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High-Performance CO2 Capture through Polymer-Based 
Ultrathin Membranes
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Thin film composite (TFC) membranes have attracted great research interest 
for a wide range of separation processes owing to their potential to achieve 
excellent permeance. However, it still remains challenging to fully exploit 
the superiority of thin selective layers when mitigating the pore intrusion 
phenomenon. Herein, a facile and generic interface-decoration-layer strategy 
collaborating with molecular-scale organic–inorganic hybridization in the 
selective layer to obtain a high-performance ultrathin film composite (UTFC) 
membrane for CO2 capture is reported. The interface-decoration layer of 
copper hydroxide nanofibers (CHNs) enables the formation of an ultrathin 
selective layer (≈100 nm), achieving a 2.5-fold increase in gas permeance. The 
organic part in the molecular-scale hybrid material contributes to facilitating 
CO2-selective adsorption while the inorganic part assists in maintaining 
robust membrane structure, thus remarkably improving the selectivity toward 
CO2. As a result, the as-prepared membrane shows a high CO2 permeance of 
2860 GPU, superior to state-of-the-art polymer membranes, with a CO2/N2 
selectivity of 28.2. The synergistic strategy proposed here can be extended to 
a wide range of polymers, holding great potential to produce high-efficiency 
ultrathin membranes for molecular separation.
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has attracted great research interests 
owing to its potential to achieve excellent 
permeance.

For the fabrication of thin selective 
layer in TFC membrane, physical coating 
is a facile and pervasive method, suitable 
for any solution-processable polymers.[4] 
Since a low-viscosity polymer solution is 
prevalently used to ensure the thinness 
of selective layer, the high-fluidity solu-
tion is inclined to severely intrude into 
the nanopores of support. As a result, an 
ultralow selectivity can be obtained due 
to the partially uncovered nanopores, 
otherwise the membrane shows a low 
permeance due to the pronounced diffu-
sion resistance arising from the intruded 
polymer in support. Currently, intro-
ducing a thin gutter layer between the sup-
port and the selective layer with a highly 
permeable polymer has been proved to be 
effective to address the aforementioned 
issue.[5] However, there are still some 
critical issues concerning the utilization of 

gutter layer: 1) Although the gutter layer is highly permeable, 
the molecular transport is still in the solution-diffusion realm 
with the free volume size comparable to the kinetic diameters 
of gas molecules, thus generating a pronounced gas diffusion 
resistance. 2) The materials geared to the needs of the gutter 
layer are limited to finite options (mainly poly[1-(trimethylsilyl)-
1-propyne (PTMSP)), while the materials for selective layer have 
abundant types orienting diverse separation applications, thus 
leading to the mismatching between gutter layer and selective 
layer and the resultant undesirable coating of selective layer.[4,6] 
Therefore, it remains challenging for TFC membrane to fully 
exploit the superiority of thin selective layer via mitigating the 
pore intrusion phenomenon with negligible extra diffusion 
resistance and desirable interfacial bonding. Comparatively, 
porous gutter layer provides a possible strategy to introduce 
much lower diffusion resistance.[7]

In this work, we proposed a facile and generic interface-deco-
ration-layer strategy to implement a high-performance ultrathin 
film composite membranes (UTFC) membrane, in which 
the thickness of selective layer is about 100 nm (Figure 1, 
Figure S1, Supporting Information). 1D copper hydroxide 
nanofibers (CHNs) were deposited on the porous support, 
forming an interface-decoration layer with high porosity, inter-
connected structure and sub-10-nm pore size.[8] Firstly, the high 
porosity and interconnected structure can ensure an abundance 
of gas transport channels while the sub-10-nm pores enable 

Ultrathin Membranes

1. Introduction

The excessive emission of CO2 from energy-related and other 
industrial activities has raised a serious environmental issue in 
recent years, the greenhouse effect.[1] To achieve environment-
benign and energy-efficient carbon capture, membrane-based 
gas separation technology has been considered as a promising 
strategy.[2] However, the performance of current commercial 
membranes is still insufficient to meet the requirements for 
competitive industrial applications, especially in terms of CO2 
permeance.[3] A high-permeance membrane could enable a 
compact and highly productive membrane equipment, thus 
conferring an energy- and cost-efficient CO2 capture process 
outperforming conventional CO2 capture technologies. In 
this regard, thin film composite (TFC) membrane comprising 
an ultrathin polymeric selective layer and a porous support 
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molecular transport in effusive transport realm, thus imparting 
negligible diffusion resistance for gas molecules. Secondly, the 
sub-10-nm pore is in favor of mitigating pore intrusion phe-
nomenon compared with original porous support. Last but not 
least, the uneven surface from random stacking of CHNs can 
increase the contact area with selective layer and facilitate the 
entanglement of selective layer polymer chains within CHNs 
layer, thus enhancing the interfacial bonding.

Polydimethylsiloxane (PDMS) has been investigated for 
years as one of the most promising membrane materials due 
to its high permeability, thermal stability, and good mechan-
ical properties.[9] However, there has not been any report of 
PDMS ultrathin membranes to date.[10] Herein, PDMS was 
utilized as a representative polymer to validate the feasibility 
of the interface-decoration-layer strategy, showing a 2.5-fold 
increase in CO2 permeance. On the basis of high-permeance 
PDMS/CHNs membrane, a molecular-scale organic–inorganic 
hybridization strategy was performed to further achieve a high 
selectivity toward CO2 (Figure 1). The ethylene oxide unit in 
organic part confers high CO2 affinity to facilitate CO2-selec-
tive adsorption.[11] Meanwhile, the siloxane in inorganic part 
performs condensation to form larger molecular size (Figure 1), 
enabling the physical entanglement with PDMS and imparting 
desirable interactions with PDMS to maintain robust mem-
brane structure. As a result, the as-prepared membrane shows 
a high CO2 permeance of 2860 GPU, superior to state-of-the-art 
polymer membranes, with a CO2/N2 selectivity of 28.2.

2. Results and Discussion

2.1. Structural Characterization of PDMS/CHNs/PAN 
Membrane

The interface-decoration layer was formed on PAN support via a 
simple vacuum filtration of CHNs solution (Figure S2, Supporting 
Information). Different from the morphology of PAN support 
(Figure 2a), the interface-decoration layer shows a reticulate 

structure with nanofibers overlapping each other and forming 
numerous nanopores (Figure 2b). The interface-decoration 
layer shows an increasing Au rejection with the CHNs loading 
(Figure S3, Supporting Information), demonstrating the decres-
cent pore size.[12] For interface-decoration layer with CHNs 
loading of 0.8 mL cm−2, the rejection of 5 nm Au is above 99%, 
which indicates that the actual pore size of the interface-deco-
ration layer is below 5 nm, far smaller than that of the original 
PAN support.[13] The CHNs layer is homogeneous in different 
locations with a thickness around 200 nm (Figure S4, Supporting 
Information). Furthermore, the CHNs layer is quite stable on top 
of PAN surface, which will not detach from PAN substrate even 
after bending (Figure S5, Supporting Information). During the 
subsequent PDMS spin coating onto the interface-decoration-
layer surface, the highly porous structure of interface-decoration 
layer and the low viscosity of PDMS solution lead to the penetra-
tion of PDMS solution into the nanofiber network, favoring the 
interfacial bonding between PDMS layer and CHNs layer. On the 
other hand, the smaller pore size of CHNs layer promotes the 
formation of a defect-free selective layer and inhibits the further 
penetration of PDMS solution into PAN support. As shown in 
Figure 2c,d, the as-prepared PDMS(Y)/CHNs(X)/PAN UTFC 
membranes (Y represents the spin-coating quantity of PDMS 
solution [g cm−2] and X represents the loading amount of CHNs 
[mL cm−2]) exhibit a visibly dense and defect-free surface mor-
phology with all the pores filled with PDMS. With the increase of 
CHNs loading, the surface roughness just has a slight increase 
from 10.6 to 13.7 nm (Figure S6, Table S1, Supporting Informa-
tion). The precise microstructure of the as-prepared membrane 
was studied through cryoultramicrotomy technology and atomic 
force microscopy (AFM) characterization (Figure 2e). The differ-
ence in adhesion properties of CHNs and polymer can result in 
apparent contrast in the adhesion map and make it possible to 
distinguish CHNs from neighboring polymers. The regions with 
light color in AFM-adhesion image are polymer phases and the 
region with dark color is inorganic phase. The thickness of selec-
tive layer is about 104 nm, and the total thickness of selective 
layer and nanofiber layer is about 313 nm.
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Figure 1. Schematic illustrations of the TFC and UTFC membranes.
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2.2. Gas Permeation Performance of PDMS/CHNs/PAN 
Membrane

The gas permeation properties of as-prepared PDMS/CHNs/
PAN UTFC membranes were evaluated in terms of CO2/
N2 separation (Figure 3). As the loading amount of CHNs 
increases, the degree of PDMS solution intrusion is gradually 
relieved since the enhancive loading of nanofibers generates a 
smaller pore size. Consequently, the surface of the composite 
membrane gradually becomes defect free and the CO2/N2 
selectivity increases to 13.9 when the CHNs loading reaches 
0.08 mL cm−2 (Figure 3a), which is close to the intrinsic selec-
tivity of a dense PDMS membrane (Figure S7, Supporting 
Information).[14] With further increase of CHNs loading, CO2 
permeance slowly increases while the CO2/N2 selectivity keeps 
constant. To deeply investigate the effect of CHNs loading 
amount, we performed X-ray photoelectron spectroscopy 
(XPS) depth analysis to quantify the thicknesses of individual 

layers (Figure 4a). For the sake of clear illustration, we named 
the thicknesses of PDMS layer, PDMS/CHNs transition layer, 
and CHNs layer as l1–A, l2–A, and l3–A (A represents the loading 
amount of CHNs), respectively (Figure 4b). According to the 
change of silicon (Si) and copper (Cu) elements with depth, the 
three layers can be clearly distinguished: 1) In the PDMS layer 
(l1), Si element content is constant and high, while Cu content 
is zero. 2) In the PDMS/CHNs transition layer (l2), Cu element  
is detected, the content of Si starts to decrease and then shows 
a plateau region. 3) In the CHNs layer (l3), Cu content shows a 
plateau region, while Si content remarkably decreases. With the 
increase of CHNs loading amount, the thickness of dense selec-
tive layer increases from 60 to 105 nm, while the thickness of 
transition layer (pore penetration layer) decreases from 75 nm 
to around 0 nm, confirming the efficient inhibition of pore pen-
etration phenomenon. Generally, for TFC membranes, both the 
dense selective layer on top of support and the transition layer 
contribute to the gas diffusion resistance. For membranes with 
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Figure 2. Scanning electron microscope (SEM) images of a) PAN and b) CHNs(0.4)/PAN. SEM images of c) PDMS(0.02)/CHNs(0.4)/PAN and 
d) PDMS(0.02)/CHNs(0.8)/PAN membranes. e) AFM image and adhesion image of the cross-section of PDMS(0.02)/CHNs(0.8)/PAN membrane.
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CHNs loading amount of 0.08 and 0.4 mL cm−2, the total thick-
nesses (l1 +  l2) are the same (135 nm). However, the transition 
layer confers higher diffusion resistance compared with dense 
selective layer with the same thickness since part of the diffusion 
pathways are occupied by CHNs. Therefore, the PDMS(0.02)/
CHNs(0.4)/PAN membrane with smaller l2 shows higher CO2 

permeance. Comparatively, when the CHNs loading amount 
reaches 0.8 mL cm−2, the total thickness is just 105 nm, while 
l2 is almost 0 nm, thus achieving the highest CO2 permeance.

Besides the structure of interface-decoration layer, the vis-
cosity of the coating solution is another critical factor remark-
ably influencing the degree of solution intrusion: high solution 
viscosity is in favor of relieving the intrusion phenomenon and 
then facilitating the formation of a defect-free selective layer. 
However, with higher solution viscosity, more solution can 
be retained on the support surface after spin-coating process, 
which leads to an increase in membrane thickness, thus raising 
the transport resistance and reducing the gas permeance. For 
PDMS solution, the viscosity can be conveniently adjusted via 
pre-crosslinking time. With the extension of pre-crosslinking 
time, the reaction between PDMS and crosslinking agent 
is progressively reinforced, thus lowering the mobility of 
PDMS molecular chains and increasing the solution vis-
cosity (Figure S8, Supporting Information). At low solution 
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Figure 3. a) Effect of CHNs loading on the CO2/N2 separation 
performance of PDMS(0.02)/CHNs/PAN membrane. b) Effect of 
PDMS pre-crosslinking time on the CO2/N2 separation performance of 
PDMS(0.02)/CHNs(0.8)/PAN membrane. c) Effect of PDMS coating 
amount on the CO2/N2 separation performance of PDMS/CHNs(0.8)/
PAN membrane and PDMS/PAN membrane. Single gas permeation test 
was performed at 0.2 MPa and 25 °C (some of the error bars in the figures 
are covered by the symbols).

Figure 4. a) X-ray photoelectron spectroscopy (XPS) depth analysis 
results of PDMS(0.02)/CHNs(0.08)/PAN, PDMS(0.02)/CHNs(0.4)/PAN 
and PDMS(0.02)/CHNs(0.8)/PAN membranes. b) Schematic illustration 
of the cross-sectional structure of PDMS/CHNs/PAN membrane.
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viscosity, the severe solution intrusion into the pores of CHNs 
layer during spin coating leads to the imperfect covering of 
the pores with PDMS solution. The resultant defects show no 
selectivity for CO2/N2 (Figure 3b). With the increase of solu-
tion viscosity, the defects in PDMS layer are gradually mended, 
resulting in an increased CO2/N2 selectivity and a decreased 
CO2 permeance. When the pre-crosslinking time is 36 h, the 
CO2/N2 selectivity of PDMS/CHNs/PAN membrane reaches 
13.9, evidencing the formation of a defect-free PDMS selec-
tive layer. With further prolongation of pre-crosslinking time, 
the solution viscosity keeps increasing, forming intact PDMS 
layers with larger thickness, leading to the similar selectivity 
and continuously decreased CO2 permeance. Since the viscosity 
of PDMS solution can determine whether an intact selective 
layer can be formed at the same loading amount of CHNs, 
the PDMS solutions owning different viscosities should show 
different CHNs critical loading amounts. Therefore, we have 
synthesized series of PDMS solutions with pre-crosslinking 
times of 24 h, 36 h, and 48 h, and tested the separation per-
formance of as-prepared PDMS/CHNs/PAN membranes at 
different loading amounts (Figure S9, Supporting Informa-
tion). When the CHNs loading amount is 0.03 mL cm−2, the 
36 h-pre-crosslinked membrane almost shows no selectivity, 
while the CO2/N2 selectivity of 48 h pre-crosslinked membrane 
can reach 6.7, indicating the formation of a nearly intact PDMS 
layer at this condition. The critical loading amount of 48 h pre-
crosslinked membrane is merely 0.06 mL cm−2, which is lower 
than that of 36 h pre-crosslinked membrane (0.08 mL cm−2), 
confirming that increased viscosity is more favorable to restrain 
pore penetration and facilitate the formation of an ultrathin 
selective layer. By contrast, the viscosity of the PDMS solu-
tion is too low with 24 h pre-crosslinking time, resulting in the 
failure to obtain a defect-free PDMS separation layer even at the 
coating amount of 0.8 mL cm−2. For comparison, the impact of 
PDMS pre-crosslinking time on the performance of the com-
posite membrane without interface-decoration layer (PDMS/
PAN membrane) was also investigated (Figure S10, Supporting 
Information). With the same pre-crosslinking time of 36 h, the 
CO2/N2 selectivity of PDMS/PAN membrane is still below the 
intrinsic selectivity of PDMS, indicating the existence of defects 
in PDMS selective layer arising from severe solution intrusion. 
Apparently, the interface-decoration layer indeed plays a pivotal 
role in mitigating PDMS solution intrusion, mainly attributing 
to the smaller pore size compared with PAN support. An intact 
PDMS layer can be formed on PAN support with the CO2/N2 
selectivity of 11.7 until the pre-crosslinking time is extended to 
48 h (Figures S10 and S11a, Supporting Information). How-
ever, the CO2 permeance is only 1191 GPU in this case, much 
lower than that of PDMS/CHNs/PAN membrane (3003 GPU), 
which can be ascribed to the higher effective thickness of selec-
tive layer and the resultant increased transport resistance in 
PDMS-intruded PAN support (Figure 4a and Figure S11b). 
In addition, compared with the commonly used gutter layer 
PTMSP, the CHNs layer shows much higher gas permeance 
arising from the interconnected porous structure (Figure S12, 
Supporting Information), which also contributes to the high 
permeance of PDMS/CHNs/PAN membrane.

In the initial stage of PDMS spin coating, the nanopores on 
support surface are partially exposed, which gives rise to an 

ultralow selectivity. With the gradual covering of nanopores, 
a defect-free PDMS selective layer can be formed on support 
surface, and its thickness increases with the unceasing PDMS 
coating, leading to decreased gas permeance. Therefore, it 
is imperative to ascertain the critical PDMS coating amount 
achieving defect-free PDMS layer, so as to obtain the maximum 
permeance with the premise of ensuring intrinsic selectivity. 
As shown in Figure 3c, the intrinsic selectivity of PDMS mem-
brane can be acquired for PDMS/CHNs(0.8)/PAN membrane 
when the PDMS coating amount reaches 0.02 g cm−2. Compar-
atively, the critical PDMS amount for PDMS/PAN membrane 
is 0.2 g cm−2 (tenfold higher than PDMS/CHNs/PAN mem-
brane), and the corresponding CO2 permeance is only 1/3 of 
that of PDMS/CHNs(0.8)/PAN membrane. The above results 
further evidence the crucial role of interface-decoration layer in 
restraining solution intrusion and decreasing effective selective 
layer thickness. In addition, the PDMS/CHN/PAN membrane 
shows maintained gas permeation performance even after 
bending, indicating the flexibility of as-prepared membrane 
(Figure S5, Table S2, Supporting Information).

The generality of this interface-decoration-layer strategy was 
confirmed with another prevalent polymer for CO2 separation, 
PebaX, in terms of CO2/N2 separation (Figure S13, Supporting 
Information). In the long-term gas permeation test up to 120 h, 
both PDMS and PebaX UTFC membranes with interface-deco-
ration layer show stable permeance and selectivity (Figure S14, 
Supporting Information), confirming the robust membrane 
structure with incorporating interface-decoration layer.

2.3. Molecular-Scale Organic–Inorganic Hybridization of PDMS 
Selective Layer

With the assistance of interface-decoration layer, the PDMS 
membrane achieves an excellent CO2 permeance of 3003 GPU 
while maintaining the intrinsic CO2/N2 selectivity (≈13). To 
meet the requirements for industrial application of membrane-
based CO2 capture, a further improvement of CO2/N2 selec-
tivity is imperative.[15] On this account, a molecular-scale hybrid 
material with PEO segment as organic part and siloxane as 
inorganic part (PEO-Si) was prepared and incorporated into the 
PDMS matrix. The PEO part confers high CO2 affinity to facili-
tate CO2-selective adsorption, while the siloxane part performs 
condensation to form a larger molecular size and imparts desir-
able interactions with PDMS to maintain integrated membrane 
structure. PEO-Si was formed via the nucleophilic addition 
reaction between epoxy group of 3-glycidyloxypropyltrimeth-
oxysilane (GOTMS) and amine group of Jeffamine (ED-2003), 
followed by the condensation of Si-OH (Figure S15a, Sup-
porting Information).[16] Upon blending PEO-Si with PDMS, 
the affinity interaction between PDMS and siloxane part in 
PEO-Si as well as the physical entanglement of PDMS and 
PEO-Si molecular chains influence the packing of PDMS 
molecular chains and enable integrated and robust membrane 
structure (Figure S15b, Supporting Information).

To determine the microstructure and crystallinity of the mem-
branes, X-ray diffraction (XRD) analysis was performed as shown 
in Figure 5a. The PDMS membrane shows a wide diffraction 
peak at around 2θ = 12.1o, confirming the amorphous feature 

Adv. Funct. Mater. 2019, 1900735
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of PDMS.[17] After incorporating PEO-Si, the characteristic peaks 
of crystalline PEO appear at 2θ = 19.09o and 23.23o.[18] In the 
FT-IR spectrum of PDMS membrane (Figure S16, Supporting 
Information), the characteristic peaks located at 2963, 1259, 
and 1015 cm−1 correspond to the asymmetrical stretching vibra-
tion of CH3, bending vibration of Si-CH3, and the asymmetrical 
stretching vibration of SiOSi, respectively. Comparatively, 
for PDMS-PEO-Si(Z) membranes (Z is the mass ratio of PDMS 
solution to PEO-Si solution), a new peak appears at 1645 cm−1 
(NH scissoring), which can be attributed to the covalent reac-
tion between the amine groups in ED-2003 and the epoxy groups 
in GOTMS.[19] After 60 °C treatment of the PEO-Si solution, an 
obvious Tyndall effect is observed from the transparent solution, 
confirming the formation of ultrasmall nanoparticles arising 
from the condensation of siloxane part in PEO-Si (Figure S15c, 
Supporting Information). The membrane shows a visibly flat sur-
face morphology in SEM image (Figure S17, Supporting Infor-
mation). Since PDMS has a much higher Si atom content than 
PEO-Si, the PDMS-PEO-Si membrane shows a decreased Si con-
tent with the increased amount of PEO-Si (Figure S18, Table S3,  
Supporting Information). All the membranes show a degrada-
tion temperature (corresponding to 5% weight loss) within the 
range of 365–370 °C (Figure S19, Supporting Information), indi-
cating the maintained membrane thermal stability with the intro-
duction of PEO-Si. Since the polar ether group in PEO-Si can 
generate dipole–quadrupolar interactions with CO2, the PEO-Si 
hybrid material is expected to impart higher CO2 affinity, thus 
improving CO2 adsorption capacity. According to the sorption 
isotherms toward CO2 and N2 (Figure 5b), PDMS membrane 
shows an obvious CO2-selective adsorption compared with N2, 
since CO2 has a much higher critical temperature than N2, cor-
responding to a higher condensability and higher gas solubility 
in membranes. With the incorporation of PEO-Si, the quantity 
of adsorbed CO2 remarkably increases, from 0.6 cm3 g−1 of pure 
PDMS membrane to 1.3 cm3 g−1 of PDMS-PEO-Si membrane, 
while the adsorbed N2 keeps fluctuating below 0.1 cm3 g−1,  
evidencing the role of PEO-Si in improving CO2 affinity and 
facilitating CO2-selective adsorption.

The gas permeation properties through PDMS-PEO-Si/
CHNs/PAN membranes with varying PDMS: PEO-Si mass 
ratios and CHNs loadings were evaluated to investigate the 
impacts of PEO-Si hybrid material on CO2 separation. With the 

increase of CHNs loading, PDMS-PEO-Si membrane reveals 
a similar tendency with PDMS membrane in terms of CO2/
N2 separation performance (Figure 6a,b), while the optimal 
performance is influenced by the presence of PEO-Si. On the 
one hand, PDMS is a rubbery polymer with high free volume 
fraction, the entanglement and interaction with PEO-Si con-
fers the densification of membrane structure and the decreased 
mobility of PDMS molecular chains, leading to the increased 
gas diffusion resistance (as indicated by the decreased N2 
permeance [Figure S20, Supporting Information]).[20] On the 
other hand, PEO-Si is in favor of the preferential adsorption 
of CO2, thus expediting CO2-selective permeation. The promo-
tion from membrane-CO2 affinity balances out the inhibition 
from reduced free volume in terms of CO2 permeation. Con-
sequently, the CO2/N2 selectivity increases from 13.9 to 28.2 
reaching the intrinsic selectivity (Table S4, Supporting Infor-
mation), while the CO2 permeance is similar (2860 GPU for 
PDMS-PEO-Si [1:1]) or slightly higher (3636 GPU for PDMS-
PEO-Si [1:0.5]) when compared with the PDMS/CHNs/PAN 
membrane (3003 GPU). To further investigate the influence of 
incorporating PEO-Si on gas permeation, the permeability (Pi) 
was decoupled into the sorption coefficient (solubility, Si) and 
the diffusion coefficient (diffusivity, Di) based on the solution-
diffusion model.[21] The enhanced CO2 solubility and decreased 
CO2 diffusivity confirm our analysis that the synergistic effect 
of free volume and membrane affinity causes an increase in 
the CO2/N2 selectivity and the preservation of the CO2 per-
meance (Table S5, Supporting Information). With the further 
increase of PEO-Si ratio (PDMS-PEO-Si (1:2)), the low content 
of PDMS in the coating solution deteriorates the membrane-
forming capability of PDMS-PEO-Si, detrimental to the forma-
tion of defect-free selective layer. Furthermore, the low viscosity 
of coating solution arising from the excess solvent for PEO-Si 
leads to severe pore intrusion phenomenon even with the pres-
ence of interface-decoration layer, which also causes the gen-
eration of defects. As a result, the N2 permeance increases by 
several dozens of times and the CO2/N2 selectivity keeps below 
five with varying CHNs loading. For comparison, PDMS-PEO 
membranes without siloxane (GOTMS) were prepared. The 
short PEO molecular chains can not form effective physical 
entanglement with PDMS, but disturb the original packing of 
PDMS molecular chains. Meanwhile, the distinct dissimilarity 
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Figure 5. a) XRD spectra and b) pure gas (CO2 and N2) sorption isotherms of PDMS-PEO-Si membranes with different PDMS:PEO-Si mass ratios.
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between PDMS and PEO imparts poor compatibility.[22] Con-
sequently, although PEO contributes to CO2 adsorption, the 
PDMS-PEO membranes show ultralow CO2/N2 selectivities 
(<3) with high CO2 permeances (≈10 000 GPU) (Figure S21, 
Supporting Information), evidencing the collaboration effect of 
PEO and siloxane parts in PEO-Si hybrid material.

The as-prepared PDMS-PEO-Si/CHNs/PAN membrane 
shows a stable performance in the long-term test up to 120 h 
with CO2 permeance and CO2/N2 selectivity slightly fluctuate 
in a narrow range (Figure 6c). The UTFC membranes in this 
work shows a superior CO2/N2 separation performance over 
the state-of-the-art polymer membranes especially in terms of 
CO2 permeance (Figure 6d).[14,23] To ensure that the membrane-
based CO2 capture is economically competitive and energy 
efficient when compared with the amine-based absorption tech-
nology, the CO2 permeance should exceed 1000 GPU, while the 
CO2/N2 separation factor should be higher than 20 (the target 
performance zone in Figure 6d).[15a] In addition, for the appli-
cation of CO2/N2 separation, improving separation factor does 
not significantly influence the capture cost when the separa-
tion factor is above 30, while enhancing CO2 permeance can 
remarkably reduce the membrane area and cut down the capital 
cost.[15b] Therefore, a highest possible CO2 permeance with the 
prerequisite of a moderate separation factor (20–30) is highly 
desired to achieve an energy- and cost-efficient CO2 capture. In 
this work, through the combined effect of interface-decoration 
layer and PEO-Si modification, the PDMS-PEO-Si/CHNs/PAN 

membrane shows an exceptionally high CO2 permeance of 
2157 GPU with a moderate separation factor of 23.2 for the sep-
aration of CO2/N2 mixture (Figure S22, Supporting Informa-
tion). Furthermore, when the relative humidity (RH) of mixed 
gas is up to 60%, the CO2 permeance and CO2/N2 separation 
factor increase to 2799 GPU and 29.8 (Figure S23, Supporting 
Information), respectively, indicating a potential application in 
membrane-based carbon capture.

3. Conclusions

In summary, a facile and generic interface-decoration-layer 
strategy was developed combining with molecular-scale organic–
inorganic hybridization to realize high-performance UTFC 
membranes. The interface-decoration layer possessing high 
porosity, interconnected structure and sub-10-nm pore size, 
facilitates the formation of an ultrathin selective layer, leading 
to a remarkably enhanced gas permeance. The organic PEO 
part in the molecular-scale hybrid material contributes to pro-
moting CO2 adsorption via quadrupolar interactions with CO2 
while the inorganic siloxane part assists in maintaining robust 
membrane structure via physical entanglement and desirable 
interactions with PDMS, thus doubling the CO2/N2 selectivity. 
As a result, a high CO2 permeance of 2860 GPU was achieved 
with an attractive CO2/N2 selectivity of 28.2, which is supe-
rior to the state-of-the-art polymer membranes and indicates  

Adv. Funct. Mater. 2019, 1900735

Figure 6. Gas transport properties of PDMS-PEO-Si/CHNs/PAN membranes as a function of CHNs loading and PDMS:PEO-Si mass ratio: a) CO2 
permeance and b) CO2/N2 selectivity. c) Plot of CO2 permeance, N2 permeance, and CO2/N2 selectivity of the PDMS-PEO-Si/CHNs/PAN membrane 
versus operating time. Pure gas permeation test was measured at 0.2 MPa and 25 °C. d) Performance comparison with reported polymer membranes 
for CO2/N2 separation.
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potential application in energy- and cost-efficient CO2 capture. 
The synergistic strategy proposed here is facile, highly repro-
ducible and can be extended to a wide range of membrane 
materials, promising to produce high-efficiency ultrathin mem-
branes for molecular separation.

4. Experimental Section
Materials: Aminoethanol and copper nitrate were purchased from 

Kanto Chemical Co. Ltd. (Japan). PDMS (Mw = 60 000) was purchased 
from Shanghai Resin Factory Co., Ltd. (China). n-Heptane, tetraethyl 
orthosilicate (TEOS), and dibutyltin dilaurate were purchased from 
Sinopharm Chemical Reagent Co. Ltd. (China). Poly (ether-block-amide) 
(PebaX 2533) was obtained from Arkema, France. Analytical grade acetone 
and ethanol was supplied by Wuxi city Yasheng Chemical Co. Ltd. (China). 
Jeffamine (ED-2003, 2000 g mol−1, glutaric dialdehyde (GA: 50 wt% in 
water), and 3-glycidyloxypropyltrimethoxysilane (GOTMS) were purchased 
from Sigma-Aldrich. CO2 and N2, with purity of 99.999% were purchased 
from Nanjing Special Gases Company, China. The polyacrylonitrile (PAN) 
ultrafiltration membrane (molecular weight cut-off: 100 kDa) with the 
flat-sheet configuration was purchased from Shandong MegaVision 
Membrane Technology & Engineering Co. Ltd. (China). Deionized water 
generated in the laboratory were used for all the experiments. All solvents 
and chemicals were used without further purification.

Preparation of CHNs Interface-Decoration Layer: The CHNs solution 
was prepared by mixing an aqueous solution of 1.6 mm aminoethanol 
and an equivalent volume of 4 mm copper nitrate solution under 
vigorous stirring and aging for 3 days at 25 °C. A certain volume of the 
as-synthesized CHNs solution was diluted to 30 mL with water, and 
then filtered on a PAN support by vacuum filtration to obtain interface-
decoration layers with the effective diameter of 4.0 cm. The as-prepared 
supports were named as CHNs(X)/PAN, where X represents the loading 
amount of CHNs (mL cm−2).

Preparation of PDMS and PebaX UTFC Membranes: PDMS was 
added into n-heptane to obtain a 10 wt% solution in a Teflon bottle. 
After complete dissolution of PDMS, TEOS (crosslinking agent, 
1 wt%) and dibutyltin dilaurate (catalyst, 0.1 wt%) were added into the 
solution. The viscosity of PDMS solution can be tuned by controlling 
the pre-crosslinking time. Subsequently, a certain amount of PDMS 
solution was drop wise spin coated (3000 rpm, 2 min) on the surface 
of interface-decoration layer to form a selective layer. The as-prepared 
membranes were named as PDMS(Y)/CHNs(X)/PAN, where Y 
represents the spin-coating quantity of PDMS solution (g cm−2). 
PDMS(Y)/PAN membranes with PAN as supports were prepared 
using the same method for comparison. A pre-crosslinking time of 
36 h was adopted for PDMS membranes if not otherwise specified. 
The spin-coated membrane was dried at ambient condition for 24 
h, and then in a vacuum oven for 24 h to obtain PDMS/CHNs/PAN 
UTFC membranes. The PebaX solution with n-butanol as the solvent 
was stirred at 80 °C for 12 h, followed by leaving the solution standing 
for a period of time to eliminate the trapped air bubbles. Then, the 
PebaX solution was drop wise spin coated on the as-prepared interface-
decoration layer (3000 rpm, 2 min), with the same procedure of PDMS-
coated UTFC membranes. The corresponding UTFC membrane was 
named as PebaX/CHNs/PAN.

Preparation of PDMS-PEO-Si Membrane: A pre-determined amount 
of Jeffamine ED-2003 was dissolved in a mixture of H2O/C2H5OH 
(30/70 wt%) to prepare a 2 wt% ED-2003 solution. Then, 0.5 wt% GA 
(based on the weight of ED-2003) was added as a chain extending 
reagent. Meanwhile, an alkoxysilane solution was prepared with the 
11.8 g of GOTMS dissolved in 50 mL of alcohol, while the hydrolysis 
reactions occurred with adding 0.09 g of HCl and an appropriate 
amount of water. After hydrolyzing for 30 min at room temperature, the 
alkoxysilane solution was immediately mixed with the ED-2003 solution 
with the mass ratio (the mass of ED-2003 to the mass of GOTMS) of 
10:90 and stirred for 1 h (750 rpm) in 60 °C water bath to obtain an 
organic–inorganic hybrid PEO-Si material. Then, the PEO-Si solution 

was mixed with the crosslinked PDMS solution in a certain mass ratio 
(PDMS solution: PEO-Si solution = 1:0.5, 1:1, or 1:2), and vigorously 
stirred (600 rpm) in 30 °C water bath. Then, the PDMS-PEO-Si solution 
was drop wise spin coated on the interface-decoration layer. These 
membranes were also left at ambient condition for 24 h, then dried 
in a vacuum oven for 24 h. The as-prepared membranes were named 
as PDMS-PEO-Si(Z)/CHNs/PAN, where Z is the mass ratio of PDMS 
solution to PEO-Si solution. For comparison, the membrane without 
GOTMS (skipping the step of mixing alkoxysilane solution) was also 
prepared as PDMS-PEO(Z)/CHNs/PAN membrane.

Characterization: Morphologies of the as-prepared interface-
decoration layers and UTFC membranes were characterized by 
scanning electron microscope (SEM, S4800, Hitachi, Japan) and 
atomic force microscopy (AFM, XE-100, Park SYSTEMS, South Korea 
with noncontact mode and Nanoscope Dimension ICON, Bruker, 
Germany with Peak Force QNM mode). For the AFM characterization 
of membrane cross-section, UTFC membranes were embedded with 
epoxy and cut with a cryoultramicrotome (LEICA EM UC7, Germany) at 
−120  °C in order to produce a flat surface. A relative calibration method 
was performed using a dedicated reference samples kit provided by 
Bruker (Model: PFQNM-SMPKIT-12M). To quantify the thicknesses 
of individual layers in the composite membrane, X-ray photoelectron 
spectroscopy depth analysis (XPS, K-Alpha -MAGCIS, Thermo Scientific) 
was performed. For each membrane, the element composition was 
analyzed with a step length of 15 nm from membrane surface to interior 
in the range of 0–400 nm. The viscosities of prepared PDMS coating 
solutions with different pre-crosslinking times were investigated using 
Brookfield viscometer (DV-IIt pro, Brookfield Engineering Laboratories, 
MA) with spindle RV/HA/HB-4 (27.0 mm of diameter and 140 mm of 
length) at 30 rpm. The determination of viscosity was carried out at 
25 °C. The crystalline structure of membranes was analyzed through 
X-ray diffraction (XRD, Bruker, D8 Advance) using a Cu Kα radiation 
(λ = 1.54 Å, 40 kV, 15 mA) at room temperature. The functional groups 
in hybridized PDMS-PEO-Si membranes were characterized by Fourier 
transform infrared (FTIR, AVATAR-FT-IR-360, Thermo Nicolet, USA) 
spectra in the range of 500–4000 cm−1. The thermal properties of the 
PDMS-PEO-Si membranes were characterized by thermogravimetric 
analysis (TGA, NETZSCH STA 449F3) in the range of 25–900 °C 
with the rate of 10 °C min−1. Adsorption experiments of the PDMS-
PEO-Si membranes were carried out by ASAP 2460 with CO2 (298 K)  
and N2 (77 K).

Gas Permeation Experiments: Gas transport behaviors through 
as-prepared UTFC membranes were investigated with pure gas using a 
constant pressure/variable volume technique (Figure S24a, Supporting 
Information).[24] The pressure and temperature were set as 0.2 MPa 
and 25 °C, respectively. The specimen was mounted onto a homemade 
membrane module and the effective surface area of membrane was 
1.76 cm2. Gas flow rates were detected with a bubble flow meter in the 
following order: N2 and CO2.

The permeation measurements of each gas were performed at least 
five times after the system reached steady state. The gas permeance can 
be calculated using the following equation:

1 273.15
273.15 76

1P
p T

p
A

dV
dt

atm= ∆ ⋅ + ⋅ ⋅ ⋅ 



 
(1)

where P is the gas permeance (1 GPU = 10−6 cm3 [STP]/[cm2·s·cmHg]), 
Q is the volume permeate rate of gas (cm3 s−1) at standard temperature 
and pressure (STP), Δp is the transmembrane pressure (cmHg) and 
A is the effective membrane area (cm2), and dV/dt is the volumetric 
displacement rate in the bubble flow meter.

The ideal selectivity of CO2/N2 can be calculated by the permeance 
ratio of different gas which can be expressed as follows:
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Mixed gas test (50:50 CO2/N2, volume percent) was performed 
under different pressures (Figure S24b, Supporting Information). Ar was 
chosen as the sweep gas with a flow rate of 30 mL min−1, and the gas 
compositions in the permeate were analyzed by gas chromatography 
(7820A, Agilent Technologies). The gas permeance and separation factor 
for binary gas mixtures can be calculated by the following equations:

10
273.156 P A

A AA

P
V y

AT p x p yx x y yA
φ φ( )=

−
−

 

(3)

where Vp is the volumetric flow rate of permeate (mL s−1), x and y 
are the mole fractions of component A in the feed and the permeate, 
respectively, px and py are the feed pressure and permeate pressure 
(cmHg), respectively, φxA and φyA are fugacity coefficients in the feed 
and permeate stream, respectively, evaluated by the thermodynamic 
equation.

/
/

A B

A B

y y
x x

β =
 

(4)

where x and y are the volumetric fractions component A or B in the feed 
and permeate, respectively.
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