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A B S T R A C T

Polymers with intrinsic microporosity (PIM) have gathered considerable attention over the last two decades for 
fabricating high-performance membranes for CO2 separation, owing to their highly permeable and porous 
structures. Particularly, thin film composite (TFC) membranes with thin active layers (<5 μm) deposited onto 
more porous substrates are suitable for practical applications as they offer a combination of high permeance and 
mechanical strength. However, penetration of the active layer into the pores of the substrate leads to additional 
mass transfer resistance and creates defects and voids, thereby reducing the membrane’s permeance and 
selectivity. Herein, we introduced graphene oxide (GO) as a gutter layer in TFCs made with PIM-1. GO flakes 
were deposited to cover the substrates partially, thereby reducing polymer penetration while maintaining good 
structural integrity of the TFCs. We successfully fabricated a series of PIM-1 TFCs by kiss coating, with the 
thinnest active layer at ~179 nm. These TFCs exhibited an ideal selectivity for CO2/N2 of 44.4, and the CO2 
permeance was increased by up to 104 % under optimised conditions. The strategy is generic as well which was 
validated using carboxylated PIM-1 (cPIM-1).

1. Introduction

Greenhouse gases, especially CO2, are believed to be responsible for 
global climate change [1]. Membrane technology has been recognised as 
a promising method for CO2 separation in carbon capture, with the 
advantages of low capital and operating costs, ease of operation, and 
minimal energy consumption. However, the energy efficiency of an 
industrial-scale membrane separation system is largely dependent on 
the selectivity and permeability of the membranes [2]. Among various 
polymeric membranes, those made of superglassy polymers with 
semi-rigid microporous structures [3,4] feature both ultra-micropores 
(<7 Å) and micropores (7–20 Å). The ultra-micropores provide molec
ular sieving function for improving molecule-pair selectivity, while the 
micropores facilitate fast permeation [5]. Consequently, the superglassy 

polymer membranes demonstrate a superior combination of high 
permeability and reasonable selectivity compared to many traditional 
polymer membranes, defining the most recent upper bounds for CO2 
separation [6,7]. Besides, superglassy polymer membranes offer ad
vantages such as ease of membrane fabrication and higher membrane 
flexibility than the membranes composed of rigid crystalline micropo
rous materials such as carbon molecule sieves [8,9], metal-organic 
frameworks (MOFs) [10,11], and covalent organic frameworks (COFs) 
[12].

Among superglassy polymer materials, polymers of intrinsic micro
porosity (PIMs), composed of contorted ladder polymer chains that pack 
inefficiently in the solid state, have relatively large micropores. Hence, 
PIMs exhibit higher permeability (up to 50,000 barrer for CO2 [7]) than 
most other polymers, while maintaining reasonably good selectivity [4]. 
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To date, most research on PIMs has focused on self-standing membranes 
with thicknesses exceeding 20 μm. Yet, thin film composite (TFC) 
membranes (consisting of a thin active layer, typically <5 μm, and a 
robust porous membrane substrate) are used for practical applications 
because they offer high gas permeance with less amount of polymer 
materials and have good mechanical strength. Taking the prototype 
PIM-1 as an example, several strategies have been adopted for fabri
cating defect-free TFCs with low active layer thickness, such as dip 
coating/kiss coating [13–22], spin coating [23–27], bar coating [28], 
and electrospraying [29]. Nevertheless, excessive polymer penetration 
into the porous substrate remains a common issue in these methods. 
Indeed, a certain degree of penetration is necessary for anchoring the 
active layer to the membrane substrate, but excessive penetration leads 
to additional mass transfer resistance, thus decreasing membrane per
meance. In some cases, it also causes inhomogeneity in the active layer, 
resulting in significant defects/voids formation and thus reducing 
membrane selectivity. In particular, casting solutions of superglassy 
polymers are less viscous than those of conventional rubbery polymers 
such as polydimethylsiloxane (PDMS), and thus they experience pene
tration to a greater extent.

To mitigate polymer penetration, the membrane substrate is pref
erably engineered with a skin layer having smaller pores and more 
uniform distribution, while maintaining the pristine bulk porosity for 
low mass transfer resistance. Among various substrates such as anodic 
aluminium oxide (AAO) [23–25], polyvinylidene difluoride (PVDF) 
[30–32], MFFK-1 [15], and polysulfone (PSF) [28], polymeric substrates 
based on polyacrylonitrile (PAN) are widely used for the preparation of 
PIM-1 TFC membranes due to their flexibility and well-optimised sur
face, with pores ranging from 10 to 50 nm [13,14,16,18–22,26,29,33]. 
However, severe penetration of PIM-1 into PAN was still noticed [21]. 
Notably, most commercial PAN substrates were originally developed for 
ultrafiltration applications and were not specifically optimised for use as 
supports in gas separation membranes. Consequently, the development 
and optimisation of PAN substrates tailored for gas separation remains a 
critical challenge and require further investigation.

Alternatively, enhancing the separation performance of TFC mem
branes using existing commercial substrates might be a more practical 
approach, which could achieve meaningful performance improvements 
within current material constraints, as well as being readily adapted to 
future substrate innovations. Focusing on this approach, we have 
explored a solvent pre-filling method, in which the pores of the substrate 
are pre-wetted with solvents such as water, ethanol, methanol, or 
chloroform prior to polymer coating [32,34]. This technique has been 
shown to improve selectivity by up to ~40 % in pervaporation [32]. 
However, it is less suitable for gas separation, as interactions between 
the solvent and polymer can induce subtle structural variations that may 
lead to separation failure. Another approach involves introducing a 
polymeric gutter layer, such as poly(1-trimethylsilyl-1-propyne) 
(PTMSP) [15] and PDMS [26–28], which can effectively suppress 
PIM-1 penetration into the porous substrate. Nevertheless, these mate
rials often necessitate relatively thick coatings (typically 210 nm to 2.5 
μm), which add considerable mass transfer resistance, thus compro
mising overall membrane performance. Hence, an optimal strategy to 
prevent polymer penetration without significantly increasing mass 
transfer resistance remains a key objective for advancing 
high-performance TFC membrane design.

In this work, we report the use of graphene oxide (GO) as a gutter 
layer on porous PAN substrates to fabricate TFC membranes based on 
the superglassy polymer of intrinsic microporosity, PIM-1. GO, a two- 
dimensional material with a lateral size exceeding 500 nm, is imper
meable to liquids and gases [35], and can be feasibly retained on porous 
substrates through vacuum filtration [36,37]. This technique also en
ables precise control over GO loading and layer thickness, offering 
flexibility in balancing polymer penetration and mass transfer resis
tance. By tuning GO loading, we optimised the deposition of imperme
able GO flakes to achieve partial surface coverage. This design aimed to 

effectively reduced PIM-1 penetration while intentionally retaining 
some uncovered pores, thereby preserving high gas permeance and 
ensuring proper integration between the selective layer and the sub
strate. The reduced penetration of PIM-1 by the GO gutter layer was 
validated according to the morphology analysis of the TFC membranes. 
Additionally, the gas permeance and ideal selectivity of CO2/N2 were 
measured for relevant TFC membranes to assess the effectiveness of the 
developed strategy. Importantly, this approach is generic, as demon
strated by using carboxylated PIM-1 (cPIM-1).

2. Methods

2.1. Materials and chemicals

PIM-1 (MY-B03, Mn = 57,500 g/mol, Mw = 166,900 g/mol, and 
polydispersity Mw/Mn = 2.9) was obtained through the procedure 
shown in Supplementary Information. cPIM-1 was synthesised through 
the procedure reported by Rodriguez et al. [38]. Two batches of poly
acrylonitrile (PAN) substrate with reference PAN350 (thickness 165 μm) 
were purchased from Sepro Membranes, USA. Slide-A-Lyzer G2 Dialysis 
Cassette (2K MWCO) was obtained from Thermo Fisher Scientific. 
Chemicals, including natural graphite, H2SO4, K2S2O8, P2O5, KMnO4, 
H2O2, HCl, and chloroform, were used without further purification.

2.2. Membrane fabrication

The GO was deposited on the PAN substrate by vacuum filtration. A 
certain amount of GO dispersion was diluted with DI water (500 mL) to 
prepare a GO suspension with a concentration of <0.5 mg/L. After that, 
the suspension was placed in a sonication bath (Elmasonic P70H, Ger
many) for 20 min at room temperature. Meanwhile, the PAN substrate 
was rinsed with DI water and placed on the vacuum filtration set-up, 
where an active filtration area of 36.3 cm2 was available for GO depo
sition. GO dispersions of different concentrations were filtered through 
the PAN substrate at 0.1 MPa and the prepared GO/PAN membranes 
were dried in a vacuum oven overnight at room temperature. GO/PAN 
with different loadings of GO was prepared, including 1, 3, and 5 mg 
m− 2. The loading of GO was calculated by Equation (1): 

η= c × V
S

(1) 

where c and V are the concentration (mg mL− 1) and volume of GO (mL) 
in aqueous solution, respectively, S is the active filtration area (m2) of 
the vacuum filtration. The prepared membranes were stored at room 
temperature before use.

PIM-1 coating solutions with concentrations in the range 0.5–2.5 w/ 
v%, were used to prepare TFN membranes via kiss coating, onto PAN 
and GO-coated PAN substrates. The coating procedure is described in 
Supplementary Information.

2.3. Characterisation

GO was characterised by X-ray powder diffraction (XRD), attenuated 
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), 
atomic force microscopy (AFM), and transmission electron microscopy 
(TEM) to confirm its chemical structure. Before characterization of XRD 
and FTIR, a certain amount of GO was dried from its dispersion in a 
vacuum oven overnight at room temperature. The GO/PAN substrates 
and PIM-1 TFC were characterised by scanning electron microscopy 
(SEM) and AFM. Details of the characterisation procedure is described in 
Supporting Information.

2.4. Gas separation

Details of the gas separation procedure and calculations can be found 
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in the Supporting Information.

3. Results and discussion

3.1. Optimisation of the GO gutter layer

GO flakes were synthesised using a modified Hummer’s method 
[39]. The physicochemical properties of the prepared GO were charac
terised by FTIR, XRD (Fig. S1) and AFM (Fig. 1). The lateral size and 
thickness of the GO flakes were estimated based on the AFM height 

image (Fig. 1A).
The thickness of the GO flakes was measured at 0.81 nm, as shown in 

the inset of Fig. 1B, which aligns the reported thickness of single-layer 
graphene oxide [40]. For lateral dimensions, statistical analysis of 
over 100 flakes revealed a relatively broad size distribution, with the 
majority of flakes ranging between 0.4 and 1 μm (Fig. 1B). These di
mensions are 1–2 orders of magnitude larger than the average pore size 
of the PAN substrate (~20 nm), thereby ensuring effective retention of 
GO flakes on the substrate surface during vacuum filtration.

Achieving optimum GO coverage on the PAN substrate is crucial for 

Fig. 1. Morphological characteristics of GO flakes (A) AFM height image of GO flakes; (B) size distribution of GO flakes (inset: height profile of GO flakes).

Fig. 2. Surface topology of GO/PAN (A) AFM height images; (B) AFM phase images (loading of GO at 1 mg m− 2).
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developing a high-performance TFC. In this study, GO flakes were 
deposited onto PAN via vacuum filtration of a 500 mL aqueous GO 
suspension. By adjusting the GO concentration in the suspension 
(0.007–0.036 mg/L), loadings of 1–5 mg m− 2 were obtained, resulting in 
different degrees of surface coverage on the PAN substrates. AFM phase 
images of the GO/PAN surface confirmed the presence of flakes 
(Fig. 2A). In addition, AFM height-mode roughness analysis (Fig. 2B) 
revealed that GO deposition led to a smoother surface (roughness of 4.2 
± 0.6 nm) compared to the pristine PAN substrate (roughness of 6.2 ±
0.4 nm).

GO deposition onto PAN from suspensions of different concentration 
was also assessed by SEM. Based on analysis of over 200 SEM images of 
the membrane surface (Fig. 3A1, 3B1, and 3C1), it was observed that GO 
coverage increased with higher GO concentrations in suspensions 
(Fig. 3A2, 3B2, 3C2 and Figure S2). At the lowest loading of 1 mg m− 2, 
most GO flakes appeared as isolated “islands” with lateral dimensions 
ranging from 0.1 to 0.8 μm, with only a few clusters coalescing into 

lateral sizes of approximately 3 μm (Fig. 3A2). In contrast, at higher 
loading of 5 mg m− 2, flakes overlapped and formed large “continents” 
with lateral dimensions exceeding 10 μm (Fig. 3C2). Given that the GO 
interlayer between the active layer and the PAN support alters the mass 
transfer pathway by promoting lateral gas transport, a lower GO loading 
with isolated flakes is expected to impose less additional mass transfer 
resistance due to the shorter lateral diffusion path. Additionally, GO 
flakes tend to deposit preferentially in regions with larger surface pores 
or defects, where local water flow rates during vacuum filtration are 
higher. This explains the non-uniform GO distribution observed in SEM 
images, which is likely a reflection of the inherent non-uniformity in the 
PAN substrate. As a result, GO deposition may serve a selective “healing” 
function, sealing larger pores and surface defects that would otherwise 
facilitate PIM-1 penetration, which can lead to defect formation in the 
TFC selective layer during coating.

CO2 permeance was evaluated for PAN and GO/PAN substrates with 
GO loadings of 1, 3, and 5 mg m− 2. All membrane substrates exhibited 

Fig. 3. Representative SEM images of GO/PAN with different loadings of GO: (A) 1 mg m− 2, (B) 3 mg m− 2, and (C) 5 mg m− 2, and statistical coverage.
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high CO2 permeance values exceeding 70,000 GPU, indicating that a 
significant fraction of the PAN surface remained uncoated and exposed 
following GO deposition. These uncovered regions retain their open 
pore structure, which facilitates convective gas flow with minimal 
resistance.

3.2. Coating of PIM-1 onto GO/PAN

PIM-1 TFC membranes were fabricated by kiss coating PIM-1 solu
tions at a range of concentrations (0.5–2.5 w/v%) onto GO-coated and 
non-coated PAN substrates. It is assumed that GO distribution remains 
intact during PIM-1 coating. This assumption is supported by the 
inherently high surface free energy of GO, which promotes the flakes to 
strongly adhere to underlying surfaces to minimise interfacial energy. In 
addition, previous studies have demonstrated that ultrathin GO layers 
deposited on various substrates including PAN [37,41,42] exhibit high 
stability even under harsh conditions such as water flushing.

The thickness of the supported PIM-1 layers was measured on cross- 
sectional SEM images of the TFCs, as shown in Fig. 4. For the control 
membrane fabricated on pristine PAN using a 2 w/v% PIM-1 solution 
without a gutter layer (Fig. 4A), significant penetration of PIM-1 into the 
PAN substrate was observed. This resulted in considerable variations in 
measured thickness values (408–777 nm). It is deduced that 408 nm 
reflects the actual thickness of the PIM-1 active layer, whereas 777 nm 
includes regions where PIM-1 penetrated and completely filled substrate 
pores.

In contrast, for membranes incorporating GO gutter layers at 1 mg 
m− 2 (Fig. 4B), no visible PIM-1 penetration into the PAN substrate was 
observed. The PIM-1 layer was clearly distinguishable with a uniform 

thickness of 531 ± 4 nm, which is approximately 30 % lower than the 
effective thickness on bare PAN, confirming the effectiveness of GO in 
preventing polymer penetration.

As the GO loading increased (Fig. 4C and D), a distinct interface 
between the PIM-1 layer and the PAN substrate remained visible, sug
gesting suppression of PIM-1 penetration. However, the thickness of the 
PIM-1 layer increased with higher GO loadings. This may be attributed 
to the high affinity between the PIM-1 solution and GO flakes, which can 
influence the dynamic meniscus curvature during coating. Additionally, 
the reduced polymer penetration at higher GO loadings likely results in 
greater retention of PIM-1 at the surface, thereby forming a thicker se
lective layer.

Based on these findings, a GO loading of 1 mg m− 2 was selected as 
optimal and used for subsequent TFC fabrication with PIM-1 solutions at 
different concentrations (0.5, 1.5, and 2.5 w/v%). Cross-sectional SEM 
images of the resulting membranes are shown in Fig. S3. All TFCs dis
played a well-defined interface between the PIM-1 layer and the sub
strate, confirming the effectiveness of using GO as a gutter layer to 
prevent PIM-1 penetration. Furthermore, the thickness of the selective 
layer increased with the concentration of the PIM-1 solution, consistent 
with the higher viscosity and reduced flowability of more concentrated 
solutions. Specifically, membrane thickness ranged from 179 ± 16 nm 
to 745 ± 10 nm for coating solutions of 0.5 and 2.5 w/v%, respectively.

3.3. Gas separation performance

The separation performance of relevant TFCs was assessed by single- 
component gas permeation tests (using CO2 and N2), from which per
meance and ideal selectivity were calculated. All TFC membranes 

Fig. 4. Cross-sectional SEM images of PIM-1 TFC membranes on PAN (A) and GO/PAN with GO loadings of (B) 1 mg m− 2, (C) 3 mg m− 2, and (D) 5 mg m− 2 (coated 
by PIM-1 solution at 2.0 w/v%).
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demonstrated good mechanical strength and showed no observable 
delamination during handling or testing. This structural integrity could 
be attributed to the strong interfacial interactions between GO and PIM- 
1 [19,43,44], high adherence of GO flakes on PAN substrates [36,45], 
and partial PIM-1 penetration into the substrate.

As shown in Fig. 5A1 and 5A2, the control membrane, coated with a 
2.5 w/v% PIM-1 solution on bare PAN, exhibited a CO2 permeance of 
6007 GPU and a CO2/N2 ideal selectivity of 15.2. Generally, thinner 
membranes are expected to exhibit higher permeance due to shorter gas 
diffusion paths. However, in this study, thinner membranes fabricated 
by lower-concentration PIM-1 solutions showed lower permeance than 
their thicker counterparts. For instance, reducing the PIM-1 concentra
tion from 2.5 to 0.5 w/v% led to a 56 % decrease in CO2 permeance, to 
2659 GPU (Fig. 5A1). This also indicates the lower permeability (per
meance × thickness) of PIM-1 in thinner layers.

A similar phenomenon was previously reported by Tiwari et al. [46], 
where a thin PIM-1 layer (~265 nm) showed a permeability an order of 
magnitude lower than that of thick films (~30 μm). This reduction is 
primarily attributed to polymer rigidification near the substrate inter
face. Strong interactions between PIM-1 and the PAN substrate restrict 
polymer chain mobility, limiting their ability to expand pore structures 
transiently and thereby reducing gas transport. Since thinner films have 
a greater proportion of polymer chains in contact with the substrate, 
they experience more pronounced rigidification and consequently lower 
permeability.

Moreover, polymer densification and physical aging may also 
contribute to reduced gas transport in thin membranes. Gorgojo. et al. 
[47], reported that ultrathin (~35 nm) PIM-1 membranes exhibited 
higher stiffness (higher Young’s modulus) than thicker membranes 
(~660 nm) due to polymer densification, which led to ~80 % lower 
heptane permeability in organic solvent nanofiltration. Besides, physical 
aging was also reported to be faster in thinner membranes, which could 
accelerate polymer densification [48]. However, given that all mem
branes in this study were tested after one-day aging, the impact of aging 

is expected to be minimal.
Interfacial rigidification often enhances gas selectivity due to tighter 

pore structures and better molecular sieving, and multiple literature 
reported that TFC membranes exhibited higher selectivity than their 
corresponding thick free-standing membranes [13,49,50]. However, 
this was not the case in the bare PAN-supported membranes. The 
CO2/N2 ideal selectivity of TFCs prepared with a 0.5–2.5 w/v% PIM-1 
solution was at 11–14 (Fig. 5A1). Based on statistical analyses of 
PIM-1 membranes reported from 2005 to 2024, the typical CO2/N2 
selectivity of free-standing PIM-1 (>20 μm) is ~18 [48]. This suggests 
that defects in TFCs, especially in thinner selective layers, may offset any 
gains from rigidification.

In contrast, TFCs fabricated on GO/PAN substrates (GO loading = 1 
mg m− 2) demonstrated significantly higher selectivity compared to 
those on bare PAN (Fig. 5A1). The improvement was most pronounced 
for the TFCs coated using 0.5 w/v% PIM-1 solution, where the ideal 
CO2/N2 selectivity doubled to 29.1. Notably, membranes prepared with 
0.5–1.5 w/v% PIM-1 solutions on GO/PAN exceeded the selectivity of 
free-standing PIM-1 membranes, demonstrating superior performance 
(>28). This improvement is attributed to the combined effects of 
interfacial rigidification and a substantial reduction in nano-voids and 
coating-induced defects when GO is used as a gutter layer. Furthermore, 
higher selectivity was observed in TFCs prepared from lower- 
concentration PIM-1 solutions, which can be explained by a higher de
gree of rigidification in thinner films. Since such rigidification effect 
induced by substrate surface is confined to polymer chains in close 
proximity, a greater proportion of the active layer becomes rigidified as 
layer thickness decreases.

Regarding gas permeance, the addition of the GO gutter layer caused 
a reduction in CO2 permeance by 11.3–35.6 %. This could also be 
attributed to i) elimination of defects, which would otherwise facilitate 
the rapid transport of both CO2 and N2 gases, ii) interfacial rigidifica
tion, and iii) a slightly increased effective diffusion path, as the imper
meable GO flakes promote lateral gas transport across the membrane 

Fig. 5. CO2/N2 ideal selectivity and CO2 permeance of TFC membranes coated with PIM-1 solutions of different concentrations (A) PIM-1 TFC coated on PAN#1 and 
(B) PIM-1 TFC on PAN#2 (GO loading of GO/PAN at 1 mg m− 2; permeance and selectivity are calculated based on the average of at least three measurements; grey 
column in A1 and A2 indicate thickness of PIM-1 layer on GO/PAN).
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surface. Nevertheless, the impact of lateral transport resistance is ex
pected to be minimal at a GO loading of 1 mg m− 2, given the relatively 
dispersed distribution and small size of the GO flakes.

As the separation performance of PIM-1 TFCs is highly sensitive to 
the surface morphology and porosity property of the substrate, the PIM- 
1 TFCs were also prepared on an additional batch of PAN substrates 
(named PAN#2, the first batch was named PAN#1 for differentiation). 
While PAN#1 and PAN#2 posessed same performance in ultrafiltration 
and shared similar surface pore sizes (<40 nm) and porosity 
(Figure S5A), their cross-sectional structures differed significantly 
(Figure S5B). Specifically, PAN#1 featured a highly porous inner 
structure with large channels (up to 450 nm). In contrast, PAN#2 
exhibited a skin layer with narrow channels (<100 nm).

TFCs fabricated on PAN#2 without a gutter layer (Fig. 5B) demon
strated higher CO2/N2 selectivity (up to 40.1 at 1.5 w/v% PIM-1) and 
lower CO2 permeance (700–2800 GPU) than those prepared on PAN#1. 
This is likely due to narrower pores of PAN#2, which are more easily to 
be filled by penetrated PIM-1, with less defect formation while 
increasing mass transfer resistance. Being less compromised by defects, 
PIM-1 TFC membranes could obtain higher selectivity than the corro
sponding thick free-standing membranes, like the findings reported 
previously [13,49,50]. Similar to TFC on GO/PAN, higher selectivity 
was also observed in TFCs prepared from lower-concentration PIM-1 
solutions due to the higher degree of rigidification in thinner films.

However, when the concentration of the PIM-1 solution was reduced 
to 1.0 w/v%, excessive penetration into the substrate pores led to defect 
formation, evidenced by a notable decline in selectivity to 15.3. Notably, 
introducing a GO gutter layer (1 mg m− 2) at this same coating concen
tration significantly improved gas selectivity to 42.6, confirming the 
effectiveness of GO in preventing polymer penetration. Similar en
hancements in CO2/N2 selectivity were observed for TFCs fabricated at 

other PIM-1 concentrations (1.5, 2.0, and 2.5 w/v%), further demon
strating the ability of GO to suppress defect formation associated with 
polymer penetration into the porous substrate.

Interestingly, the TFC coated with 1.5 w/v% PIM-1 on GO/PAN#2 
exhibited a 104 % increase in CO2 permeance compared to its coun
terpart on bare PAN#2 (Fig. 5B2). This enhancement highlights that 
suppressing polymer penetration shortens gas diffusion path and re
duces overall mass transfer resistance. These findings suggest the GO 
gutter layer imposing insignificant resistance under the optimised con
dition (GO loading = 1 mg m− 2).

An exception was observed in the 2.5 w/v% PIM-1 membrane, where 
the GO-guttered TFC displayed slightly lower permeance than its non- 
GO-guttered counterpart. This observation implies that polymer pene
tration is already sufficiently suppressed at higher polymer concentra
tions on narrow-pore substrates such as PAN#2. Under such conditions, 
the slightly increased resistance introduced by the GO layer becomes 
observable.

Based on these findings, we can conclude that the best-performing 
membrane without a GO gutter layer in terms of selectivity is the one 
with 2.5 w/v% PIM-1 on PAN#2. For this membrane, adding GO does 
not make a significant difference, in terms of both, selectivity and per
meance. Furthermore, to improve gas permeance in TFCs prepared onto 
the substrate with smaller pores, lower PIM-1 concentrations and GO 
gutter layers should be used in combination, leading also to slightly 
improved selectivity. If higher gas permeance is sought after, substrates 
with bigger pores are needed, but in combination with GO gutter layers 
to achieve a reasonably good selectivity.

To further examine the influence of GO loading, membranes with GO 
loadings of 1–5 mg m− 2 were fabricated (on GO/PAN#1) and evaluated 
(Fig. 6A and B). Increasing the GO loading significantly reduced CO2 
permeance, from 2000 to 6000 GPU (at 1 mg m− 2) to <200 GPU (at 5 

Fig. 6. Effect of GO loading on the permeance and selectivity of PIM-1/GO/PAN (A–B: CO2 permeance and CO2/N2 ideal selectivity of PIM-1/GO/PAN#1 measured 
by single gas permeance; C: mixed gas separation performance of PIM-1/GO/PAN#2 in separating CO2/N2 (1:1) mixture (coated by PIM-1 solution of 2.5 w/v%)). 
(Permeance and selectivity are calculated based on the average of at least three measurements).
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mg m− 2), due to enhanced mass transfer resistance. Since GO is 
impermeable to both CO2 and N2, it blocks direct through-pore path
ways and forces gas molecules to traverse longer lateral diffusion paths. 
At low GO loading (1 mg m− 2), this effect is minimal due to the dispersed 
and isolated nature of the small flakes. However, at higher loadings, GO 
flakes merge into laminated “continents” exceeding 20 μm in lateral size, 
which is over 20 times the thickness of the PIM-1 layer (0.2–0.8 μm), 
drastically increasing diffusion path length and resistance.

At high GO loading (e.g., 5 mg m− 2), an additional diffusion pathway 
may arise, whereby gas molecules travel through the interlayer spacings 
of the stacked GO flakes. However, this route introduces further resis
tance due to narrow and tortuous channels. For instance, Kim et al. [51] 
reported that a 3 nm-thick GO laminate composed of 250 nm flakes 
exhibited only ~100 GPU CO2 permeance and a CO2/N2 selectivity of 
~10.

Conversley, our PIM-1 TFCs fabricated on GO/PAN substrates at 5 
mg m− 2 GO loading achieved substantially higher CO2/N2 selectivities 
of 71.8 and 83.2 with 2.0 and 2.5 w/v% PIM-1, respectively (Fig. 6B). 
This result suggests that the dominant gas transport pathway in these 
membranes is not through the d-spacing in stacked GO, but rather 
laterally through the rigidified PIM-1 selective layer, followed by 
transport into the uncovered PAN pores. This path involves an increased 
diffusion distance (up to ~10 μm, thus low permeance of <100 GPU), 
but benefits from enhanced molecular sieving due to polymer chain 
rigidification at the GO interface.

For the TFCs with thinner active layers (coated with 0.5 and 1.5 w/v 
% PIM-1 solutions), excessive GO loadings (3 or 5 mg m− 2) resulted in 
decreased selectivity. This reduction may be attributed to defects caused 
by poor attachment of the PIM-1 layer to the substrate, due to insuffi
cient penetration, a problem that is more severe for TFCs with thinner 
active layers. Therefore, a moderate degree of penetration is necessary 
to ensure good interfacial integrity, particularly for ultrathin active 
layers.

For the PIM-1 TFCs with a relatively thick active layer (coated with 
2.5 w/v% PIM-1 solution) on GO/PAN#2, we further investigated their 
separation performance for CO2/N2 (1:1) mixture (Fig. 6C). Similar to 
results from single-gas permeation tests, as the GO loading increased 
from 1 to 5 mg m− 2, the CO2/N2 selectivity of PIM-1 TFC increased from 
24.4 to 27.3, whilst the permeance of CO2 decreased from 3896 GPU to 
325 GPU.

Additionally, substrates with excessive GO loading (to 10 and 15 mg 

m− 2) were prepared as well to demonstrate its effect on membrane 
performance. These membranes exhibited a significant decline in both 
selectivity and permeance. Such performance degradation is consistent 
with the trends observed for PIM-1 TFCs coated with more diluted PIM-1 
solutions (0.5 and 1.5 w/v%) on PAN#1. These findings indicate that 
although TFCs composed of thicker active layers have relatively better 
structural integrity, they suffer from poor attachment to the substrate 
when polymer penetration is too low. Furthermore, at higher GO load
ings, the substrate surface becomes almost entirely covered by GO 
flakes, forcing gas molecules to diffuse through the narrow d-spacing 
between GO laminates, which reduces both permeance and selectivity. 
As a result, membranes prepared with 15 mg m− 2 GO exhibited 
dramatically reduced CO2 permeance and selectivity, down to 11 GPU 
and 6.7, respectively.

Based on the results and previous discussion, the optimum GO 
loading is 1 mg m− 2. The separation performance of the PIM-1 TFCs 
prepared with 1 mg m− 2 of GO as the gutter layer was compared with 
state-of-the-art PIM-1 TFCs fabricated on various substrates including 
AAO, PAN, and PSF, as well as substrates with a gutter layer, such as 
PDMS (Fig. 7A and Table S1). The GO/PAN-based TFCs developed in 
this study outperformed previously reported PIM-1 TFCs in terms of 
CO2/N2 selectivity, while maintaining relatively high CO2 permeance.

To further assess the transport properties of the selective PIM-1 layer, 
the permeability of the PIM-1 layer was calculated based on the 
measured permeance and thickness. Given that the permeability- 
selectivity trade-off of self-standing PIM-1 membranes (>20 μm) typi
cally aligns with the 2008 Robeson upper bound [48], this benchmark 
was included in Fig. 7B for comparison. Notably, several of the TFCs 
fabricated on GO/PAN in this work exceeded the 2008 upper bound, 
achieving the highest selectivity values reported for PIM-1 TFCs to date, 
and surpassing those of previously reported self-standing PIM-1 
membranes.

Their permeability, on the other hand, is lower, attributable to the 
reduced thickness of the PIM-1 layer. As previously discussed and sup
ported by statistical analysis of PIM-1 TFCs reported in literature 
(Fig. S6), thinner PIM-1 layers exhibit lower permeability due to higher 
degree of polymer rigidification.

It should be noted that superglassy polymers such as PIM-1, suffer 
from severe physical aging. Over time, the polymer chains undergo 
densification as they relax from a non-equilibrium to an equilibrium 
state, resulting in a substantial decline in membrane permeability [52]. 

Fig. 7. CO2 ideal selectivity vs. permeance of the state-of-the-art PIM-1 TFCs on different substrates (A) (plotted data for comparison has been taken from the recent 
literature [13,14,21–23,25,26,28,29,49,50]); CO2/N2 ideal selectivity vs. CO2 permeability of PIM-1 TFC and free-standing membranes (B) (GO loading of GO/PAN 
at 1 mg m− 2, PIM-1/GO/PAN coated by PIM-1 solution of 0.5–2.5 w/v%).
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The physical aging behaviour of PIM-1 TFCs fabricated on GO/PAN 
substrates (GO loading of 1 mg m− 2 on PAN#2) was evaluated over 110 
days (Fig. S7). All membranes exhibited significant reductions in CO2 
permeance, ranging from 75 % to 97 %, which aligns with the reported 
range for PIM-1 TFCs (50–99 % decline over 100 days). These results 
suggest that interfacial rigidification induced by GO is insufficient to 
prevent long-term densification of the polymer matrix. This limitation 
could be attributed to non-uniform constraints on polymer chain 
mobility. Therefore, for maintaining the permeance of membranes over 
longer term, a broader and more uniform interaction, such as a network 
filler within polymer matrix, could be preferable [22].

To further validate the effectiveness of the GO gutter layer strategy, 
cPIM-1, another member of the PIMs family, was also investigated. 
Compared to PIM-1, cPIM-1 solutions exhibit lower viscosity at equiv
alent concentrations, making them more prone to penetrate into porous 
PAN substrates during coating [21]. In this context, the use of a GO 
gutter layer was again found to significantly improve membrane 
performance.

As shown in Fig. 8, cPIM-1 TFCs coated on bare PAN substrates using 
solutions ranging from 1 to 3 w/v% (in tetrahydrofuran) exhibited low 
CO2/N2 selectivities (0.9–2.0) and high CO2 permeances (2505–6615 
GPU), primarily due to defect formation caused by polymer penetration. 
In contrast, when a 1 mg m− 2 of GO gutter layer was introduced, the 
ideal CO2/N2 selectivity markedly increased. For instance, the selec
tivity of a cPIM-1 TFC coated with a 3 w/v% solution on GO/PAN 
increased to 7.3, which is 2.6 times higher than that of its counterpart on 
bare PAN. Simultaneously, CO2 permeance dropped to ~822–917 GPU, 
indicating the suppression of non-selective voids or interfacial defects. 
The relatively low permeability of cPIM-1 TFC compared to PIM-1 can 
be mainly attributed to intrinsicly lower fractional free volume in cPIM- 
1 matrix [38].

4. Conclusions

Here we developed and validated the use of GO as a gutter layer on 
porous polymeric substrates for the preparation of PIM-1 TFC mem
branes with enhanced gas separation performance. The optimum GO 
loading was found to be 1 mg m− 2, covering ~47 % of the PAN substrate 
surface. This partial coverage significantly reduced polymer penetration 
during membrane fabrication via kiss coating while ensuring robust 
attachment between the active layer and the PAN. Consequently, the 
reduced penetration of PIM-1 into the substrate decreased the effective 
thickness of the active layer and prevented defects that typically occur 
during coating. With GO as the gutter layer, the ideal CO2/N2 selectivity 
of a fresh PIM-1 TFC improved to up to 44.4, while the CO2 permeance 
increased to 3062 GPU, positioning it as the best performing candidate 

among the state-of-the-art PIM-1 TFCs. Importantly, the strategy was 
found also effective for active layers of carboxylated cPIM-1. The 
development of the new strategy can address the common issue of 
polymer penetration into substrates during TFC membrane fabrication, 
and hence reduce the increased effective thickness and defects, thereby 
diminishing the separation performance of TFC membranes. Given the 
feasibility of this strategy, it holds substantial potential for application 
across various superglassy polymers, paving the way for making high- 
performance TFC membranes.
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