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ABSTRACT: Thin film composite (TFC) polymeric membranes have attracted increasing interest to meet the demands of industrial 
gas separation. However, the development of high performance TFC membranes within their current configuration faces two key 
challenges: (i) the thickness-dependent gas permeability of polymeric materials (mainly polydimethylsiloxane (PDMS)) and (ii) the 
geometric restriction effect due to the limited pore accessibility of the underlying porous substrate. Here we demonstrate that the 
incorporation of trace amounts (~1.8 wt%) of amorphous metal-organic framework (MOF) nanosheets into the gutter layer of TFC 
assemblies can simultaneously address these two limitations by the creation of rapid, transmembrane gas diffusion pathways. The 
resultant PDMS&MOF membrane displayed a CO2 permeance of 10450 GPU and CO2/N2 selectivity of 9.1 yet observed for a thin 
PDMS gutter layer. Leveraging this strategy, we successfully fabricate a novel TFC membrane, consisting of a PDMS&MOF gutter 
and an ultrathin (~54 nm) poly(ethylene glycol) top selective layer via surface-initiated atom transfer radical polymerization (ATRP). 
The complete TFC membrane exhibits excellent processability and remarkable CO2/N2 separation performance (1,990 GPU with a 
CO2/N2 ideal selectivity of 39). This study reveals a strategy for the design and fabrication of a new TFC membrane system with 
unprecedented gas separation performance.

INTRODUCTION 
Thin film composite (TFC) membranes for gas separation, 

usually consisting of a porous bottom support layer, a highly 
permeable intermediate gutter layer and an ultrathin top selec-
tive layer, are promising candidates to meet the requirements 
for high-throughput post-combustion CO2 capture.1-2 A poly-
meric intermediate gutter layer is essential within a TFC con-
figuration, acting as a multi-functional coating, which can im-
prove the compatibility between the top selective layer and the 
lower porous support, i.e. preventing the penetration of dilute 
polymer solution into the porous structure and rendering a 
smooth surface for coating a top selective layer.3 Frequently, 
the gutter layer is composed of polydimethylsiloxane (PDMS), 
which has been the most widespread choice in industry due to 
its relatively good chemical and thermal stability, as well as 
high gas permeability and excellent processability.4 However, 
the observed permeability of PDMS gutter layers documented 
in the literature deviates from the theoretical value as the thick-
ness of the PDMS layer is reduced, though the permeability 
should be independent of film thickness.5 As an illustrative ex-
ample, the observed CO2 permeability across a ~230 nm PDMS 
layer on a microporous polyacrylonitrile (PAN) support is only 
660 Barrer, much lower than the intrinsic permeability of 
PDMS (ca. 3,800 Barrer) at 35 °C.4, 6 This discrepancy is sug-
gested to be due to various non-equilibrium sorption-desorption 
effects dominating at the polymer interface, as well as morpho-
logical changes in the crosslinked polymer network.5, 7-8 Fur-
thermore, the pore infiltration and the geometric restriction in a 

TFC membrane assembly resulting from the limited pore acces-
sibility of porous substrates further exacerbate such thickness-
dependent permeability.9-11 Consequently, these two issues 
handicap the development of high-performance TFC mem-
branes. 
    In an effort to address these issues associated with gutter lay-
ers, the Park group reported an alternative Teflon (AF2400) 
based gutter layer, which displayed excellent CO2 permeance 
(> 30000 GPU).8 More recently, our group has developed a gut-
ter layer composed of microporous metal-organic framework 
(MOF) with similar gas permeance.12-13 However, the expensive 
Teflon and metal-organic framework (MOF) based gutter layers 
have relatively lower flexibility and processability. Further-
more, similar to other highly permeable polymers such as 
poly(1-(trimethylsilyl)-1-propyne) (PTMSP) and polymers of 
intrinsic microporosity (PIM),14 amorphous Teflon also suffers 
from a physical aging effect, limiting its impact in an industrial 
setting.15 The key question here is: Can we enhance the perfor-
mance of a PDMS gutter layer to the levels achieved for MOF–
, Teflon–, or PTMSP–based materials, while simultaneously 
offsetting the traditional thickness-dependent permeability and 
geometric restriction of porous substrates, without affecting 
their high processability? 

Herein, we report a straightforward strategy to dramatically 
increase the gas permeance of conventional PDMS gutter layers 
by incorporating trace amounts of novel, ultrathin amorphous 
MOF nanosheets. We demonstrate that incorporating just ~1.8 



 

wt% amorphous MOF nanosheets into a ca. 230 nm PDMS gut-
ter layer can result in over 3-fold increase in gas permeance 
compared to pristine PDMS of similar thickness without com-
promising processability. Investigation via a combined experi-
mental and computational approach reveals a unique mecha-
nism behind the enhancement delivered by amorphous MOF 
nanosheets through limiting pore infiltration and providing ac-
celerated transmembrane gas transport pathways. Such a 
straightforward doping method is readily generalized to a range 
of existing TFC materials, providing a powerful new strategy to 
directly improve the gas separation performance of current TFC 
membrane assemblies. 

RESULTS AND DISCUSSION 
Amorphous MOF Nanosheet Synthesis. MOFs are porous hybrid 

materials synthesized via linking inorganic metallic nodes and organic 
ligands through strong coordination bonds in a continuous manner.16-18 
Most reported MOFs have clear crystalline X-ray diffraction (XRD) 
patterns as a result of their long-range coordination profiles. However, 
according to the MOF definition by the International Union of Pure and 
Applied Chemistry (IUPAC),19 there is no specific requirement for 
long-range order or crystallinity in a MOF structure. As a counterpoint, 
amorphous MOFs possess the basic constituents and connectivity of 
crystalline MOFs and are emerging as functional, porous materials for 
applications in reversible gas storage and controlled drug delivery.20 As 
suggested by their name,  amorphous MOFs usually display broad, dif-
fuse XRD patterns due to their lack of long-range periodic order caused 
by the aperiodic arrangements of their constituent atoms. In this work, 
ultrathin amorphous MOF nanosheets were firstly synthesized via a 
simple coordination modulation method. The ligand 2,5-dioxido-1,4-
benzenedicarboxylic acid (DOBDC) contains two types of metal-coor-
dinating groups, namely: (i) the two carboxylic acids (-COOH) and (ii) 
the two hydroxy groups (-OH). As illustrated in Figure 1a, the Cu2+ 
ions can coordinate with a capping molecule (acetonitrile (CH3CN) as 
a neutral Lewis base) and DOBDC simultaneously during the synthesis 
process. Due to the single coordination site of CH3CN, the framework 
extension and crystal growth of the MOFs is distorted, resulting in an 
aperiodic arrangement of the building blocks and anisotropic growth of 
the MOFs into a two-dimensional (2D) amorphous structure (Figure 1a 

and Figure S1). In contrast, the preparation of crystalline analogue 
(MOF-74-Cu) via a conventional growth method results in rod-like par-
ticles (Figure S2). 

The prepared amorphous MOF nanosheets appear disc-like in shape 
with a diameter of ~2 µm (Figure 1b and c, Figure S3). The thickness 
of the nanosheets is around 6 nm, as determined by atomic force mi-
croscopy (AFM, Figure 1b). In addition, no electron reflection was ob-
served when assessing the nanosheets by high resolution transmission 
electron microscopy (TEM), confirming the amorphous nature of the 
prepared MOF nanosheets (Figure 1d). The X-ray diffraction (XRD) 
pattern of the amorphous MOF nanosheets reveals broad, diffuse peaks 
in comparison with crystalline MOF-74-Cu,21-24 offering further sup-
port for their amorphous structure (Figure 1e). Significantly, the amor-
phous MOF nanosheets display a similar attenuated total reflectance 
Fourier-transform infrared (ATR-FTIR) spectroscopy as the crystalline 
MOF-74-Cu (Figure S4), suggesting a similar coordination profile be-
tween the two morphologies. Specifically, both MOFs display de-
creased O-H bending and stretching vibration intensities at 1300–1500 
cm-1 and 2400–3400 cm-1, compared with the pristine DOBDC ligand. 
This can be attributed to the deprotonation and coordination with Cu2+ 
of the hydroxyl and carboxylate groups of the DOBDC ligand. In addi-
tion, the two MOFs showed a weak band at 1450-1500 cm-1 and a 
strong band at 1580-1600 cm-1 (red region), indicating the C-C=C 
asymmetric and symmetric stretching vibrations of the aromatic ring 
within the MOFs, respectively. The coordination nature of the amor-
phous MOF nanosheets was further investigated by an ex situ X-ray 
absorption spectroscopy (XAS). The resultant extended X-ray absorp-
tion fine structure (EXAFS) profile of the amorphous MOF nanosheets 
displayed a similar Cu-O distance to crystalline MOF-74-Cu at the 
main peak of 1.44 Å, along with decrease in peak intensities (Figure 
1f). In addition, significant shifts were observed in the Cu-Cu and Cu-
C peaks between amorphous MOF nanosheets and crystalline MOF-
74-Cu (Figure 1f). Such decrease and movements can be chiefly at-
tributed to the aperiodic coordination between organic ligands and 
metal ions within the amorphous MOF nanosheets, leading to shorted 
adjacent atom distances. In addition, the X-ray absorption near-edge 
structure (XANES) of the amorphous MOF nanosheets display de-
creased and increased peak intensities at ca. 8995 eV and at ca. 8986 
eV (Figure S5), which indicates the partial loss of axial ligands for Cu 
cations.23, 25 

 

 
Figure 1. (a) Synthesis of ultrathin amorphous MOF nanosheets by a coordination modulation method. (b) AFM and (c) TEM images of the amor-
phous MOF nanosheets. The thickness of the amorphous MOF nanosheets is around 6 nm measured by AFM (indicated in yellow in (b)). (d) High 
resolution TEM image of the amorphous MOF nanosheets. Insets: (i) and (ii) illustrate the selected area electron diffraction (SAED) and fast Fourier 
transform (FFT) patterns of the yellow marked area, respectively. (e) XRD and (f) EXAFS spectra of the amorphous MOF nanosheets and crystalline 
MOF-74-Cu. The corresponding phase shifting spectra and fine structural parameters for Cu–O were supplied in Figure S6 and Table S1. (g and h) 
Proposed chemical bond structures of (g) the crystalline MOF-74-Cu and (h) amorphous MOF nanosheets derived from EXAFS spectra. 

 



 

Examining the amorphous MOF nanosheets and crystalline MOF-
74-Cu using X-ray photoelectron spectroscopy (XPS) (Figure S7), re-
vealed similar coordination properties between the two morphologies, 
with both exhibiting characteristic Cu(II) 2p (Cu 2p1/2: 954.8 eV, Cu 
2p3/2: 934.9 eV), C 1s (C-C: 285.1 eV, C-O: 287.4 eV, O-C=O: 289.1 
eV) and O 1s (C-O-Cu: 532.2 eV and C=O: 533.7 eV) spectra. Such 
observations are consistent with a previous study by Dietzel et al.26 
where it was suggested that in the presence of an insufficiently strong 
base, only the two -COOH groups were deprotonated and coordinated 
with metal ions to form CPO-26 MOFs with a PtS type structure. The 
-OH groups participate indirectly by forming intramolecular hydrogen 
bonds with the oxygen atoms of the adjacent -COO- groups. To further 
confirm the coordination motif in the obtained amorphous MOF 
nanosheets, the DOBDC was firstly dissolved in an equimolar mixture 
of dimethylformamide-d7 (DMF-d7) and acetonitrile-d3 (CD3CN-d3) to 
mimic the experimental deprotonation conditions, resulting in an acidic 
solution with a pH of 5~6. As shown in Figure S8, only the peak rep-
resenting the Ar-H is observed in the 1H NMR spectrum of the mixed 
solution. This result suggests both the -COOH and the -OH groups were 
in their deprotonated form, and available for coordination with Cu2+ 
during the MOF synthetic process.27-28  

Significantly, both the amorphous MOF nanosheets and their crys-
talline MOF-74-Cu equivalent exhibit type II N2 adsorption/desorption 
isotherms at 77 K, indicating similar structural profiles as well as strong 
interactions between MOFs and N2 (Figure S9 and S10). The amor-
phous MOF nanosheets show relatively lower surface area (97.9 m2/g 
vs. 580.7 m2/g) and total pore volume (0.02 cm3/g vs. 0.69 cm3/g) than 
those of MOF-74-Cu as expected. This can be attributed to (i) the amor-
phous nature of the amorphous MOF nanosheets and (ii) the severe ag-
gregation of nanosheets after physical drying,13 which cannot present 
the porous structure of an ultrathin nanosheet observed by TEM (Figure 
1c) and SEM (Figure S1). Importantly, the amorphous MOF 
nanosheets displayed a higher CO2 adsorption than N2 at 373 K due to 

the stronger interactions between CO2 and Cu2+ open metal sites (Fig-
ure S11). Examining the amorphous MOF nanosheets by thermogravi-
metric analysis (TGA) reveals a lower thermal stability in comparison 
with the crystalline MOF-74-Cu, due to their amorphous character 
(Figure S12). Interestingly, only the copper-based MOFs displayed a 
2D morphology, while other MOFs composed of alternative metal 
nodes (Mg, Al, Fe, Co, Ni, Zn, Mn, Zr) via the same method exhibited 
different morphologies (Figure S13). We attribute this difference to the 
varied coordination profiles of the different metal ions.29 

Membrane Preparation and Properties. Following successful 
preparation of the amorphous MOF nanosheets, we next sought to ex-
amine their impact on the gas permeation when doped into a PDMS 
gutter layer. Briefly, the amorphous MOF nanosheets were mixed with 
amino-terminated PDMS, which were covalently linked by 1,3,5-ben-
zenetricarbonyl trichloride. This was followed by spin-coating of the 
reacted formulation onto pre-wetted PAN substrates to produce 
PDMS&MOF gutter layers (Figure 2a). No detectable changes to the 
infrared spectra were observed between PDMS&MOF and pure PDMS 
(Figure S14), failing to account for the introduction of amorphous MOF 
nanosheets. This is attributed to the limited number of specific 
nanosheet surface contacts compared to the bulk PDMS phase.30 Nota-
bly, the resultant gutter layer exhibited low roughness, similar to a pris-
tine PDMS example, indicating an even dispersion of amorphous MOF 
nanosheets within the PDMS matrix (Figure S15a and b). It is known 
that many MOFs are not stable in highly acidic solution, as indicated 
by the acid-base theory (i.e., strong acids will replace weak acids). 
However, in the current reaction, the generated HCl molecules have 
very low solubility in the employed hydrophobic hexane, limiting their 
interaction with the amorphous MOF nanosheets. In addition, we also 
observed some amorphous MOF aggregations after spin-coating via 
AFM measurements (Figure S15c). This result further demonstrates 
that the amorphous MOF nanosheets are chemically stable during the 
spin-coating process. 

 

 
Figure 2. (a) Schematic illustration of the preparation of the TFC membranes by continuous assembly of a polymer (CAP) technology. (b) Cross-
sectional SEM image of the TFC membrane: (left) PDMS&MOF initiator layer and (right) the final TFC membrane. (c) Cross-sectional TEM image 
of the TFC membrane and (d) the corresponding Cu K energy-dispersive X-ray spectroscopy (EDX) image. The yellow line marked areas in (c) and 
(d) represent the ultrathin PEG selective layer and the blue color in (d) indicates the presence of amorphous MOF nanosheets in PDMS. (e: M1) 
Illustration of the geometric restriction effect on the gas diffusion length. A membrane with a gutter layer thickness of l will have an effective 
diffusion length (leff) larger than l due to the limited porous accessibility of the substrate. (f-h) Illustration of enhancing gas permeation rate via (f: 
M2) embedding ultrathin amorphous MOF nanosheets into PDMS matrix, (g: M3) introducing a porous amorphous MOF nanosheet layer between 
PDMS gutter layer and substrate, and (h: M4) inserting a porous amorphous nanosheet layer between PDMS&MOF gutter layer and substrate. The 
amorphous MOF nanosheet layer was coated onto PAN substrate by vacuum filtration (CO2 permeance: 38000 GPU and N2 permeance: 40000 GPU), 
followed by spin-coating a PDMS or PDMS&MOF layer (2.0 w/v%, 1000 rpm, 10s). 

Unexpectedly, the prepared gutter layer with only ~1.8 wt% amor-
phous MOF inclusion exhibited a more than 3-fold increase in CO2 per-
meance (10450 GPU at 1.0 bar, Figure 2f: M2) with a good CO2/N2 
ideal selectivity of 9.1 in comparison with pristine PDMS gutter layers 
(2,880 GPU, CO2/N2 = 10, Figure 2e: M1) of similar thickness. Under 

further investigation, we found that the enhanced permeance can be at-
tributed to three possible factors: Firstly, XRD characterization reveals 
that the embedded amorphous MOF nanosheets can increase the disor-
der degree of PDMS chain packings (i.e. lowering the local density of 
PDMS) and thereby increase the free volume within the PDMS layer, 



 

favoring an increase in diffusion properties of the formed membrane  
(Figure S16).31 Secondly, the embedded amorphous MOF nanosheets 
may mitigate the pore infiltration of PDMS, reducing actual gas 
transport length. Thirdly, the hierarchical porous structure of the amor-
phous MOF nanosheets provides a fast diffusion pathway, which can 
significantly reduce the geometric restriction effect of the composite 
configuration.9, 32 

In order to verify the second and third hypothesis, we conducted two 
control experiments. Firstly, we coated an ultrathin amorphous MOF 
nanosheet layer on a PAN substrate via vacuum filtration with a similar 
mass to that employed in the previous experiment. Then a PDMS or 
PDMS&MOF layer was spin-coated on top of the amorphous MOF 
layer (Figure 2, g: M3 and h: M4). In the case of inserting an amor-
phous MOF nanosheet layer between the PDMS and substrate (Figure 
2g: M3), the resultant membrane showed a CO2 permeance of 7260 
GPU together with a CO2/N2 ideal selectivity of 9.8. The increase in 
CO2 permeance indicates that the geometric restriction of the porous 
substrate for CO2 permeance has been essentially mitigated (or re-
moved) by the fast gas diffusion through the porous amorphous MOF 
nanosheet layer, in comparison with pristine PDMS gutter layer (Figure 
2e: M1). Further replacing the pristine PDMS layer with a 
PDMS&MOF layer, the CO2 permeance reached 14220 GPU along 
with a CO2/N2 ideal selectivity of 9.0 (Figure 2h: M4). When compar-
ing the separation performance illustrated in Figure 4, the embedding 
of amorphous MOF nanosheets into PDMS matrix could substantially 
enhance gas separation performance, indicating both the substrate geo-
metric restriction and the thickness-dependent gas permeability issues 
have been substantially resolved. 

To further probe these experimental results, a complementary quan-
titative diffusion simulation study was conducted to probe how the 
amorphous MOF nanosheets are increasing the membrane permeabil-
ity.33 The simulations (detailed further in METHODS) consider the axi-
symmetric diffusion of CO2 around a prototypical substrate pore, and 
model the permeability of the PDMS&MOF material using a composite 
resistance-based model that accounts for the aspect ratio of the MOF 
inclusions. Hence, in the model the (tensor) permeability of the 
PDMS&MOF material is different in the horizontal (radial) and vertical 
(axial) directions, capturing in the diffusion modelling some of the ge-
ometrical aspects of the included amorphous MOF nanosheet struc-
tures.  Simulations were conducted both with and without amorphous 
MOF nanosheet boundary layers. 

First, we characterized the pristine substrate and a surface porosity 
of ~3.5% along with an average pore size of ~11.5 nm was obtained 
(Figure S17 and S18). As PDMS suffers from thickness-dependent gas 
permeability and pore infiltration, we first simulated the CO2 permea-
tion of the PAN/MOF/PDMS membrane (Figure 2g: M3). This is be-
cause the inserted amorphous MOF nanosheet layer can not only func-
tion as fast diffusion lanes to remove the geometric restriction, but also 
prevent the penetration of PDMS into the lower PAN substrate. As a 
result, the simulated CO2 permeability of PDMS in the 
PAN/MOF/PDMS membrane should be the “real” performance of a 
230 nm “free standing” PDMS membrane, which can be further used 
to simulate the other three membranes. In the first simulation study, the 
CO2 permeance of 7300 GPU for the PAN/MOF/PDMS membrane 
(Figure 2g: M3) was used to determine the CO2 permeability of the 
bulk PDMS material.  Iteration showed that a permeability of 1660 Bar-
rer for bulk PDMS produced the correct M3 membrane performance, 
and was hence used for the bulk PDMS permeability for the other three 
membrane configurations. For the PAN/MOF/PDMS&MOF (Figure 
2h: M4) membrane, it was found that the simulated CO2 permeance 
was the same as the tested performance (14200 GPU) when the aspect 
ratio of the amorphous MOF inclusions was set at ~5.9 (Figure 3b). The 
simulated high aspect ratio of the amorphous MOF nanosheets can be 
attributed to the finite width of the amorphous MOF nanosheets and 
that they cannot be perfectly flat within the thin PDMS matrix, leading 
to the aggregation or self-folding of amorphous MOF nanosheets in 
PDMS.  
 

 
Figure 3. Comparison of tested and simulated CO2 permeance of (a) 
M1: PAN/PDMS (with 0 v/v% amorphous MOF nanosheets loading) 
and M2: PAN/PDMS&MOF, and (b) M3: PAN/MOF/PDMS (with 0 
v/v% amorphous MOF nanosheets loading) and M4: 
PAN/MOF/PDMS&MOF membranes with different amorphous MOF 
nanosheet aspect ratios in PDMS.  

 
With the diffusion model calibrated using the two &MOF membrane 

configurations (M3 and M4), the permeance of the remaining two non-
&MOF membrane  configurations (M1 and M2) was interpreted using 
the model. Simulating the performance of the PAN/PDMS&MOF 
membrane (Figure 2f: M2), we found the M2 displayed a CO2 perme-
ance of 9250 GPU at the same amorphous MOF nanosheet inclusion 
aspect ratio of 5.9, which is broadly consistent (~11.5% lower) with the 
measured value (9250 GPU vs. 10450 GPU, Figure 3a). This corre-
spondence suggests that the model is capturing the different diffusion 
effects caused by the amorphous MOF nanosheet inclusions and amor-
phous MOF nanosheet layers. The small difference between permeance 
results for M2 may be attributed to the variation in the self-folding be-
havior of the amorphous MOF nanosheets, or the morphological 
changes in the crosslinked polymer network around the amorphous 
MOF nanosheet inclusions. 

While the above three simulated CO2 permeance results were close 
to the tested values using a PDMS CO2 permeability of 1660 Barrer 
(and amorphous MOF nanosheet inclusion aspect ratio of ~5.9), the 
simulated CO2 permeance of the PAN/PDMS (M1) membrane is much 
higher than the simulated data (5010 GPU vs. 2880 GPU). This can be 
attributed to the penetration of PDMS into the PAN substrate during 
membrane fabrication process, leading to an effectively thicker PDMS 
gutter layer than that measured value by SEM. To quantify the penetra-
tion, a further calculation on the pore infiltration length was conducted 
by considering the resistance of infiltration (Equation 1, detailed fur-
ther in the supplementary information):  

 
1
𝑄𝑄𝑡𝑡

=
1
𝑄𝑄𝑚𝑚

+
𝑙𝑙𝑝𝑝

∅ × 𝑃𝑃𝑚𝑚
                                                                                (1) 



 

where 𝑄𝑄𝑡𝑡 and 𝑄𝑄𝑚𝑚  are the tested and simulated CO2 permeance of the 
PAN/PDMS membrane (M1), respectively; ∅  is the porosity of the 
PAN substrate; 𝑃𝑃𝑚𝑚  is the CO2 permeability of PDMS (1660 Barrer). 
According to the calculation, the penetration length is around 8.5 nm, 
which is small compared to the overall thickness of the PDMS layer, 
but contributes significantly to the overall diffusion resistance due to 

the relatively low porosity of the PAN substrate. Indeed, such a minor 
penetration caused 42.5% loss of CO2 permeance, highlighting the im-
portance of removing the geometric restriction generated from the 
lower substrate. 

 

 
Figure 4. The CO2/N2 separation performance of PDMS&MOF gutter layer under variable conditions: (a) 0.5−4.0 bar, (b) 25-55 °C, (c) in the 
presence of 100% water vapor, and (d) long-term stability within 30 days. (e) The CO2/N2 separation performance of complete PEG-based TFC 
membranes under a pressure range of 0.5−4.0 bar. (f) The CO2/N2 selectivity versus CO2 permeance plot comparing the performance of the prepared 
TFC membranes with other state-of-the-art TFC membranes reported in the literature. The region designated as the target performance area for post-
combustion CO2 capture was inferred from Merkel et al.34 Further figure details are summarized in Table 1. 
 
Table 1. Comparison of the CO2/N2 separation performance of film composite membranes using PDMS as gutter layers. The facilitated transport 
membranes were excluded. 

 Membrane configuration 

Operation 
conditions[b] 

CO2 perme-
ance (GPU) 

 

Entry and Reference Selective layer Gutter layer 

Total 
thickness 
(nm)[a] 

CO2/N2 
ideal se-
lectivity 

(1) Energy Environ. Sci. 2011, 4, 4656 Polyactive PDMS      130 30 °C 1590 50 
(2) Energy Environ. Sci. 2016, 9, 434 PEG PDMS   > 240 35 °C, 3.5 bar 1260 40 
(3) J. Mater. Chem. A 2013, 1, 13769 Pebax®2533/HMA-PEO PDMS      600 35 °C, 3.5 bar 1070 22 
(4) Ind. Eng. Chem. Res. 2016, 55, 8364 Pebax®1657/P1 PDMS      675 35 °C, 3.5 bar 1538 21 
(5) J. Membr. Sci. 2016, 499, 191 Pebax®2533/P21-4.3 PDMS      910 35 °C, 3.5 bar 1330 18 
(6) Nanoscale 2016, 8, 8312 PEG/FeDA PDMS      450 35 °C, 3.4 bar 1140 44 
(7) J. Mater. Chem. A 2015, 3, 14876 Pebax®2533/SNP1 PDMS      550 35 °C, 3.4 bar 1000 20 
(8) J. Membr. Sci. 2016, 515, 54 PEG/PEI-SiO2 PDMS      350 35 °C, 3.4 bar 1300 27 
(9) J. Membr. Sci. 2017, 535, 350 Polyactive/P&MOF PDMS   > 300 35 °C, 3.0 bar 1260 22 
(10) ACS Appl. Mater. Interfaces, 2020, 12, 
33196 

Pebax®1657 PDMS      410 25 °C, 3.0 bar 3300 37 

(11) This work PEG PDMS&MOF      285 35 °C, 1.0 bar 1990 39 
(12) This work* PEG PDMS&MOF 285 35 °C, 1.0 bar 

CO2/N2=10/90* 
1280* 24* 

[a] The total thickness represents the thickness of selective layer and gutter layer. [b] The listed work are the results of single gas separation tests. 
The results of the mixed gas (CO2/N2 = 10/90) separation tests of this work have been marked with *. 

 
We also investigated the type of MOFs and the morphological influ-

ence of MOF fillers on gas permeance through PDMS membranes. Of 
particular note, all of the examined MOFs are nanoparticles. As shown 
in Figure S19 and S20, MOF-Zr (~30 nm, Figure S13g) and MOF-Al 
(~50 nm, Figure S13h) nanoparticles were poorly dispersible in hexane, 
resulting in a lower mass loading in the doped PDMS matrix compared 
to amorphous MOF nanosheets. The resultant PDMS&MOF-Al and 
PDMS&MOF-Zr membranes presented a CO2 permeance of 9700 

GPU and 12800 GPU together with a CO2/N2 selectivity of 4.7 and 2.5, 
respectively. The improved CO2 permeance together with the de-
creased CO2/N2 selectivity are indicative of aggregation of the MOF 
nanoparticles, leading to the formation of defects (Figure S21). In ad-
dition, the observed MOF aggregations further indicate the generated 
HCl has a negligible influence on MOF stability during the PDMS 
crosslinking process. Considering the high gas separation performance 
along with high processability of the amorphous MOF nanosheets 



 

blended PDMS gutter layer, the fabricated membranes (Figure 2f: M2) 
were further tested under variable gas separation conditions. Signifi-
cantly, the PMDS&MOF gutter layer showed a constant CO2/N2 sepa-
ration performance under a pressure between 0.5−4.0 bar (Figure 4a). 
However, an increasing trend of gas permeance along with loss of gas 
selectivity was observed under elevated temperatures. This result can 
be attributed to the well-known plasticization of PDMS chains at high 
temperatures (Figure 4b). The stability of the prepared PDMS&MOF 
gutter layer in the presence of water vapor (100% relative humidity) 
was also examined, revealing a 16% loss of CO2 permeance together 
with a 21% loss of CO2/N2 selectivity due to the competitive sorption 
effect of H2O (Figure 4c). Importantly, the PDMS&MOF gutter layer 
recovers its original separation performance after being dried under 
vacuum, highlighting its high stability towards water vapor. 

Interestingly, the PDMS&MOF gutter layer displayed enhanced 
thermal stability compared to the pristine PDMS counterpart (Figure 
S22). This result may be attributed to the strong interaction between 
PDMS and the amorphous MOF nanosheets. Both the CO2 permeance 
and CO2/N2 ideal selectivity of the PDMS&MOF gutter layer remained 
constant after storing in air for two weeks at 35 °C (Figure 4d). How-
ever, upon further extending the testing time to three weeks, the CO2 
permeance increased around 10% compared to the initial performance 
along with a 20% loss of CO2/N2 ideal selectivity. This result can be 
attributed to the accelerated CO2 induced plasticization effect in TFC 
membranes,35 whereby PDMS interchain interactions were disrupted 
under the solvating effect of polarizable CO2 molecules, leading to 
faster gas permeation and a loss of selectivity. The PDMS&MOF mem-
branes displayed good structural integrity and flexibility, maintaining 
their original shape and separation performance after being bent to a 
large degree for one week (Figure S23). Increasing the mass loading of 
the amorphous MOF nanosheets in the PDMS layer to ~3.6 wt% re-
sulted in increased roughness at the air-polymer interface (Figure 
S13b), along with an increased CO2 permeance (12100 GPU) and an 
attenuated CO2/N2 ideal selectivity (CO2/N2 = 7.1). This is attributed to 
the low dispersity and strong aggregation tendency of the amorphous 
MOF nanosheets in nonpolar solvents, leading to an exposed popula-
tion of amorphous MOF nanosheets close to the surface. This phenom-
enon is exacerbated by the use of three-dimensional MOF nanoparticle 
as additives (Figure S18 and S19). Therefore, thoroughly dispersed po-
rous nanosheets in a PDMS matrix are a desirable trait for the prepara-
tion of high-permeance PDMS gutter layers. 

For economic post-combustion CO2 capture, a high CO2 permeance 
(> 1,000 GPU) along with good CO2/N2 selectivity (> 20) are desirable 
for membrane-based systems.34 In addition, process constraints, such 
as the low feed pressure (ca. 1 bar), high volume, and low CO2 concen-
tration (15−16%) of flue gas as well as a high CO2 removal requirement 
(50−90%) further challenge the development of viable membrane de-
signs.36 Compression of flue gas to high pressures to assist membrane 
permeation should be avoided to conserve the energy cost of such unit 
processes. For example, ~20% of the produced energy of power plants 
would be consumed when compressing the feed to a pressure of 5 bar.34 
To demonstrate the potential of our approach in a complete TFC mem-
brane assembly for post-combustion CO2 capture, an integrated TFC 
membrane was fabricated by growing a polymeric selective layer onto 
the crosslinked PDMS&MOF gutter layer via a continuous assembly 
of polymer (CAP) nanotechnology (Figure 2a). The resultant compo-
site membrane was then cut using a focused ion beam (FIB) and the 
cross-section was imaged using TEM to reveal the morphology of the 
individual layers (Figure 2, c and d). From this analysis, the thickness 
of the selective layer is determined to be ~54 nm, agreeing well with 
SEM measurements (Figure 2b). 

In single gas separation tests, the resultant TFC membranes exhib-
ited a CO2 permeance of 1,990 GPU with a CO2/N2 ideal selectivity of 
39 at 35 °C feed pressure of 1 bar, positioning this membrane well in-
side the target characteristics for post-combustion CO2 capture (Figure 
4, e and f, Table 1). Significantly, the prepared TFC membrane main-
tains such separation performance under a broad feed pressure range 
between 0.5−4.0 bar. Such dramatic increase in gas permeance is at-
tributed to the decrease in gas permeation resistance of the gutter layer 
via the amorphous MOF nanosheets incorporation.13 Comparing this 

performance with TFC membranes incorporating a pristine PDMS gut-
ter layer  (1260 GPU, Entry 2, Table 1),6 reveals a 58% increase in CO2 
permeance while maintaining a similar CO2/N2 selectivity, correspond-
ing to a ~30% decrease in capture cost (~US$22 vs. ~US$31, Figure 
S24). In addition, such a capture cost of this newly designed membrane 
is much lower than those of state-of-the-art TFC membranes (Figure 
S24). To further validate this design, the fabricated TFC membranes 
were also examined in a mixed gas separation (CO2/N2=10/90) sce-
nario. Due to the lower CO2 concentration and diffusion, a lower CO2 
permeance of 1280 GPU and CO2/N2 permselectivity of 24 was ob-
served, in line with expectations (Figure 6f and Entry 12, Table 1). 
Such performance maintains compliance with the economic require-
ments for post-combustion CO2 capture, highlighting the excellent po-
tential of this technology for industrial TFC membrane development. 

CONCLUSIONS 
In conclusion, we report a straightforward strategy to reduce the gas 

transport resistance of PDMS gutter layers by introducing trace 
amounts of ultrathin amorphous MOF nanosheets into a PDMS matrix. 
Our MOF-doping strategy mitigates the issues associated with conven-
tional composite membranes, including the thickness-dependent gas 
permeability of PDMS materials and the geometric restrictions of po-
rous substrates. The prepared PDMS&MOF gutter layer displayed sig-
nificantly enhanced gas permeance, which can be attributed to i) in-
creases in the free fractional volume of the PDMS layer following in-
clusion of the amorphous MOF nanosheets, ii) decrease in pore infil-
tration by PDMS, and iii) the presence of fast gas transport lanes intro-
duced by the embedded amorphous MOF nanosheets. By employing 
PDMS&MOF as a gutter layer in a complete TFC assembly, the fabri-
cated membranes exhibited a CO2 permeance of 1,990 GPU with a 
CO2/N2 ideal selectivity of 39 at 35 °C feed pressure of 1 bar. This 
study thus reveals an avenue for the development of scalable, next gen-
eration TFC membranes with high-performance and high processabil-
ity for industrial gas separation. 

METHODS 
Synthesis of MOFs. Bulk MOF-74-Cu was synthesized using the 

previously published procedures.21 The amorphous MOF nanosheets 
were synthesized by the coordination modulation method. Typically, 
DOBDC (36.0 mg) and 30.0 mg of Cu(NO3)2·2.5H2O were dissolved 
in a glass vial containing a mixed solvent (4.0 mL of DMF and 4.0 mL 
of CH3CN). The glass vial was heated at 313 K for 24 h in static con-
ditions. The reaction mixture was decanted by filtration and the remain-
ing powder was soaked in 30.0 mL of THF at room temperature for 12 
h, after which the solvent was decanted and replaced with fresh deion-
ized THF. Then, the solvent was switched to methanol and the process 
was repeated. Finally, the amorphous MOF nanosheets solid was col-
lected by filtration and fully desolvated by heating under vacuum at 
373 K for 24 h. 

Preparation of the MOF/Hexane Solution (0.36 mg/mL). 30.0 mg 
of the fully desolvated amorphous MOF nanosheets were dispersed into 
1.0 L of n-hexane and sonicated for 2 h. The resultant mixture was cen-
trifuged at 4,000 r.p.m for 20 minutes to remove the thicker amorphous 
MOF nanosheets and afford a transparent green solution (800.0 mL). 
The green solution was concentrated to 400.0 mL by rotate evaporation. 
To determine the concentration of the amorphous MOF nanosheets in 
hexane, 45.0 mL of the obtained solution was placed in a glass vial and 
dried in vacuum at 90 °C overnight.  The concentration of the amor-
phous MOF nanosheets (0.36 mg/mL) was determined by comparing 
the weight changes of the glass vial. 

Fabrication of the PDMS&MOF Gutter Layer. 0.2 g of NH2-
PDMS-NH2 (0.04 mmol, 1 equiv.) was dissolved in 10.0 mL of the 
green amorphous MOF nanosheet solution (2.0 % w v-1, solution A). 
Another solution was prepared by dissolving 7.0 mg of TMC (0.0267 
mmol) in 0.35 mL of pure n-hexane (2.0 % w v-1, solution B). The two 
solutions were mixed for 2 min and 1.0 mL of the solution was then 
spin-coated (1,000 rpm, 10 s) onto each PAN substrate (19.63 cm2, pre-
wetted in deionized water for 60 min by sonication) to prepare 
PDMS&MOF gutter layer. Then, 0.35 mL of TMC solution (1.0 % w 
v-1, in n-hexane) was added into 10.0 mL of poly(DMS-co-BIBAPMS) 



 

solution (2.0 % w v-1 in n-hexane). 1.0 mL of the mixture was spin-
coated (1,000 rpm, 10 s) on the precoated PDMS&MOF gutter layer to 
provide the PDMS&MOF initiator layer. Finally, the precoated sub-
strates were dried in vacuum for 24 h (1 mbar). Each of the obtained 
PDMS&MOF membranes was tested the gas separation performance 
before coating the selective layer. 

Fabrication of the PEG Selective Layer. The CAP process on 
PDMS&MOF coated PAN substrate was also conducted under 
ARGET-ATRP conditions. The PAN substrates with PDMS&MOF in-
itiator layer were immersed in an aqueous solution of CuBr2 (1 mM), 
Me6TREN (3 mM), sodium ascorbate (20 mM) and macrocross-linkers 
(PEGDMA, 200 mM). After the specified reaction time at room tem-
perature, the substrates were removed, washed with DI water, soaked 
in water (50.0 mL) for 10 min and then dried in vacuo at 25 °C for 24 
h before the gas separation tests. 

Simulation Study. We employ a computation model to simulate 
steady-state gas diffusion in our designed composite membranes, ac-
counting for the effect of the amorphous MOF nanosheet inclusions 
within the PDMS substrate using a tensor resistance model. An axisym-
metric domain (𝑟𝑟∗, 𝑧𝑧∗) is used to represent the diffusion around a single 
prototypical pore.  Gas enters along the top of the membrane and leaves 
through the pore. The PAN substrate is impermeable. 
 

 
Scheme 1. Illustration of the membrane geometries and boundary con-
ditions employed in this simulation study: (a) M1 and M2, (b) M3 and 
M4.  

 
As shown in Scheme 1, for membrane configurations M1 and M2, 

the membrane consists of only the PDMS&MOF composite (or plain 
PDMS), while for configurations M3 and M4 the intervening amor-
phous MOF nanosheet layer of higher permeability is also included. A 
finite volume method33 is used to solve the CO2 transport throughout 
the membrane via 

 
𝛁𝛁 ∙ 𝑟𝑟∗𝒋𝒋∗ = 0                                                                                                (2) 

 
where the flux 

 
𝒋𝒋∗ = −𝑲𝑲∗ ∙ 𝛁𝛁𝑃𝑃∗                                                                                        (3) 

 
is given by the dot product of the tensor material permeability 𝐾𝐾∗ and 
gradient of CO2 partial pressure 𝑃𝑃∗ that would be in equilibrium with 
the local concentration. Variables are presented and solved for in non-
dimensionalized form (indicated by an asterisk), with length nondimen-
sionalized by the pore radius 𝑅𝑅, permeability by the permeability of the 
bulk PDMS 𝐾𝐾PDMS, and pressure by the CO2 partial pressure ∆𝑃𝑃 ap-
plied over the membrane. The height of the composite membrane 𝑙𝑙 is 
as measured, and the radius of the domain 𝑅𝑅domain

∗  is related to the ra-
dius of the pore via the porosity of the PAN ∅ such that 𝑅𝑅domain

∗ 2 =
1/∅. The rate of CO2 transport through the membrane, per membrane 
surface area and applied pressure (the  permeance) is calculated as 

 

𝑄𝑄 = −
𝐾𝐾PDMS∅
𝜋𝜋𝜋𝜋

� 𝒋𝒋∗ ∙ 𝒌𝒌𝑑𝑑𝐴𝐴∗                                                               (4)
pore

 

 
where the integral is taken over the lower membrane surface at the top 
of the pore, and 𝒌𝒌 is the unit vector in the axial direction. 

     

 
Scheme 2. Illustration of the diffusion model for the PDMS&MOF ma-
terials consisting of a uniform array of varying aspect ratio amorphous 
MOF nanosheet inclusions. 

 
The tensor permeability of the membrane composite 𝑲𝑲∗ is calculated 

based on an inclusion model, as illustrated in Scheme 2.  Rectangular 
cuboids of amorphous MOF nanosheets are spaced throughout the 
model PDMS composite material on a uniform square grid with spac-
ing 𝑑𝑑.  Each inclusion has a height (normal to the membrane) of ℎMOF, 
and square base dimension of 𝑑𝑑MOF.  One dimensional resistance the-
ory gives the permeability of the composite in the axial direction as 

 

𝐾𝐾𝑧𝑧𝑧𝑧∗ = �1 − 𝜑𝜑
1
3𝜆𝜆

2
3 +

𝜑𝜑
1
3𝜆𝜆

2
3

(𝜑𝜑 𝜆𝜆� )
2
3𝐾𝐾MOF

∗ + 1 − (𝜑𝜑 𝜆𝜆� )
2
3
�

−1

                     (5) 

 
and in the radial direction (or any direction parallel to the membrane) 

as 
 

𝐾𝐾𝑟𝑟𝑟𝑟∗ = �1 − (𝜑𝜑 𝜆𝜆� )
1
3 +

𝜑𝜑
1
3

(𝜑𝜑𝜑𝜑)
2
3𝐾𝐾MOF

∗ + 𝜆𝜆
1
3 − (𝜑𝜑𝜑𝜑)

2
3
�

−1

                   (6) 

 
where 𝜑𝜑 = ℎMOF𝑑𝑑MOF

2 𝑑𝑑3⁄   is the volume fraction of amorphous MOF 
nanosheets in the PDMS composite material, 𝜑𝜑 = ℎMOF 𝑑𝑑MOF⁄  is the 
aspect ratio of the amorphous MOF nanosheet inclusions, and 𝐾𝐾MOF

∗  is 
the nondimensional permeability of the amorphous MOF nanosheet 
material. Geometric considerations limit the inclusion aspect ratio to 
𝜑𝜑−1 2� > 𝜆𝜆 > 𝜑𝜑. The 2D axisymmetric permeability tensor within the 
composite material hence becomes 

 

𝑲𝑲∗ = �𝐾𝐾𝑟𝑟𝑟𝑟
∗ 0

0 𝐾𝐾𝑧𝑧𝑧𝑧∗
�                                                                                   (7) 



 

 
whereas within the intervening amorphous MOF nanosheet layer (for 
configurations M3 and M4) it is instead 𝑲𝑲∗ = 𝐾𝐾MOF

∗ 𝑰𝑰, where 𝑰𝑰 is the 
identity tensor. 

Parameters used in the simulations were: The porosity and pore ra-
dius of the PAN substrate were measured by SEM and ImageJ software 
(porosity: ~3.5% and average pore size: ~11.5 nm, Figure S15). The 
volume fraction of the amorphous MOF nanosheets in PDMS was 
around 1.0 v/v%, converted from the mass loading (~1.8%). The thick-
ness (~230 nm) of PDMS gutter layer was determined by SEM (Figure 
2b). The CO2 permeability (294000 Barrer) of the amorphous MOF 
nanosheet was obtained from MOF/anodisc composite membranes fab-
ricated by vacuum filtration. A sensitive study found the CO2 permea-
bility of PDMS and the amorphous MOF nanosheet aspect ratio in 
PDMS are the main parameters that influence the simulated CO2 per-
meance. 
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