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Abstract 

For graphene oxide (GO) membranes, the repulsive forces between the carboxyl 

groups on GO nanosheets usually lead to an oversized interlayer height and thus low 

performance for precise molecular separation such as gas separation. Introducing new 

covalent bonding into the GO interlayer channels is an efficient approach to tune the 

channel height for improved size discrimination property. Herein, for the first time, 

we incorporated a small molecule, cysteamine with amino and thiol, into GO 

interlayer to react with oxygen-containing groups, narrowing the interlayer height for 

efficient gas sieving. The as-prepared ultrathin (~50 nm) GO membranes exhibited 

good gas separation performance with H2 permeance of 51.5 GPU, and H2/CO2 

selectivity of 21.3 which was higher than twice that of pristine GO. The membrane 

maintained its structural stability during continuous mixed gas test. In addition, 

another small molecule with similar molecular structure, L-cysteine, was employed to 

replace cysteamine to explore the universality of the crosslinking method. 

Keywords: Graphene oxide membrane, Cysteamine, Gas separation, Tunable 

transport channel, H2/CO2 separation 
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1. Introduction 

Gas separation technology is heavily used in petrochemical industry [1]. 

Conventional processes such as cryogenic distillation and chemical absorption are 

energy-intensive and thus cause environmental issues. Membrane-based separation is 

an excellent alternative due to its low energy consumption, relatively low occupation 

and high separation efficiency [2-5]. Polymeric membranes play an important role in 

gas separation and some of them have been widely used in industry. Nevertheless, the 

separation performance of traditional polymers, such as PI (polyimide) [6] and PBI 

(polybenzimidazole) [7], is limited by the Robeson upper-bound [8], namely there is a 

trade-off between the permeability and selectivity [9]. On the other hand, researchers 

have tried various kinds of inorganic materials including carbon molecular sieves 

(CMS) [10], zeolite [11-13], silica [14] and so on to fabricate inorganic membranes 

showing high gas separation performance. 

In recent years, a new family of two-dimensional (2D) materials, such as 

graphene [15-17], MXene [18, 19], MoS2 [20], layered double hydroxides (LDHs) [21, 

22] and metal-organic frameworks (MOFs) [23, 24], has been explored as building 

blocks for gas separation membranes due to their unique atomic thickness [25-27], 

which can be assembled into ultrathin membranes with fast gas transport channels. 

Meanwhile, the intrinsic pores on the nanosheets or the subnanometer-sized interlayer 

gallery can afford excellent molecular sieving property. Among these 2D materials, 

graphene oxide (GO) is the most widely studied for membrane separation because of 

its abundant oxygen-containing functional groups enabling nanosheets highly 

dispersible in water for easy processing and providing active sites for chemical 

modification as well [28].  

However, the repulsive forces between carboxyl groups of the nanosheets will 

cause disordered stacking of nanosheets and expand the interlayer height, which is 

much larger than the size of small gas molecules, leading to a low selectivity for gas 

separation. In our previous work, we proposed methods such as polymer-induced 

assembly [29] and external force driven assembly [30] to create efficient gas sieving 
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GO channels with high separation performance. Besides, crosslinking GO nanosheets 

with small molecules can also obtain a desired interlayer height, which was firstly 

proposed for water treatment and pervaporation [31, 32]. Recently, Jiang and 

co-workers [33] employed borate to crosslink as GO membranes to realize facilitated 

transport of CO2 and excellent CO2/CH4 selectivity. Yu and co-workers [34] 

fabricated hollow fiber GO membranes crosslinked by piperazine that is CO2-philic 

and incorporated into GO channels as a carrier-brush. The as-prepared facilitated 

transport membranes exhibited a high CO2 permeance and CO2/N2 selectivity. Until 

now, most work focused on CO2-selective membranes in wet state but few attentions 

are paid on chemically tuning GO channels with H2-sieving property. In fact, the 

interlayer height of gas transport channel could be precisely controlled by the content 

of oxygen-containing groups distributed between GO layers. Reduced GO membranes 

with narrower transport channels would allow improved molecule-sieving property. 

Nevertheless, conventional reduction methods such as hydrogen iodide (HI) reduction 

usually sharply decrease the interlayer height, or even block the channels for 

molecular transport [35]. 

Herein, we developed ultrathin (~50 nm) GO membranes with properly reduced 

interlayer height for H2/CO2 separation. Cysteamine, which contains both amino and 

thiol and can react with oxygen-containing groups distributed between the interlayer 

gallery, was employed to reduce GO nanosheets and narrow the interlayer height for 

sieving gases. The effect of crosslinking on the microstructure and gas separation 

performance of cysteamine-crosslinked GO (CGO) membranes was systematically 

studied. Compared with pristine GO membrane, the CGO membrane exhibited 2-fold 

enhancement in H2/CO2 selectivity. The universality of this method was further 

demonstrated by reducing GO membrane with a similarly structured molecule 

L-cysteine. 

 

2. Experimental 

2.1. Materials 
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GO was prepared by the typical modified Hummers’ method and provided by 

Nanjing JCNANO Tech Co., Ltd. Cysteamine was obtained from Tokyo Chemical 

Industry Co., Ltd, and L-Cysteine was provided by Acros Co., Ltd. Dopamine 

hydro-chloride was purchased from Wuhan Yuancheng Technology Development Co., 

Ltd (Hubei, China). Trizma® base was provided by Sigma-Aldrich, and hydrochloric 

acid (HCl) was obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd. 

Anodized aluminum oxide (AAO) substrates with diameter of 25 mm and pore size of 

100 nm were purchased from Whatman. H2, CO2 and Ar with purity of 99.999% for 

gas separation performance test were supplied by Nanjing Special Gases Company. 

Deionized water was used in all the experiments. All of the materials were used 

without further purification. 

 

2.2. Fabrication of membranes and control samples 

Before the membrane fabrication, AAO substrate was modified by polydopamine. 

6 g Trizma® base was dissolved in 200 mL deionized water, then the pH of the 

solution was adjusted to 8.0 by adding a certain amount of HCl to provide the 

polymerization environment. After that, 0.6 g dopamine hydro-chloride was added 

into the solution. AAO substrate was fixed on the plastic plate by tape, and the plastic 

plate was placed on the surface of the as-prepared solution (the surface of membrane 

contacted the solution). Then the beaker containing the solution was placed in the 

shaker at 100 rpm for 1 h, which was sufficient for the PDA modification of AAO 

substrates (Fig. S1). Finally, AAO substrate was taken from the plate and washed by 

deionized water to remove the residual polydopamine. The substrate was dried at 

room temperature for 24 h and then used for membrane preparation.  

Cysteamine at a certain mass ratio to GO was dispersed in deionized water by 

stirring for 2 h. The resulting cysteamine solution was added to dilute a certain 

amount of GO suspension, followed by stirring for 1 h and sonication for 10 min. 

After vacuum-assisted filtration of the cysteamine-GO solution on the porous AAO 

substrate, a laminar cysteamine-GO membrane layer was formed and dried at room 

temperature for 24 h. To crosslink GO with cysteamine, the membrane was treated 
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under vacuum at 80 °C which was considered as an appropriate reaction temperature 

according to literatures [32, 34, 36]. The as-prepared membranes were referred as 

CGO-X, where X represented ten times the actual mass fraction (wt%) of cysteamine 

in CGO membranes. The membranes with various cysteamine loading were prepared 

at the cysteamine/GO ratio of 20, 80 and 120, respectively. To demonstrate the 

individual reaction activity of amino groups and thiol groups of cysteamine with GO, 

we carried out control experiments on the reaction between GO and small molecule 

only with amino groups (ethylamine) or thiol groups (ethanethiol). Due to the liquid 

state of ethylamine and ethanethiol at room temperature, GO reacted with ethylamine 

or ethanethiol in the aqueous solution at the GO/ethylamine (ethanethiol) mass ratio 

of 1:0.1 at 80°C for 3 h. The product was obtained by centrifugation, and then washed 

with deionized water to remove the excessive small molecules. The as-prepared 

samples were dried in vacuum. The ethylamine-reduced GO and ethanethiol-reduced 

GO were referred as EA-GO and ET-GO respectively. 

Based on the Sulphur element content in different CGO membranes tested by 

XPS, the exact cysteamine mass fractions in these membranes were calculated as 4.1, 

7.6 and 8.9 wt%, respectively, which corresponded to CGO-41, CGO-76 and CGO-89 

membranes. For comparison, the pristine GO and L-cysteine-crosslinked GO (LCGO) 

membranes were prepared following the similar procedure. The exact L-cysteine mass 

fractions in LCGO membranes prepared at the L-cysteine/GO ratio of 20 and 40 were 

calculated as 4.0 and 6.6 wt% respectively. In the same way, the LCGO membranes 

were referred as LCGO-40 and LCGO-66 membranes. For pure GO membranes with 

different deposition, they were referred as GO-Y, which Y was ten thousand times the 

deposition (mg) of GO. The CGO powder was prepared by the physical mixture of 

certain amount of GO and cysteamine in water, followed by frozen drying and 

reaction at the same condition of membrane fabrication. 

 

2.3. Characterizations 

The morphology of GO nanosheets was obtained by atomic force microscopy 

(AFM, Bruker ICON, USA) operated in the tapping mode. The morphology of the 
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AAO substrate and GO membranes was observed by field emission scanning electron 

microscopy (FESEM, Hitachi Limited, Regulus 8200, Japan). The interlayer heights 

of membranes were characterized by X-ray diffraction (XRD, Rigaku, Smartlab 3kW, 

Japan) in the range of 5 ° ≤ 2θ ≤ 40 ° with a step width of 0.05° and a scan rate of 0.2 

s step-1 at room temperature. The chemical compositions of GO membranes were 

analyzed by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250, USA). 

Fourier transform infrared spectra (FTIR, Thermo, Nicolet Nexus 470 spectrometer, 

USA) was employed to characterize the functional groups of GO samples in the range 

of 500-4000 cm-1. Gas adsorption experiments of GO and CGO samples were carried 

out by ASAP 2020 (Micromeritics, USA) with H2 and CO2 (25 °C). 

 

2.4. Gas separation experiments 

Pure gas and mixed gas permeation tests are carried out to test the gas separation 

performance of GO-based membranes via a constant pressure/variable volume 

method. The pure gas permeation test was carried out at 0.15 MPa and 25 °C. When 

the system reached steady-state, the gas permeance was calculated from the average 

value of at least three test results calculated by the following equation: 

1 273.15

273.15 76
atmp dV

P
p A T dt

 = ⋅ ⋅ ⋅ ∆ ⋅ +  
 (1) 

where P is the gas permeance (1 GPU = 10−6 cm3 (STP) cm−2 s−1 cmHg), A is the 

effective area of membrane, ∆p is the transmembrane pressure (atm), patm represents 

the atmospheric pressure (atm), T is the testing temperature (°C), and dV/dt represents 

the volumetric displacement rate in the bubble flow meter. The ideal selectivity of 

H2/CO2, α, was calculated by the ratio of the permeance of the individual gases which 

can be expressed as follows: 

= A

B

P

P
α  (2) 

During the mixed gas permeation test, a mixture of H2 and CO2 (50 vol%: 50 

vol%) was employed as the feed gas with a total flux of 60 mL min−1, while Ar with a 

flux of 10 mL min−1 was chosen as the sweep gas. The mixed gas permeation test was 
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measured at atmosphere pressure and 25 °C. The component of the mixed gas was 

detected by gas chromatography (Agilent 7820A, USA). The selectivity of binary gas 

mixtures can be calculated as follows: 

/

/
=

/
A B

A B
A B

y y

x x
α  (3) 

where x and y are the volumetric fraction of the one component in the feed and 

permeate side, respectively. 

 

3. Results and discussion 

3.1 Membrane fabrication 

The membranes were fabricated via vacuum filtration method, followed by the 

thermal treatment (Fig. 1a). Comparing the morphology of GO nanosheets before and 

after physically mixing with cysteamine (Fig. 1b, c), the nanosheets maintained 

monolayer dispersion state, which would not affect the assembly of nanosheets into 

ordered structure. The increase of thickness from 1 nm to 2 nm can be due to the 

adsorption of cysteamine molecules onto both sides of GO nanosheet. The membranes 

prepared by vacuum filtration was firstly dried at room temperature, followed by 

thermal treatment under vacuum at 80 °C. GO nanosheets were expected to be 

crosslinked by small molecules. As a result, the interlayer heights of CGO and LCGO 

channels would be efficiently narrowed for gas separation (Fig. 1d). 
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Fig. 1. (a) Fabrication process of cysteamine crosslinked GO and L-cysteine crosslinked GO 

membranes. The concentration of GO solution in the diagram is 0.5 mg/mL. AFM images of 

GO nanosheets (b) before and (c) after being mixed with cysteamine. (d) Structure evolution 

diagram demonstrating the reduced height of CGO channels after GO reacting with 

cysteamine or L-cysteine. 

To indicate the crosslinking effect of cysteamine, we also measured the AFM 

images of crosslinked GO nanosheets. The mixed solution of GO and cysteamine was 

heated at 80°C for 3 h to form the covalent bond. Then the solution was dropped on 

the mica sheet for AFM characterization. As we can see from Fig. 2, the thickness of 

pristine GO nanosheets was ~ 1 nm. After the reaction between GO and cysteamine, 

the nanosheets aggregated and the height of nanosheets increased to 70-120 nm, 

proving the efficiency of the crosslinking. Therefore, the aggregated nanosheets 

indirectly demonstrated the reaction occurred between amino and thiol groups on 

cysteamine and oxygen-containing groups on GO, and the crosslinking effect indeed 

existed. 

 

 
Fig. 2. AFM images of GO nanosheets and cysteamine-crosslinked GO nanosheets. (a) AFM 

images of pristine GO nanosheets. Scale bar: 1 µm. (b) Height profiles corresponding to the 

red line in figure a. (c) AFM images of aggregated GO nanosheets. Scale bar: 1 µm. (d) 
Height profiles corresponding to the red line in figure c.  

 

Digital photos of blank AAO substrate and CGO membranes (Fig. 3a) exhibited 

that they were both semitransparent. The morphology of AAO substrate and the 
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as-prepared membranes were further characterized by SEM (Fig. 3b-e). The image of 

AAO substrate showed vertically aligned channels with average pore size of ~100 nm, 

and smooth surface providing excellent platform for fabrication of ultrathin 

membrane. Fig. 3c exhibits that GO nanosheets were evenly distributed on the 

substrate surface, leading to a smooth membrane surface with few wrinkles that might 

affect the separation performance. In addition, the GO layer was so thin that the 

morphology of the underneath AAO substrate can be clearly observed, which was 

also found in literature [17]. From the cross-section view, GO layer was continuous 

and well adhered onto the substrate owing to the positively charged polydopamine 

(PDA) coating that can form electrostatic attraction to the negatively charged GO 

nanosheets [19, 37]. After GO nanosheets were crosslinked by cysteamine, the CGO 

membranes maintained the closely stacked structure of nanosheets and adhesion to the 

support layer, which was a prerequisite to further enhance the separation performance. 

The thicknesses of GO and CGO membranes were 41.0 and 52.9 nm, respectively. 

The slightly thicker CGO membrane can be attributed to the intercalation of 

cysteamine molecules into the GO laminate. 
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Fig. 3. (a) Digital photos of AAO substrate and membranes. The membranes in this photo are 

blank AAO substrate, dopamine modified AAO substrate and ultrathin CGO membrane from 

left to right, respectively. SEM surface images of (b) AAO substrate and (c) pristine GO 

membranes. Cross-section images of (d) pristine GO membranes and (e) CGO-76 

membranes. 

 

3.2 Physico-chemical properties 

To demonstrate the difference in microstructures of GO and CGO membranes, 

XRD was employed to confirm the interlayer height. As can be seen from Fig. 4, the 

interlayer height between the pristine GO nanosheets was 0.98 nm. For CGO-41 

membranes, the height was dropped to 0.91 nm because the crosslinking process led 

to more closely stacked GO nanosheets. The reduced height was beneficial for 

improving the size discrimination property (i.e., selectivity), which will be discussed 

in gas separation performance later. Interestingly, the height was unexpectedly 
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increased to 0.94 nm with more cysteamine entering into the GO membrane layers. In 

this case, excessive amount of cysteamine could not completely react with GO sheets, 

leading to the enlarged inter-layer space, which would contribute to higher gas 

permeance.  

 

Fig. 4. XRD patterns of GO and CGO membranes with different amount of cysteamine. 

 

We carried out control experiment to confirm the respective reaction of amino 

groups and thiol groups with GO. Here, we chose one molecule only with amino 

(ethylamine) and another molecule only with thiol (ethanethiol) to demonstrate the 

individual reaction activity of amino and thiol. The preparation of ethylamine-reduced 

GO (EA-GO) and ethanethiol-reduced GO (ET-GO) powders was described in 

Section 2.2. FTIR and XPS were employed to confirm the reaction between GO and 

ethylamine or ethanethiol.  

Fig. 5a shows the variation of functional groups of GO after the reaction with 

ethylamine. The spectrum of ethylamine showed typical N-H and C-N adsorption 

peak at 1641, 1600, and 1456 cm-1. After the reaction, the intensity of C=O (1732 

cm-1) and C-O (1095 cm-1) from EA-GO spectrum decreased because the amino from 

ethylamine reduced the GO powder. The new peaks at 1462 and 1119 cm-1 further 

proved the formation of new C-N bonds between ethylamine and GO [38]. XPS 

results showed the intensity of oxygen-containing groups (COOH, C=O and C-O) in 
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EA-GO obviously decreased after the reaction between GO and amino groups from 

ethylamine. In addition, the new C-N peak occurred at 285.8 eV, proving the 

incorporation of ethylamine into GO interlayer. Based on the FTIR and XPS analysis, 

we confirmed that the amino group was able to react with oxygen-containing groups. 

 

Fig. 5. (a) FTIR spectra of ethylamine, GO powder and ethylamine-reduced GO (EA-GO) 

powder. XPS diagrams of C1s of (b) GO powder and (c) EA-GO powder. 

 

We further demonstrated the reaction activity of thiol groups with GO. The FTIR 

spectra proved the reaction between GO and ethanethiol (Fig. 6a). For ET-GO sample, 

the intensity of C=O peak reduced, which was similar to the decrease in EA-GO 

sample and exhibited the reduction effect of thiol group. New peak corresponding to 

C-S bond occurred at 602 cm-1 [39], which confirmed the reaction between 

ethanethiol and GO. Comparing the C1s spectra of GO and ET-GO, the decrease of 
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intensity of oxygen-containing groups could be observed as well, which showed the 

reduction effect of thiol groups on GO nanosheets. Moreover, the new C-S bond 

appeared at the same binding energy 285.8 eV as C-N bond [40, 41], which confirmed 

ethanethiol entered the interlayer channels of GO. Therefore, the reaction activity of 

thiol group with GO was verified as well. 

 

Fig. 6. (a) FTIR spectra of ethanethiol, GO powder and ethanethiol-reduced GO (ET-GO) 

powder. XPS diagrams of C1s of (b) GO powder and (c) ET-GO powder. 

 

GO and CGO samples were characterized by FTIR and XPS to verify the 

covalent reaction between cysteamine and GO and the actual content of cysteamine 

incorporated into GO inter-layer galleries. Fig. 7 shows the FTIR results of 

cysteamine, GO powder and CGO powder with 7.6 wt% cysteamine loading. The 

spectrum of pristine GO exhibits typical adsorption bands at 1732 cm-1 (C=O from 

carbonyl and carboxyl groups), 1624 cm-1 (C=C from aromatic ring), 1396 cm-1 
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(C-OH) and 1095 cm-1 (C-O from epoxy groups), which are consistent with the 

functional groups on GO nanosheets in literature [42]. Comparing the GO and CGO 

spectra, it can be observed that the intensity of both C=O peak (1732 cm-1) and C-O 

peak (1095 cm-1) in CGO was decreased, suggesting the carboxyl and epoxy groups 

on GO nanosheets reacted with cysteamine. In the CGO spectrum, the C-N 

adsorptions (1093 cm-1) from cysteamine shift to 1114 cm-1, and the C-S adsorptions 

(606 cm-1) from cysteamine shift to 617 cm-1, which verified the intercalation of 

cysteamine into GO interlayers and the reaction between cysteamine and GO [43, 44]. 

New adsorptions appeared at 1465 and 1254 cm-1, which corresponded to the 

antisymmetric C-N stretching vibrations coupled with out-of-plane NH2 and NH 

modes [38]. In addition, another new adsorption peak corresponding to C-S bond 

appeared at 660 cm-1 [39], which exhibited the reaction between thiol groups and 

oxygen-containing groups from GO and the formation of new C-S bond.  

 

Fig. 7. FTIR spectra of cysteamine, GO powder and cysteamine-crosslinked GO (CGO) 

powder. 

 

The reaction between cysteamine and GO in CGO membrane was further 

confirmed by XPS analysis. The C1s spectra of GO membranes demonstrated that 

typical O-C=O (289.2 eV), C=O (288.0 eV), C-O (286.7 eV) and C-C/C-H (284.8 eV) 

were distributed on the GO nanosheets (Fig. 8a). Compared with the pristine GO 
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membrane, CGO-76 membrane, however, exhibited lower intensity at C=O and C-O 

peaks and new peak at 285.5 eV (C-N), which confirmed the GO nanosheets were 

partially reduced by cysteamine and the formation of new chemical bonding between 

GO and the amino on cysteamine. The S element in GO membrane was from the 

oxidation process in which sulfuric acid was employed as the oxidant during the 

preparation of GO nanosheets. XPS results showed that the S element content in GO 

was 0.62 % (atom number percent), which was quite low. The same phenomenon was 

also found in Sun’s work [36]. For S2p patterns of GO, CGO-41 and CGO-76 

membrane, the intensity of C-S-C (peaks at 164.5 and 163.5 eV) [36] was gradually 

increased as the cysteamine loading rose in CGO membrane, which again confirmed 

the intercalation of cysteamine containing thiol into membranes and formation of 

covalent bonding between cysteamine and GO via thiol on cysteamine. We consider 

the cysteamine incorporated into GO interlayer can be divided into two kinds. One 

kind was physical incorporation, and another was after reaction with GO to form C-S 

bond. Indeed, it is quite challenging to observe new C-S peak even after the reaction 

between thiol groups and GO, because the peak from new C-S bond could be 

overlapped by the original C-S peak (163.5 and 164.5 eV). Similar result was found in 

Xue’s work [45]. They employed thiourea to react with GO to prepare graphene 

hydrogel. The thiourea contains C=S bond. After the reaction between C=S and GO, 

new C-S bonds formed but there was no new C-S peak and only 0.1 eV shift (from 

163.7 and 164.9 eV to 163.8 and 165.0 eV) of C-S peaks on S2p spectrum. On the 

other hand, Sun and co-workers crosslinked GO with thiourea to prepare GO 

membranes [36]. In their work, new C-S peak was observed since C=S (161.2/162.8 

eV) was transformed into C-S bond (165.7 and 164.5 eV). These two works suggest 

that the transformation from C=S to C-S could easily lead to new C-S peak, but it is 

hard to distinguish new C-S peak from original C-S peak even after reaction. In 

addition, the crosslinking effect of cysteamine on GO can be supported by Chen’s 

work [41]. They selected cysteamine as a covalent cross-linker to fabricate 

graphene/cysteamine aerogel. FTIR and XPS results confirmed the formation of new 

C-N and C-S bond and thus the crosslinking between GO and cysteamine. 
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Fig. 8. XPS diagrams of C1s of (a) GO and (b) CGO-76, and (c) S2p of cysteamine powder, 

GO, CGO-41 and CGO-76 membranes. 

 

From the adsorption isotherms of H2 and CO2 on GO and CGO (Fig. 9), the CO2 

adsorption of CGO with 7.6 wt% cysteamine loading was decreased by about 50% 

compared to pristine GO powder at ~150 kPa (the pressure used for gas permeation 

measurement). In addition, we can observe that the CO2 adsorption amount of 

CGO-41 was lower than that of CGO-76. On one hand, the amine groups on the 

cysteamine intercalated into GO laminate can increase the CO2 sorption. On the other 

hand, the crosslinking of cysteamine with GO reduced the interlayer height and thus 

the entrance of CO2 molecules into interlayer channels, leading to the decrease of CO2 

sorption capacity. According to the result of sorption measurement, the crosslinking 

effect of cysteamine is the dominant factor on the CO2 sorption in the membrane, 

which would be beneficial to achieve enhanced size discrimination property and 

permeation selectivity toward H2 over CO2.  
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Fig. 9. CO2 and H2 adsorption isotherms of pristine GO and CGO with 4.1 wt% and 7.6 wt% 

cysteamine loading at 25 °C. 

 

3.3 Gas separation performance 

3.3.1 Effect of GO deposition 

Pristine GO membranes with different GO deposition amounts can obtain quite 

different gas separation performance. As shown in Fig. 10, we investigated GO 

membranes prepared with GO deposition amount of 0.025 mg (GO-250), 0.0375 mg 

(GO-375), 0.050 mg (GO-500) and 0.075 mg (GO-750), respectively. With the 

increase of GO deposition amount, the H2 permeance was gradually slowed down to 

less than 50 GPU. The hindered permeance was attributed to the longer transport 

channels of thicker GO laminates. The H2/CO2 selectivity, however, was firstly going 

up and then dropped from 0.050 mg GO deposition amount (GO-500). As the GO 

deposition was increased from 0.025 to 0.05 mg, the selectivity was continuously 

improved. We considered that the selectivity enhancement was due to the notably 

reduced in-plane defects with more and more GO nanosheets depositing on the AAO 

substrate. The turning point of increasing selectivity at GO-750 might result from the 

looser contact between the GO layer and AAO substrate when the membrane became 

thicker. The electrostatic attraction between PDA and GO was greatly decreased as 

increasing the thickness of GO layer. The thicker GO membrane tended to be 
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freestanding structure, which caused GO nanosheets not to align as orderly as in the 

thinner membrane, especially near the bottom of GO layer. Therefore, the selectivity 

was dropped at the high GO deposition of 0.075 mg on AAO substrate. Among these 

GO membranes, GO-500 showed the highest performance with H2 permeance of 93.5 

GPU and H2/CO2 selectivity of 9.1. Therefore, we chose 0.05 mg as the optimal GO 

deposition amount for fabricating CGO membranes. 

 
Fig. 10. Effect of GO deposition amount of pristine GO membrane on the H2/CO2 separation 

performance. Pure gas permeation tests were measured at 0.15 MPa and 25 °C, 1 GPU=10-6 

cm3 (STP) / (cm2 s cmHg). 

 

3.3.2 Effect of reaction time 

The H2/CO2 selectivity of pristine GO membranes, about 9, was still relatively 

low, which could not afford sufficient performance for H2 purification. We introduced 

the small molecule cysteamine with specific functional groups to crosslink GO 

nanosheets for higher separation performance. The effect of reaction time on 

membrane separation performance was explored to optimize the crosslinking 

condition at the cysteamine loading of 7.6 wt%. As shown in Fig. 11, H2 permeance 

gradually decreased with added reaction time, which was attributed to the gradual 

reduction of GO nanosheets and thus the lowered interlayer height. Meanwhile, the 

H2/CO2 selectivity increased to 21.3 after 3 h reaction. When the reaction time 

reached 5 h, the H2 permeance was almost unchanged, which reflects the sufficient 

reaction between cysteamine and GO. The overtime heating may lead to the drop of 
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selectivity. After the overtime heating, the laminar GO nanosheets could be crimped, 

which affected the ordered structure and it was easier for CO2 molecule to pass 

through the interlayer channel. As a result, the H2/CO2 selectivity was decreased from 

21.3 to 11.9. Therefore, we chose 3 h as the optimal reaction time. 

 
Fig. 11. Effect of reaction time of CGO membranes on the H2/CO2 separation performance. 

Pure gas permeation tests were measured at 0.15 MPa and 25 °C. 

 

3.3.3 Effect of cysteamine loading 

According to the method mentioned above, we prepared CGO membranes with 

different cysteamine loading, including CGO-41, CGO-76 and CGO-89, and the 

reaction condition was at 80°C for 3 h. As expected, CGO-41 membrane exhibited 

lower H2 permeance than that of pure GO membrane, whereas enhancement in 

H2/CO2 selectivity (Fig. 12). The reduced interlayer gallery height can highly improve 

the size discrimination selectivity. As further increasing the cysteamine content from 

4.1 wt% to 7.6 wt% in GO membrane, the H2 permeance and H2/CO2 selectivity, 

interestingly, rose at the same time. The higher permeance was resulted from the 

larger interlayer height, which can be indicated by XRD (Fig. 4). Meanwhile, the 

crosslinking resulted in a more closely stacked structure that reduced the entrance of 

CO2 molecules into transport channels, as evidenced by the adsorption test (Fig. 9). 

Moreover, we can observe that the interlayer height of CGO-41 (0.91 nm) was lower 

than that of CGO-76 (0.94 nm), so the CO2 adsorption amount of CGO-41 was lower 

than that of CGO-76. Therefore, the reduction of interlayer height would reduce the 
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sorption of CO2, which was one of the factors for the improvement of H2/CO2 

selectivity. The selectivity arose not only from the interlayer channels, but also from 

the slit-like pores between nanosheets [30, 46, 47]. Compared with CGO-41 

membranes, the CGO-76 membranes could obtain more selective slit-like pores, 

which was attributed to the more ordered assembly structure of CGO-76. With more 

cysteamine entering the GO interlayer and crosslinking the nanosheets, the nanosheets 

can be more orderly assembled and hence more selective slit-like pores can be created. 

Therefore, CGO-76 membranes achieved higher H2/CO2 selectivity than CGO-41 

although the interlayer height of CGO-76 was relatively higher. It should be noted that 

excessive amount of cysteamine would lead to low separation performance. It was 

clearly observed that CGO-89 membrane obtained even higher H2 permeance than 

original GO membranes but very low selectivity of ~5. This phenomenon could be 

attributed to the oversized interlayer height that has poor sieving effect on small H2 

molecule. Non-selective defects in the GO laminates intercalated by excessive 

cysteamine can significantly affect the separation performance as well. The CGO-76 

membrane with optimized cysteamine loading exhibited a high H2/CO2 selectivity up 

to 21.3 and H2 permeance of 51.5 GPU. 

 
Fig. 12. Effect of cysteamine loading of CGO membrane on the H2/CO2 separation 

performance. Pure gas permeation tests were measured at 0.15 MPa and 25 °C. 

 

3.3.4 Universality of the crosslinking method 

To explore the universality of the proposed method, we employ another molecule 
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with similar structure to cysteamine, L-cysteine, to crosslink GO nanosheets. The 

effect of L-cysteine loading on the interlayer height was shown in Fig. 13a. At a 

relatively low loading, the interlayer height of L-cysteine-crosslinked GO (LCGO) 

membrane was decreased from 0.98 nm to 0.91 nm. Interestingly, the interlayer height 

was further narrowed as the L-cysteine loading rose to 6.6 wt%. Fig. 13b exhibits that 

the interlayer height varying trends of LCGO and CGO membranes are different. The 

interlayer heights of CGO membranes dropped at first but further increased at higher 

loading. The reason for the initial drop was the reduction of oxygen-containing group 

due to its reaction with cysteamine, and the later increase was resulted from the 

excessive amount of cysteamine entering into the interlayer channel. In comparison, 

LCGO membranes seemed to continuously drop to 0.90 nm. It might be attributed to 

the on-going enhancement of crosslinking level, which is similar to the decrease from 

0.98 nm (pristine GO membrane) to 0.91 nm (CGO-41 membrane). Only if the 

crosslinking level reached the maximum, the interlayer height would rise again with 

further improving the crosslinker loading, which was also proved by CGO 

membranes. 

 

 
Fig. 13. (a) XRD patterns of pristine GO and LCGO membrane with different crosslinking 

degree. (b) Comparison of interlayer heights of pristine GO, CGO and LCGO membrane. 
 

From the view of gas separation performance, LCGO membranes also obtained 

higher selectivity than pristine GO membrane. As shown in Fig. 13b and Fig. 14, the 

crosslinking of cysteamine or L-cysteine both realized effective reduction of 
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interlayer height and enhancement of H2/CO2 separation performance, suggesting a 

universality of the proposed crosslinking method for GO membranes. Then we chose 

CGO-41 and LCGO-66 for the comparison of the effect of molecule structure, where 

the molar ratio of cysteamine from CGO-41 to L-cysteine from LCGO-66 membranes 

was calculated to be almost identical (53: 54) at the same membrane mass. LCGO-66 

membrane exhibited higher H2/CO2 selectivity than CGO-41 membrane, which can be 

attributed to the smaller interlayer height and the attraction of added carboxyl groups 

on L-cysteine to CO2 molecules compared with CGO-41 membrane. The 

improvement of H2 permeance over CGO-41, however, remained to be further 

explored.  

The crosslinking of GO membrane endowed exciting gas separation performance 

which exceeds the 2008 Robeson upper-bound for H2/CO2 separation (CGO-76 in Fig. 

14). In next work, we can introduce designed molecules with more crosslinking 

groups and CO2-philic groups to further enhance the sieving property and 

CO2-trapping ability at the same time. Meanwhile, H2 permeance can be improved by 

enlarging the interlayer gallery or precisely perforating on the GO nanosheets. 

 

 

Fig. 14. Comparison of H2/CO2 separation performance of pristine GO, CGO and LCGO 

membranes. The upper bound line (black line) for polymeric membranes is drawn based on 

Ref. [8] by conversing permeability to permeance assuming a membrane thickness of 0.1 µm. 
This unit conversion method was also reported in literature [16, 17]. 
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3.3.5 Effect of operation time 

To study the stability of the membrane structure, continuous operation test was 

carried out with mixed gas (50:50 H2/CO2, volume percent) at 25 °C. Fig. 15 exhibits 

that the H2/CO2 selectivity of CGO-76 membrane was continuously increased during 

the first 10 h and then reached a relatively steady state with H2 permeance around 20 

GPU and H2/CO2 selectivity around 25. At the first stage, CO2 molecule had attraction 

to amino from cysteamine and oxygen-containing groups on GO, which trapped CO2 

in the interlayer channels and further decreased the real space of transport channels, 

leading to stronger size discrimination effect. This contributed to gradually increasing 

selectivity, which was finally higher than that of pure gas test. The drop of H2 

permeance compared with pure gas result could be attributed to the competitive 

adsorption of gases and reduced transport space as well [30, 48]. Overall, the 

as-prepared CGO-76 membrane is mechanically stable, maintaining its H2/CO2 

separation performance during the continuous operation test over 70 h. 

 
Fig. 15. Continuous operation test on CGO-76 membranes. Mixed gas permeation test was 

measured at atmosphere pressure and 25 °C using 50/50 H2/CO2. 

 

4. Conclusion 

We proposed cysteamine to crosslink GO nanosheets to fabricate ultrathin (~50 

nm) GO membranes with narrowed interlayer gallery height. Covalent bonding was 

formed via the reaction between amino and thiol on cysteamine and 
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oxygen-containing groups on GO, leading to the tunable interlayer height. The 

properly crosslinked GO membrane exhibited significantly improved size 

discrimination property and thus more than 2 times enhanced H2/CO2 selectivity 

compared with pristine GO membrane. The optimized CGO membrane exhibited H2 

permeance of 51.5 GPU and H2/CO2 selectivity of 21.3 that is above the 2008 

Robeson upper-bound. Additionally, another small molecule L-cysteine with similar 

molecular structure was successfully used as an alternative to cysteamine, showing 

the universality of the crosslinking method for GO membrane. This work 

demonstrated that chemical modification on interlayer channels of 2D-material 

membranes would contribute to desired gallery height for gas separation.  
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Supporting information 

 

Fig. S1 Effect of PDA modification time of AAO substrates on the H2/CO2 separation 

performance of CGO-76 membranes. Pure gas permeation tests were measured at 0.15 MPa 

and 25 °C. 

 

We carried out control experiment to explore the effect of PDA modification 

time of AAO substrates on the membrane performance. Here, 1 h, 10 h and 20 h were 

chosen as the investigated modification time and then CGO membranes were 

fabricated on the AAO substrates. The comparison of gas separation performances 

(Fig. S1) showed that there was only a little variation of H2 permeance and H2/CO2 

selectivity for membranes prepared on AAO substrates with different modification 

time. Hence, we consider the modification time of 1 h is sufficient for the 

modification of AAO substrates. 



Highlights 

� Cysteamine was incorporated into graphene oxide (GO) interlayer 
� Interlayer height of GO membrane was efficiently reduced for gas sieving 
� The resulting GO membrane exhibited good H2/CO2 separation performance 
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