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Graphene oxide (GO) has been considered as a promising candidate for molecular separation because of its capability to 

form highly efficient gas flow intergalleries. However, a major challenge is the lack of a facile, scalable, low-cost membrane 

fabrication approach, especially for the hollow fiber composite membrane with a thin selective layer. By using a facile dip-

coating technique, we prepared a shear-aligned GO/Pebax composite hollow fiber membrane on a porous polymeric 

support. The incorporation of the aligned GO laminates significantly improved the original Pebax (polyethylene oxide – 

polyamide block copolymer) membrane permeance without compromising the CO2/N2 selectivity, and the composite 

membrane had good operational stability and enhanced mechanical strength. We further investigate the formation 

mechanism of the shear-aligned GO structure and discovered the control of the withdraw speed and liquid film thickness 

was a key factor. This dip-coating technique offers significant opportunities to exploit the GO-based membrane for 

industrial CO2 capture. 

Introduction 

Graphene oxide (GO) is a two-dimensional material with distinct 

structural, chemical and electrical properties. It offers a wide-

ranging opportunity for developing a new family of molecular 

separation membranes.
1
 The separation mechanisms of GO-based 

membranes arise from 1) pores on GO sheets; 2) in-plane slit-like 

pores; and 3) intergalleries between GO sheets. Precise control of 

the perforation and slit-like pores still remains a technical challenge. 

Therefore, most researchers apply physical or chemical approaches 

to regulating the intergalleries for the separation of small 

molecules.
2
  Currently, the preparation of pure GO membranes is 

mostly based on the deposition of GO onto porous supports with 

external forces (e.g. pressure, centrifugal or capillary forces).
3, 4

 

However, it has been challenging to precisely tune the laminate 

arrangements especially over large surface areas. This leads to 

random plane-to-plane stacking and non-selective defects. Recently, 

a centrifugation-filtration synergetic approach was applied to 

precisely manipulate the GO intergallery channels. The resultant GO 

membrane had highly ordered laminate structure for ultrafast gas 

sieving.
2
 However, this fabrication approach requires simultaneous 

manipulation of spin coating and filtration, and thus making the 

scale-up difficult. In another approach, the GO suspension was 

firstly concentrated to a discotic nematic phase, then casting-

aligned to form an anisotropic membrane.
5, 6

 However, for the pure 

GO membranes, there are still concerns about their structural 

stability, especially in an aqueous environment. For example, the 

water-induced swelling effect can change the densely-packed GO 

laminate structures and subsequently compromise the molecular 

sieving capabilities. As a result, it is preferable to fabricate 

GO/polymeric mixed matrix membranes.  

 

Polymeric membranes currently dominate the gas separation 

market due to the ease of processing and low cost.
7-9

  So far, only a 

few successful attempts have been reported to blend GO into a 

polymer matrix for efficient gas separation membrane fabrication. 

Shen et al.
10

 utilized the favorable molecular interactions between 

GO and polymer to assemble GO into well-defined GO laminates 

within flat sheet membrane matrix. The molecular sieving interlayer 

spacing and straight diffusion pathways facilitated the efficient gas 

transport through the membrane. In another line of research, 

Berean et al. 
11

 blended GO into polydimethylsiloxane (PDMS) 

membrane matrix. Due to the relatively weak interaction between 

GO and polymer, the interfacial voids provided fast gas transport 

channels. However, most existing GO/polymer mixed matrix gas 

separation membranes are relatively thick flat sheet membranes 

(>50 µm). The formation of thin (~1 µm), continuous GO/polymer 

film on hollow fiber support is preferable to promote the practical 

gas permeance for practical application. Considering the dimension 

of GO sheets can be tens of microns, the randomly oriented GO 

nanosheets within the thin polymeric film are prone to create non-

selective defects and compromise the gas separation efficiency. At 
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Figure 1. Preparation of GO/polymer membrane for gas separation. a) Schematic representation of the thick and thin mixed matrix membrane. b) 

Formation of the thin selective layer via the dip-coating process. c,d) TEM and AFM of the GO nanosheets. e) Optical image of the Pebax solution 

(left) and the GO/Pebax solution (right). f) Tensile testing of the membrane. g,h) Optical image of the prepared membrane and membrane module. 

 

the same time, it is still challenging to control the orientation of GO 

laminates within the thin GO/polymer layer (Figure 1a). 

 

Dip coating is a facile approach to introducing a composite 

membrane with a thin selective layer. It allows easier control and 

scale-up, and can be integrated with the existing membrane 

fabrication apparatus for industrial production.
12, 13

 We have 

previously prepared a composite hollow fiber gas separation 

membrane via the dip-coating technique.
14

 A thin, continuous 

Pebax-1657 (Figure S1) selective layer was deposited onto 

polyvinylidene fluoride (PVDF) membrane surface. We postulated 

that the surface tension, capillary effect, and gravity during the dip-

coating process would facilitate the GO sheets alignment within the 

thin selective layer (Figure 1b). Hence, we explored the formation 

of a thin GO/Pebax composite layer on a hollow-fiber PVDF 

membrane with a pore size of 0.05 µm. 

Results and discussion 

GO nanosheets in this work were prepared via the modified 

Hummers’ method.
15

 This approach generates an oxidized graphite 

material that can be sonicated to form a well-dispersed stable 

aqueous GO suspension. The presence of hydroxyl, carboxyl, 

carbonyl groups on GO is confirmed by the FT-IR results (Figure S2). 

The feature diffraction peak of GO appears at 10.4
o
, indicating the 

increase of interlayer distance to 0.85 nm compared with the 

graphite (2θ=26.6
o
, d-spacing 0.34 nm). This can be attributed to 

the presence of functional groups, especially the carboxyl groups 

with intrinsic repulsive electrostatic forces (Figure S3).
2, 16

 The in-

house prepared GO has a dimension of ca. 1-2 µm up to 20-30 µm 

with a thickness of ca. 1-1.2 nm (Figure 1 c-d) and is in good 

agreement with previous studies.
2, 15

 Seeking to understand the 

effect of GO concentration, 0.05, 0.1 and 0.2 wt % of GO were 

dispersed into 3 wt % Pebax solution (solvent: 

water/ethanol=30/70). The resultant suspension solutions are 

homogeneous based on visual observation, and they are stable at 

room temperature due to the formation of hydrogen bonds 

between GO and Pebax (Figure 1e),
10

 and the stable suspension 

facilitates the formation of an even coating layer on the supporting 

membrane surface. The virgin PVDF and coated PVDF membranes 

show elastic behavior at a low elongation rate, and the 

incorporation of GO shows a striking improvement of Young’s 

modulus for the composite membrane, which originated from both 

the mechanical strength of GO and the good interfacial 

compatibility between GO and Pebax polymers (Figure 1f). This 

result also indicates the composite membrane has good flexibility 

and enhanced mechanical properties (Figure 1g-h). Such a property 
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Figure 2 Performance of the GO/Pebax hollow fiber membrane. SEM images of a) original PVDF membrane, b) PTMSP coated membrane, c) pure 

Pebax coated membrane, d) cross-section of pure Pebax coated membrane, e) GO/Pebax coated membrane, f) cross-section of GO/Pebax coated 

membrane (insert: enlarged image). g,h) cross-section TEM images of the GO/Pebax membrane (with highlighted GO). i) Membrane performance 

with different GO concentration. j,k) N2 and CO2 adsorption isotherms. l) Long-term performance of the membrane. 

 

is preferable for large-scale manufacture of the composite 

membrane. 

 

In order to avoid the penetration of coating layer into the pores, the 

PVDF membrane was initially coated with poly[1-(trimethylsilyl)-1-

propyne] (PTMSP, Figure S1) as a highly permeable gutter layer.  

After the PTMSP coating, the membrane surface is smoother yet 

still has some micron-scale shallow pits possibly due to the 

condensation of water vapour during the drying process (Figure 2a-

c). The thickness of the PTMSP gutter layer is approximately 5 µm 

(Figure S4). Further two cycles of Pebax coating increased the 

thickness by around 1 µm, suggesting the thickness of the Pebax (or 

GO/Pebax) selective layer is in the order of 1 µm. However, it 

should be noted that it is difficult to accurately determine the 

thickness of Pebax layer due to the absence of a clear PTMSP/Pebax 

interface (the selective layer and the gutter layer are interfused 

together) (Figure S4). It can be attributed to the re-dissolution of 

PTMSP during the Pebax coating process (water/ethanol solvent). 

Such an observation is in agreement with other dip-coated multi-

layer composite membranes that the exact thickness of the 

selective layer is difficult to characterize.
17, 18

 In this work, we also 

attempt to investigate the effect of GO content on the selective 

layer thickness and the results suggest membranes with different 

GO content have similar overall thickness (±0.2 micron), as the GO 

concentrations applied in this work is relatively low (up to 0.2 wt %).  

After the addition of GO/Pebax coating, the membrane surface is 

still largely smooth, with only a few minor wrinkles (Figure 2e) 

indicating that GO laminates are mostly parallel to the membrane 

surface. This shear aligned multi-layer GO laminates are confirmed 

by the cross-sectional SEM and TEM images (Figure 2f-h). Due to 

the confinement effects of the Pebax chains and the hydrogen 

bonding with surrounding polymers, GO nanosheets form stacked 

laminates with d-space of ~0.7 nm (intergallery distance of ~0.35 

nm considering the thickness of GO, in between the molecular 

kinetic diameters of CO2 (0.33 nm) and N2 (0.36 nm)). It should be 

noted that the d-space is determined from the TEM images as the 

GO peak in the composite membrane XRD result is too weak to be 

determined. The intergallery distance is calculated by deducting the 

GO laminate thickness from the d-space value. Such structure is in 

line with previous research and beneficial for size exclusion gas 

separation.
19, 20

 

 

Figure 2i shows the incorporation of GO within Pebax significantly 

improves the CO2 permeance (up to 90 %) without losing the 

selectivity. However, further increase of the GO concentration (to 

0.2 wt%) leads to the decrease of both permeance and selectivity. 

When the GO content is relatively high in the coating solution, the 

non-permeable 2D layers can disrupt the solvent evaporation and 

subsequently perturb the alignment of GO, which results in 
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The performances of composite hollow fiber membranes are 

summarized in Table 1. Normally, lower membrane selectivity is 

anticipated with the ultrathin composite membranes compared 

with homogeneous dense membranes.
37

 Compared with the 

literature values, the composite membranes containing aligned GO 

have the highest CO2/N2 selectivity due to the alignment of GO 

interlayer galleries, as well as the good compatibility between GO 

nanosheets and the polymeric matrix. Even though the PDMS/PAN 

composite membranes exhibited a much higher CO2 permance but 

the selectivity was significantly lower than the composite 

membrane in this work.38 The GO/Pebax composite membrane also 

outperformed our previous work of ZIF-8/Pebax-based composite 

membranes, where the incorporation of ZIF-8 nanoparticles into the 

thin Pebax selective layer creates extra defects.
37
 

 

Table 1 Comparison of hollow fiber composite membranes for 

CO2/N2 separation 

Membrane type 
Testing T/P 

(
o
C/MPa) 

Permeance 

(GPU) 
Selectivity 

Ref. 

N2 CO2 CO2/N2 

Matrimid/PES 25/0.39 0.76 60 39 
39

 

PIM-1/Matrimid 25/0.1 9.2 235 25.5 
40

 

6FDA-DAM-DABA 30/0.23 21.7 520 24 
41

 

Pebax /PSf 25/0.2 2 61 30 
42

 

PDMS/PAN 25/0.2 112 1211 10.8 
38

 

Pebax/ZIF-8/PVDF 25/0.2 10.9 345 31.7 
37

 

Pebax/GO/PVDF 25/0.2 9.6 413.3 43.2 This work 

Conclusions 

In conclusion, we report here that shear-aligned GO laminates can 

be achieved within a thin polymer layer by a facile dip coating 

process. Control of liquid film thickness appears crucial to achieving 

alignment of GO laminates within the coating. The incorporated GO 

laminates provide highly efficient gas transport pathway without 

introducing extra defects to the thin layer. In general, this 

technique provides a feasible pathway for large-scale production of 

GO-polymer composite membrane for industrial CO2 separation, 

and potentially offers an opportunity to exploit the unique 

properties of regulating the structure of other similar 2D materials 

within a thin composite layer to realize their unique properties in 

separation, sensing and catalysis. 
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