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Figure S1 UV-vis spectra of GO and rGO suspensions.

After reduction, the intensity of the UV-vis absorption peaks for the rGO suspension 
was located at ~270 nm, with a red-shift from that of the GO suspension at ~230 nm. 
The overall increase in the absorption intensity in the spectrum of the rGO suspension 
also implied the restoration of the aromatic structure.
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Figure S2 FTIR spectra of GO and rGO membranes supported on nylon filter 
membranes.

In comparison with the spectrum of GO, rGO displayed decreased peak intensities for 
the oxygenated functional groups such as carboxyl (C=O) and alkoxy (C-O) at ~1740, 
and ~1064 cm-1, respectively.
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Figure S3 Digital photos of GO and rGO suspensions.

A larger quantity of rGO suspension could easily be obtained by scaling up the 
quantities of GO, L-AA, ammonia solution, and water solvent.
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Figure S4 SEM images of a) a nylon membrane filter and b) nylon-supported rGO 
membranes.

The micro-roughness of the nylon membrane filter contributed to the firm adhesion of 
GO-based laminates by providing a sufficient contact area to the rGO layer.
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Figure S5 SEM image of a nylon-supported rGO membrane showing a cross-sectional 
structure view.
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Figure S6 Digital photos of rGO membranes with different degrees of reduction. The 
subscripted numbers denote the weight ratios of L-AA to rGO.

The degree of reduction of the rGO membrane was controlled by the dosage of the 
reducing agent, L-AA.
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Figure S7 Zeta potential analysis of rGO membranes.
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Figure S8 SEM images of PC membrane filter-supported rGO membranes showing 
cross-sectional structures.
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Figure S9 a) SEM profiles of PC membrane filter-supported rGO membranes showing 
surface morphologies with wrinkles. b) SEM images of rGO membranes with wrinkles 
highlighted in red.

The percentage of the wrinkled area was obtained using ImageJ software. Taking rGO3.3 
and rGO13.3 membranes as examples (Figure S9b), the wrinkles revealed in the SEM 
images could be recognized by the software. The percentage of the area was then 
estimated as the occupation of the highlighted pixels in the overall image.
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Figure S10 AFM images and corresponding roughness values for PC membrane filter-
supported rGO membranes.

Although the morphologies of wrinkles from different rGO membranes varied, their 
overall surface roughness values were similar. This may imply that the roughness of 
the stacked rGO laminates was comparatively small compared to that of the substrates.
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Figure S11 Molecular structures of two kinds of porphyrin-based chemicals.

Tetrakis(4-carboxyphenyl)porphyrin (TCPP) and tetrakis(4-aminophenyl)porphyrin 
(TAPP) comprise the negatively charged carboxyl and the positively charged amino 
groups, respectively.
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Figure S12 XPS survey spectra of porphyrin-functionalized rGO membranes.

The porphyrin-functionalized rGO membranes showed increased N1s peak intensity 
with higher dosages of porphyrins.
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Figure S13 Illustration of the effects of TCPP and TAPP molecules in altering the 
structures of the rGO laminates.
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Figure S14 a, c) Water flux and b, d) salt rejection ratio of original GO, TCPP-GO, and 
TAPP-GO membranes. The dosage ratios of TCPP or TAPP to GO are shown in the 
figures.

When GO laminates were intercalated by porphyrin molecules, all the membranes 
showed worse salt rejection performances when compared to the corresponding 
intercalated rGO membranes. The higher intercalation amount of TAPP molecules 
results in a higher water flux while that of TCPP leads to a declined one. This could be 
explained by the interactions established between different porphyrin molecules and 
GO nanosheets that TAPP tends to disrupt the ordered stacking of GO while TCPP is 
more likely to render an ordered one. This structural evolution is similar to that of rGO 
membranes. The inclusion of more charged groups into the GO laminates contributes 
to the rejection of A2B- or AB2-type salts (TCPP for Na2SO4 and TAPP for MgCl2), 
which is also confirmed by the intercalated rGO membranes. For TAPP-GO 
membranes, the cross-linking effect of TAPP helps to stabilize the membrane structure 
and give an increase of NaCl rejection; For TCPP-GO membranes, the repulsive force 
between TCPP and GO made the separation much worse. Although the π-π interaction 
between TCPP and GO is beneficial for the structural stability to some extent but not 
adequate to confine the nanochannel to retard ion transport. Therefore, TCPP-GO 
membranes exhibited even worse rejection performance than the original GO 
membrane. From performance results of GO and rGO based membranes, we may 
conclude that the stably confined nanochannel is a key factor to effectively reject ions 
and is also a prerequisite for further intercalation modifications to bring higher rejection 
ratios.
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Figure S15 Sequential filtration of pure water, Na2SO4, pure water, and NaCl by a 
TCPP-rGO-0.7 membrane.
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Figure S16 The reduction reactions of GO with L-AA.
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Figure S17 Components of the membrane cell used for the evaluation of desalination 
performance.
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Table S1 Permeation flux and rejection ratio for different salts tested by the rGO 
membrane.

Salt type Salt Flux [L m-2 h-1] Rejection [%]

Na2SO4 3.1 ± 0.4 98.1 ± 0.4
A2B

K2SO4 2.5 ± 0.4 98.0 ± 0.6

MgSO4 1.4 ± 0.6 89.0 ± 2.1

NaCl 2.7 ± 0.2 87.6 ± 2.0AB

KCl 2.4 ± 0.7 82.3 ± 5.3

MgCl2 1.4 ± 0.6 52.7 ±10.3
AB2

CaCl2 1.4 ± 0.4 44.4 ± 5.4
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Table S2 Permeation flux and rejection ratio for Na2SO4 and NaCl salts tested by the 
rGO and TCPP-rGO membrane.

Membrane
Water flux 
[L m-2 h-1]

Na2SO4 rejection [%] NaCl rejection [%]

rGO 2.9 ± 0.1 98.0 ± 0.3 87.6 ± 2.0
TCPP-rGO-0.1 5.4 ± 1.6 96.9 ± 1.7 77.2 ± 3.0
TCPP-rGO-0.2 2.6 ± 0.6 98.0 ± 0.7 89.2 ± 0.3
TCPP-rGO-0.7 1.7 ± 0.4 98.9 ± 0.3 92.2 ± 2.8
TCPP-rGO-2 1.2 ± 0.1 98.7 ± 0.2 92.8 ± 1.1
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Table S3 Permeation flux and rejection ratio for MgCl2 and NaCl salts tested by the 
rGO and TAPP-rGO membrane.

Membrane
Water flux 
[L m-2 h-1]

MgCl2 rejection [%] NaCl rejection [%]

rGO 2.9 ± 0.1 52.7 ± 10.3 87.6 ± 2.0
TAPP-rGO-0.05 2.1 ± 1.0 59.6 ± 9.4 88.2 ± 4.2
TAPP-rGO-0.1 1.6 ± 0.6 57.7 ± 3.9 90.8 ± 2.3
TAPP-rGO-0.2 1.1 ± 0.4 68.1 ± 5.8 93.2 ± 2.2
TAPP-rGO-0.5 1.0 ± 0.4 65.5 ± 7.5 92.5 ± 0.6
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Table S4 Interactions within rGO, TAPP-rGO, and TCPP-rGO membranes.

rGO rGO + TCPP rGO + TAPP

Electrostatic repulsion
(carboxyl-carboxyl, rGO) ✓ ✓ ✓

Repulsive 
forces Electrostatic repulsion

(carboxyl-carboxyl, rGO-TCPP) ✘ ✓ ✘

π-π interaction
(aromatic-aromatic, rGO) ✓ ✓ ✓

π-π interaction
(aromatic-aromatic, rGO-porphyrin) ✘ ✓ ✓

Attractive 
forces

Electrostatic attraction
(carboxyl-amino, rGO-TAPP) ✘ ✘ ✓
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Table S5 Summary of literature reports on the NaCl rejection performance of GO-
based membranes.

Membrane
Permeation flux 

[L m-2 h-1]
Feed NaCl 

concentration [ppm]
NaCl rejection 

ratio [%]
Reference

GO-PEI 7 2000 55 S1
GO-COOH 4.9 2000 39 S2

GO-EDA-HPEI 5.5 1000 58 S3
GO-PEI 4.2 1000 38 S4

TA-GO-PEI 15 1000 64 S5
GO-TMC 102 1170 19 S6

brGO 16.3 1170 40 S7
GO/MWCNT 27.5 600 59 S8

PEI-
GO/PAA/PVA/GA

4 N/A 43 S9

GO-graphene 17.3 2000 85 S10
GO 24 1000 35 S11

Holey GO 36.8 2000 40 S12
GO 71 2000 30 S13
GO 66.9 up to 5800 ~0 S14

PEI/GO/PEI 21 1000 38 S15
PEI-GO 65.6 N/A 20 S16

GO 2 N/A 10 S17
rGO/CNT 84 300 42 S18

GO 4.5 2000 27 S19
GO 15 500 97 S20

Nanoporous rGO 240 1170 40 S21
GO 3.5 560 35 S22

BPPO/EDA/GO 3.14 1000 36 S23
GO/CN/TiO2-CNT 32 2000 50 S24
PRGO/HNTs-PSS 35.2 N/A 7 S25
Graphene/SWNT 553 2000 85 S26

PE@ArGO 15 58.4 88 S27
GO-MoS2 20 58.4 43 S28

rGO 33 500 42 S29
rGO 5 290 54 S30
GO 65.7 2000 64 S31
GO 38 584 52 S32
rGO 21 1000 ~0 S33

GO-TEOA 6 N/A 30 S34
GO 30 100 20 S35

PES/GO/PES 40 500 60 S36
GO-TMPyP 10 2000 10 S37

GO-PEI 13.6 1750 20 S38
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rGO 16 500 50 S39
GO-COF 120 1000 10 S40

rGO 2.8 58.4 65 S41
rGO 12 1000 50 S42

MoS2/GO 50 1000 60 S43
GO 94 1000 25 S44
rGO 6.3 1000 83 S45

GO@Crown 12 400 60 S46
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Table S6 Performance reproducibility of TCPP-rGO-0.7 membranes (applied 
pressure:10 bar; feed NaCl concentration: 500ppm).

TCPP-rGO-0.7 
membrane No.

Water flux 
[L m-2 h-1]

NaCl rejection [%]

1 1.4 94.2
2 2.0 90.2
3 1.6 96.7
4 1.2 94.3
5 1.6 96.2
6 1.2 93.7
7 1.1 93.1
8 0.8 96.3

Average 1.4 94.3
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