.84 23 

14 NF9014 Interfacial 

polymerization 
25 - 50 

8.8 >97†  36 

15 DK4040C102414 4.5 >97†  36 

r-HGO-4-38 

Vacuum 

Filtration 

16 7.3 98.5 

2 
This 

work 
r-HGO-4-34 16 14 94.1 

10-2 9.4 18 90.4 
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r-HGO-4-34 7.8 30 82.8 

† MgSO4 rejection 
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