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Fine control of ultramicroporosity (< 7 Å) in carbon molecular sieve (CMS) membranes 

is highly desirable for challenging gas separation processes. Here, we propose a versatile 

approach to fabricate hybrid CMS (HCMS) membranes with unique textural properties as well 

as tunable ultramicroporosity. The HCMS membranes is formed by pyrolysis of a polymer 

nanocomposite precursor containing metal-organic frameworks (MOFs) as a carbonizable 

nanoporous filler. The MOF-derived carbonaceous phase display good compatibility with the 

polymer-derived carbon matrix due to the homogeneity of the two carbon phases, substantially 

enhancing the mechanical robustness of the resultant HCMS membranes. Detailed structural 

analyses reveal that the in-situ pyrolysis of embedded MOFs induces more densified and 

interconnected carbon structures in HCMS membranes compared to those in conventional CMS 

membranes, leading to bimodal and narrow pore size distributions in the ultramicroporous 

region. Eventually, the HCMS membranes exhibit far superior gas separation performances 

with a strong size-sieving ability than the conventional polymers and CMS membranes, 

especially for closely sized gas pairs (Δd < 0.5 Å) including CO2/CH4 and C3H6/C3H8 

separations. More importantly, the developed HCMS material is successfully prepared into a 
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thin-film composite (TFC) membrane (~1 µm), demonstrating its practical feasibility for use in 

industrial mixed-gas operation conditions. 

 

1. Introduction 

There are increasing demands for efficient separation of gas mixtures to resolve global 

issues such as limited resources, the energy crisis, and air pollution.[1] Among the existing 

separation technologies, membrane-based gas separation is a promising candidate to replace or 

supplement conventional distillation processes due to its low energy consumption and ease of 

scale-up.[2] However, conventional polymeric membranes are inherently prone to (1) the strong 

trade-off relationship between permeability and selectivity, (2) physical aging over time, and 

(3) plasticization by condensable gases. Thus, they rarely meet the desired gas separation 

performances for practical use.[3, 4] 

Molecular sieves with well-defined microporosity have been widely studied as a 

promising membrane material beyond polymeric membranes.[5, 6] In particular, carbon 

molecular sieve (CMS) membranes prepared by controlled pyrolysis of polymer precursors 

exhibit both excellent thermal and chemical stability and strong size sieving ability. This 

material is amorphous and has a microporous structure including ultramicropores (< 7 Å) for 

selective molecular sieving. These pores are formed by the slits between sp2-hybridized 

graphene sheets and micropores (7-20 Å) for transport pathways consisting of voids between 

the stacked sheets (Scheme 1a). The hierarchical microporosity in CMS membranes is known 

to be responsible for their superior gas separation performances relative to polymeric 

membranes. The stability conferred by the rigid carbonaceous structures also enables CMS 

membranes to be potentially useful under harsh operating conditions (i.e., high temperature and 

pressure).[6-8] Nevertheless, the ultrafine separation between the gas pairs with extremely 

similar sizes (Δd < 0.5 Å) including natural gas separation (e.g., CO2/CH4) and olefin/paraffin 

separation (e.g., C3H6/C3H8) is highly challenging for commercial applications, even for CMS 
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membranes.[9-12] The difficulty in the preparation of CMS thin-membranes (< 1 µm) to reduce 

mass transport resistance is another critical concern related to the scale-up production of CMS 

membranes.[9, 13] Thus, to address previously mentioned challenges, further studies on 

developing new materials are required. 

In general, free volume elements and intrinsic microporosity in a polymer precursor 

govern the formation of micropores during carbonization.[8, 14, 15] Previous approaches have 

mainly investigated the effects of pyrolysis conditions on the gas transport properties in the 

resulting CMS membranes.[7, 12, 14, 16, 17, 18, 19] For example, Zhang and Koros demonstrated 

highly selective CMS membranes derived from a commercial polyimide precursor (Matrimid®) 

by increasing the pyrolysis temperature up to 900 oC to control the ultramicroporosity in the 

inherited carbonaceous structures, resulting in both significantly improved diffusivity-

selectivity and solubility-selectivity.[7] However, such a high pyrolysis temperature is energy-

intensive and causes excessively densified CMS membranes with insufficient permeability as 

well as more pronounced fragility.[7, 14, 20] Variations of thermal dwell time, heating rate, and 

pyrolysis environment to prepare CMS membranes have been extensively investigated, but 

simultaneous improvements in both permeability and selectivity have rarely been observed.[17, 

18, 19] Besides, it is extremely laborious to optimize all pyrolysis parameters for the numerous 

precursor candidates based on pure polymers.[18, 19, 21] 

In addition to the one-phase precursors, filler incorporation into a polymer precursor has 

been proposed as a simple strategy to induce additional microporosity in the resulting hybrid 

CMS (HCMS) membranes. This concept is analogous to mixed matrix membranes (MMMs) 

that consist of the polymer matrix and dispersed inorganic fillers.[6] Most studies have focused 

on metals,[22] silica,[20, 23], and zeolites[21, 24] as thermally stable filler candidates (up to ~800 oC) 

to prepare the HCMS membranes. These inorganic fillers incorporated into the MMM 

precursors can maintain their morphologies and microstructures during the pyrolysis procedure. 

Although this approach seems reasonable, the unavoidable incompatibility between the two 
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different phases (i.e., carbon matrix and inorganic nanoparticles) results in interfacial voids, 

which undesirably deteriorate the mechanical robustness and the separation performances of 

CMS membranes resulting in a loss of their size sieving abilities (Scheme 1b).[6, 8, 21, 24] 

Metal-organic frameworks (MOFs) are a class of porous crystalline materials formed 

by consecutive coordination between metal clusters and organic linkers.[25] Molecular transport 

in MOFs is simply tunable based on post-treatments, intriguing the researchers to investigate 

the temperature effects in thermally-annealed MOFs.[26] Although MOFs exhibit moderate 

thermal stability (typically degrading at < 500 oC), this carbonizable property has enabled 

researchers to develop MOF-derived microporous carbons via thermal treatment above their 

decomposition temperature.[26] Indeed, the MOF-derived carbonaceous materials have been 

widely investigated in various applications including gas storage, catalysts, sensors, and 

electrodes due to their tunable porosity and chemical functionalities.[27]  

Here, we hypothesized that the in-situ carbonization of embedded MOFs would both 

establish good interfacial compatibility between the polymer-derived carbon matrix and the 

MOF-derived carbonaceous fillers (originated from the homogeneity of two phases) and tune 

the ultramicroporosity in the HCMS membranes (Scheme 1c). In-depth material 

characterizations indicated that the HCMS membranes derived from the MOF/polymer MMM 

precursor exhibited unusual textural properties coupled with intensified ultramicroporosity with 

a narrow bimodal pore size distribution. This unique microporous structure of HCMS 

membranes led to the superior gas separation performance compared to conventional polymers 

and CMS membranes, further supported by mixed-gas separation performances of their thin-

film (~1 µm) configuration under industrial operating conditions. 
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Scheme 1. Schematic illustration of preparation procedure and predicted structure of (a) CMS 
membrane derived from pure polymer precursor, (b) HCMS membrane derived from MMM 
precursor containing thermally stable inorganic nanoparticles, and (c) HCMS membrane 
derived from MMM precursor containing carbonizable MOF nanoparticles. Note that ‘NP’ in 
(b) and (c) stands for ‘nanoparticle’. 
 

2. Results and Discussion 

Amino-functionalized UiO-66 (UiO-66-NH2), one of the most commonly studied MOFs, 

was selected as a carbonizable nanoporous filler as it shows high microporosity and good 

compatibility with rigid polymer matrices.[28, 29] The synthesis of ~200 nm-sized UiO-66-NH2 

nanoparticles (Brunauer-Emmett-Teller (BET) surface area = 868 m2/g) was confirmed by 

scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses (Figure S1).[30] For 

the polymer matrix, we chose 6FDA-DAM polyimide given that the bulky 6FDA moiety 

provides a high fractional free volume in the polymer precursor, which results in highly 

permeable CMS membranes.[18, 31] XRD patterns of UiO-66-NH2/6FDA-DAM MMM verified 

the incorporation of UiO-66-NH2 nanoparticles (20 wt.%) into the 6FDA-DAM matrix without 

notable changes in the characteristic XRD peaks of each phase (Figure S2a). The cross-sectional 
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SEM image of the MMM shows a homogeneous distribution of embedded fillers (Figure S2b). 

For MMM, Fourier transform infrared (FT-IR) spectra show a positive shift (~2 cm-1) in imide 

peak (symmetric C=O stretching at 1724 cm-1) as a sign of hydrogen bonding between UiO-66-

NH2 filler and 6FDA-DAM matrix (Figure S2c), and such a favorable filler-matrix interfacial 

interaction induced a slightly increased glass transition temperature (Tg) compared to 6FDA-

DAM (Figure S2d).[6] Accordingly, the MMM represented enhanced gas separation 

performances compared to the pure 6FDA-DAM membrane (Table S1), consistent with a 

previous report.[29] 

The first derivative of the thermogravimetric analysis (TGA) curve of UiO-66-

NH2/6FDA-DAM MMM represents an overlapped thermal decomposition behavior from UiO-

66-NH2 and 6FDA-DAM with a distinct peak at ~550 oC, corresponding to the maximum 

pyrolysis reaction of MMM precursor (Figure S2e). Above 550 oC, the weight loss becomes 

less pronounced, and further temperature increases typically induce a more ordered 

carbonaceous structure in the resulting CMS and HCMS membranes.[7, 32, 33] In this study, CMS 

membranes from the pure 6FDA-DAM precursor are denoted as CMS-OOO, while those from 

the UiO-66-NH2 (20 wt.%)/6FDA-DAM MMM precursor are shown as HCMS-OOO, and 

pyrolyzed UiO-66-NH2 nanoparticles are named UiO-OOO. Here, OOO indicates the pyrolysis 

temperature at the isotherm stage (550, 700, and 800 oC). The detailed heating protocol is 

described in Figure S3. 

For HCMS membranes, no distinguishable defects or voids were observed at the 

interfaces between the MOF-derived carbonaceous filler and the polymer-derived matrix 

(Figure 1a-c) as the separately pyrolyzed phases (UiO and CMS series) kept their original 

morphologies (Figure S4). Increasing the pyrolysis temperature results in a dark and shrunk 

carbon membrane (Figure 1d), indicating the formation of a more graphitic carbon structure.[34] 

The CMS membranes were to some extent flexible enough for the following material 

characterizations and gas transport studies (Figure 1e). The hardness and Young’s modulus 
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obtained from load-displacement curves of nanoindentation tests show that the HCMS 

membranes possess substantially improved mechanical properties compared to the CMS 

membranes prepared at the same pyrolysis temperature (Figure 1f and Figure S5).[33] The results 

verify the good compatibility between the two carbonized phases in the HCMS membranes, 

ensuring their practical use with excellent mechanical robustness. 

Figure 1. Cross-sectional SEM images of (a) HCMS-550, (b) HCMS-700, and (c) HCMS-800 
(scale bar = 2 µm). (d) Photo images of CMS and HCMS membranes prepared at different 
pyrolysis temperatures. (e) Bendable characteristic of HCMS-700. (f) Mechanical properties 
were calculated from the nanoindentation tests of CMS and HCMS membranes prepared at 
different pyrolysis temperatures. 
 

XRD analyses revealed that the graphitic structure of both CMS and HCMS membranes 

became more densely packed with increasing pyrolysis temperature, as confirmed by a positive 

shift in the position of 2θ peak (~22-24o), which is assigned to the interlayer distance between 

carbon sheets (Figure 2a and Figure S6).[7, 16] In particular, HCMS membranes exhibited a 

narrower slit-like pore (i.e., a lower d-spacing) than that of CMS membranes at the same 
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pyrolysis temperature (CMS: 4.08-3.90-3.73 Å and HCMS: 3.85-3.67-3.66 Å, for pyrolysis 

temperature of 550-700-800 oC, respectively). Additionally, the characteristic XRD peaks at 

30.3o (011 phase) and 50.4o (112 phase)[35] for the pyrolyzed UiO-66-NH2, which is converted 

into ZrO2/C nanocomposites during the pyrolysis, were distinctly shifted or split for the 

corresponding HCMS membranes. Such mismatches in XRD patterns are unusual, implying 

that a different carbonization behavior for UiO-66-NH2 occurred when embedded in the 

polymer matrix from that that observed in its nanoparticle form. 

The ratio of sp2 to sp3-hybridized carbon can be calculated from the deconvoluted C 1s 

X-ray photoelectron spectroscopy (XPS) spectra of pyrolyzed samples (Figure 2b). HCMS-700 

showed a lower sp2/sp3 carbon ratio (7.73) than that of CMS-700 (9.72), indicating it possesses 

a higher fraction of disordered graphite.[16] This difference is attributed to the incorporation of 

pyrolyzed UiO-66-NH2 with a considerably low sp2/sp3 carbon ratio (1.90) as confirmed for 

UiO-700. The Raman spectroscopy provides useful information on the carbon defects by way 

of the ratio of the D peak (defective graphite, ~1340 cm-1) to the G peak (ordered graphite, 

~1600 cm-1) (i.e., ID/IG ratio).[36, 37] As the pyrolysis temperature increases, an increase in ID/IG 

ratio was observed for both CMS and HCMS membranes, revealing the formation of more 

disordered and amorphous carbon structures (Figure 2c and Figure S7). We believe that a higher 

pyrolysis temperature is responsible for the disruption in polymer chains, which induced more 

disordered arrangements in the resulting carbon membranes.[8, 38] Meanwhile, there are more 

carbon defects in the HCMS membranes with a higher ID/IG ratio than those of the CMS 

membranes for all pyrolysis temperatures. 

Elemental and defect analyses suggest that the in-situ carbonization of embedded UiO-

66-NH2 filler inside the polymer-derived carbon matrix eventually induced a more disordered 

structure in the HCMS membranes. However, this conclusion appears to be counterintuitive to 

the XRD results that revealed a denser structure in HCMS membranes compared with CMS 

membranes. To further clarify the structural properties of HCMS membranes, Raman mapping 
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studies were performed to visualize the spatial distribution of ID/IG ratio throughout each 

membrane (Figure 2d,e).[37, 39] Note that the blue and red spots indicate a relatively lower and 

higher ID/IG ratio of the certain area, respectively. As previously observed in the Raman spectra, 

the Raman mapping image (10×10 µm2) of HCMS-700 displayed a larger number of defective 

carbons compared to that of CMS-700. Notably, the more defective regions in HCMS-700 are 

well-interconnected and separated from the ordered regions, while those in CMS-700 are 

homogeneously distributed. In addition, the HCMS membranes showed a higher electrical 

conductivity than that of CMS membranes (Figure S8). This is unexpected given that the 

graphitic sp2 carbon governs the electrical conductivity and the embedded ZrO2 component in 

HCMS from the in-situ pyrolysis of UiO-66-NH2 exhibits an extremely low electrical 

conductivity (~10-6 S/cm).[40] These results imply that there is a substantial difference in the 

textural properties between the CMS and HCMS membranes beyond the proportion of carbon 

defects, as corroborated by the Raman mapping images. Similar trends also have been observed 

in other literature on hybrid carbon structures.[41] 

To elucidate the formation mechanism behind the unique carbonaceous structure in 

HCMS membranes, TGA equipped with mass spectrometry (TGA-MS) was used to investigate 

the carbonization behavior of the different precursors including UiO-66-NH2, 6FDA-DAM, and 

UiO-66-NH2 (20 wt.%)/6FDA-DAM MMM during the pyrolysis. Note that the sample weight 

was fixed at 20 mg, and the pyrolysis temperature at the isotherm stage was 700 oC. For the 

UiO-66-NH2 precursor, water (m/z = 18) trapped inside the pores or coordinated on the Zr6 

cluster came out first. Subsequently, the evolution of water and CO2 (m/z = 44) were increased 

above ~400 oC, indicating a decarboxylation of the organic linkers coupled with the collapse of 

the crystalline structure (Figure 2f).[42] The 6FDA-DAM precursor starts depolymerization 

when the temperature is above ~500 oC together with the evolution of water and CO2 molecules. 

During the isotherm stage at 700 °C, no additional MS peaks were detected for both UiO-66-

NH2 and 6FDA-DAM cases due to the termination of the carbonization process, which is 
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consistent with the previous reports.[8, 33, 42] In stark contrast, the MMM precursor exhibited two 

distinct carbonization behaviors from those of each filler and matrix as a single phase 

(highlighted blue areas). (1) At the heating step above 400 oC, the MMM only showed a gradual 

increase in CO2 evolution, while a noticeable CO2 peak was observed for UiO-66-NH2. (2) 

Unlike the 6FDA-DAM and UiO-66-NH2 precursors used for the MMM, the CO2 evolution 

remained and continuously declined with elapsed time during the isotherm stage at 700 oC. 

Hence, we believe such different thermal decomposition behavior might contribute to the 

different carbonaceous structures between the resulting CMS and HCMS membranes. Likewise, 

it has been observed that the pyrolysis of polymer nanocomposites affects the thermal 

decomposition reactions and thus induces different structural properties of final carbonaceous 

products.[43] More detailed mechanism studies are expected to unveil how such different 

thermal decomposition behavior resulted in CMS membranes with denser, interconnected 

carbonaceous structures, which is beyond the scope of this study. 

Figure 2. Characterization of the prepared CMS and HCMS membranes. (a) XRD patterns, (b) 
deconvolution of C 1s XPS spectra, and (c) Raman spectra of pyrolyzed UiO-700, CMS-700, 
and HCMS-700. Raman ID/IG ratio mapping images of (d) CMS-700 and (e) HCMS-700 (scale 
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bar = 2 µm). (f) TGA-MS results of UiO-66-NH2, 6FDA-DAM, and UiO-66-NH2 (20 
wt.%)/6FDA-DAM MMM. For TGA-MS analyses, the heating protocol is identical to Figure 
S3.  

 

The high-resolution transmission electron microscopy (HR-TEM) image of CMS-700 

displayed a common turbostratic carbon microstructure, evidenced by the selected area electron 

diffraction (SAED) pattern with an amorphous halo (Figure 3a-b). On the other hand, the 

SAED pattern of HCMS-700 showed scattered spots together with ring patterns, possibly 

originating from the carbonization of embedded UiO-66-NH2 filler, which leaves the 

nanoparticles (~10 nm) surrounded by the amorphous carbon matrix (Figure 3c). The line scan 

of crystalline space in the TEM image of HCMS-700 revealed a lattice spacing of 0.294 nm, 

assigned to the (011) tetragonal ZrO2 lattice (Figure S9),[42] consistent with the XRD results. A 

low magnification TEM image of HCMS-700 confirmed that there are no distinguishable 

interfacial voids between the MOF-derived carbonaceous filler and the polymer-derived carbon 

matrix, reaffirming the good compatibility (Figure S10a). This was supported by the energy 

dispersive spectroscopy (EDS) elemental mapping image as well (Figure S10b-g). Interestingly, 

a high-magnification HR-TEM image of HCMS-700 exhibited aligned carbon microstructures 

along with the embedded ZrO2 nanoparticles (Figure 3d), while those of CMS-700 were 

randomly distributed. Such a morphological difference coupled with the previous structural 

analyses implies that a distinct carbonization behavior occurs in the HCMS membranes due to 

the presence of MOF fillers, which may play a key role in tuning their microporous properties. 

It should be noted that the low d-spacing of crystalline ZrO2 nanoparticles would not allow the 

permeation of any gas molecules, which can be removed by a simple acid (or alkaline) etching 

to further tune the HCMS membranes with improved porosity.[20, 43]  

N2 adsorption isotherms at 77 K indicate that both CMS and HCMS membranes 

prepared at a higher pyrolysis temperature have a low N2 adsorption capacity (i.e., a low surface 

area) due to the formation of dense microporous structures (Figure S11 and Table S2). The N2-
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based pore size distribution calculated from the non-local density functional theory (NLDFT) 

model reveals the HCMS membranes possess smaller micropores with narrower distribution 

compared to CMS membranes (Figure 3e and Figure S12). We further evaluated the pore size 

distribution using CO2 as a probe gas since using the smaller CO2 allows for better assessment 

of the smaller ultramicropores in the angstrom-scale.[8, 14] The surface areas determined from 

the CO2 adsorption isotherms are almost identical for both CMS and HCMS membranes 

regardless of the pyrolysis temperature (Figure S13 and Table S3), noticeably deviating from 

the N2-based ones. These results are unexpected because the pyrolysis of UiO-66-NH2 

nanoparticles resulted in extremely low surface areas based on both N2- and CO2-based 

adsorption analyses. Thus, this provides additional evidence that the embedded UiO-66-NH2 

filler was carbonized in a different way inside the MMM precursor from the independent 

pyrolysis of UiO-66-NH2 nanoparticles. Ultimately, HCMS-700 displayed a bimodal and 

narrower pore size distribution in the ultramicroporous region (3-4 Å and 4-7 Å) compared to 

that of CMS-700 with a unimodal ultramicroporosity distribution (3-7 Å) (Figure 3f). The same 

trends were also observed for CMS and HCMS membranes prepared at 550 and 800 oC (Figure 

S14). Overall, the incorporation of MOF filler into the polymer precursor led to densification 

of carbonaceous microstructures formed based on a distinctive carbonization mechanism, 

allowing fine control of ultramicroporosity in the essential size range to strengthen the 

molecular sieving abilities of the resulting CMS membranes. 
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Figure 3. HR-TEM analyses of (a) CMS-700 (inset: the corresponding SAED pattern), (b) 
magnified TEM image of selected region (red square in (a)), (c) HCMS-700 (inset: the 
corresponding SAED pattern), and (d) magnified TEM image of selected region (red square in 
(c)). NLDFT pore size distributions of CMS-700 and HCMS-700 calculated from (e) the N2 
adsorption isotherm at 77 K and (f) the CO2 adsorption isotherm at 273 K. Note that the N2-
based pore size distribution of UiO-700 was excluded in (e) due to the absence of microporosity.  

 

Pure-gas transport properties of the CMS membranes exhibited a typical molecular-

sieving property which highly depends on the kinetic diameter of gas molecules (Figure S15 

and Table S4). In general, as the pyrolysis temperature increases, the permeabilities of all gases 

decreased together, with the increased selectivities most likely due to the structural 

densification and the formation of selective ultramicropores as previously observed.[7, 32] 

However, the degree of permeability reduction in HCMS membranes is different from that in 

CMS membranes. For instance, the HCMS membranes showed a higher CO2 permeability 

compared to the CMS membranes when pyrolyzed at the same temperature (Figure 4a). 

Increasing the pyrolysis temperature from 550 to 800 oC greatly enhanced the CO2/CH4 

selectivity of HCMS (23 to 171) compared to CMS (27 to 79). For a larger gas pair such as 
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C3H6/C3H8, HCMS-700 displayed a significantly improved C3H6/C3H8 separation performance 

in terms of both a 2-fold higher C3H6 permeability and a higher C3H6/C3H8 selectivity than 

those of CMS-700 (Figure 4b). It is worth mentioning that the CMS membranes pyrolyzed at 

800 °C were excessively densified to allow large size gas molecules (i.e., C3H6 and C3H8) to 

penetrate through their micropores, leading to extremely low permeability and selectivity loss 

as observed elsewhere.[18] The separation performances for other gas pairs including H2/N2, 

H2/CH4, O2/N2, and N2/CH4 also revealed that HCMS membranes always provide either a 

higher gas permeability or selectivity in comparison with that of CMS membranes (Figure S16). 

This emphasizes the versatility of HCMS membranes for various separation applications 

including hydrogen purification, oxygen enrichment, and natural gas treatment. Such 

remarkable gas separation abilities of HCMS membranes (well above the polymer upper bounds 

for all gas pairs) are mainly ascribed to the incorporation of carbonizable MOF filler into the 

polymer precursor matrix, which provides a dense and interconnected carbonaceous structure 

as well as promoting the formation of highly selective ultramicropores, especially useful for 

closely sized gas pairs (Δd < 0.5 Å). 

To understand the remarkable gas transport properties in HCMS membranes, the 

permeation data were analyzed based on the solution-diffusion model, which defines the 

permeability (Pi) of a penetrant i through a membrane as the product of a diffusivity (Di) and 

solubility (Si) (i.e., Pi = Di x Si).[44] Diffusivity can be obtained from the permeability and 

solubility data (representative gas sorption isotherms for CMS-700 and HCMS-700 are shown 

in Figure S17). For CO2/CH4 and C3H6/C3H8 gas pairs, both CMS-550 and HCMS-550 showed 

a significantly increased diffusivity and solubility compared to their precursor membranes due 

to their high microporosity generated during the pyrolysis process (Figure 4c-d). These values 

decreased with increasing pyrolysis temperature, which is responsible for the shrinkage and 

densification of the micropores. Meanwhile, the degree of reduction is different between the 

CMS and HCMS membranes, and the deviation was maximized at a pyrolysis temperature of 
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800 oC for the CO2/CH4 pair and 700 oC for the C3H6/C3H8 pair, respectively. As a result, the 

HCMS membranes exhibited substantially improved diffusivity selectivity and solubility 

selectivity compared to the CMS membranes for both CO2/CH4 and C3H6/C3H8 separations at 

the optimal pyrolysis temperature (Figure 4e-f and Table S5-6). The superior diffusivity 

selectivity of HCMS membranes is mainly attributed to their narrow and bimodal pore size 

distribution in the ultramicroporous region compared with the CMS membranes, as supported 

by the increased solubility selectivity that originated from the densified ultramicropores that 

primarily allow the sorption of smaller molecules while excluding larger ones.[7, 14] 

 
Figure 4. Pure-gas separation performances of CMS and HCMS membranes for (a) CO2/CH4 
and (b) C3H6/C3H8. Black solid lines indicate the proposed CO2/CH4[3] and C3H6/C3H8[45] pure-
gas upper bound for polymeric membranes, respectively. Gas diffusivity and solubility of CMS 
and HCMS membranes for (c) CO2/CH4 and (d) C3H6/C3H8 separations. The light yellow 
squares represent the optimal pyrolysis temperature for each gas pair. The corresponding 
diffusivity selectivity and solubility selectivity for (e) CO2/CH4 and (f) C3H6/C3H8 separations. 
All gas transport properties were evaluated at 2 bar and 35 oC. Note that filled symbols represent 
CMS and unfilled symbols represent HCMS, respectively. 
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HCMS-700 was chosen as the optimal membrane for the rest of our investigation 

considering its promising potential for C3H6/C3H8 separation, which is an essential but 

challenging process in petrochemical industries used to produce fundamental building block 

chemicals.[1, 4] To investigate the effects of operating conditions, mixed-gas C3H6/C3H8 

separation measurements were performed using different temperatures (35 °C and 50 °C), feed 

pressures (2 to 5 bar), and feed gas compositions (C3H6:C3H8 = 50:50 or 90:10 mol%). Here, 

CMS-700 was used as a control membrane. Similar to the pure-gas data, HCMS-700 showed 

both a considerably higher C3H6 permeability and C3H6/C3H8 mixed-gas selectivity than those 

of CMS-700 under similar conditions, making it far superior to the reported CMS membranes 

as well as polymeric membranes including MMMs (Figure 5a and Table S7). Elevating the 

temperature, feed pressure, and C3H6 composition reduced the C3H6/C3H8 mixed-gas selectivity, 

and this is attributed to the dilation of carbon matrix and the intensified competitive sorption 

effects.[11, 46] Nevertheless, HCMS-700 maintained excellent C3H6/C3H8 separation 

performance – C3H6 permeability = 204 Barrer (1 Barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-

1) and C3H6/C3H8 selectivity = 15.3 – even under the most severe operating condition (50 oC, 5 

bar, and C3H6:C3H8 = 90:10), which is highly desirable for industrial multi-stage C3H6/C3H8 

separation processes. 

To demonstrate the practical availability of HCMS-700 for the real C3H6/C3H8 

separation process, the developed material was fabricated into a thin-film composite (TFC) 

membrane consisting of a thin selective layer with reduced mass transport resistance and a 

porous support layer to provide sufficient mechanical stability. A thin-film (~1.5 µm) of MMM 

precursor (or pure 6FDA-DAM) was formed by spin-coating onto a porous alumina support 

(AAO) with 20 nm-sized pores (Figure S18). After the pyrolysis at 700 oC, both CMS-700 and 

HCMS-700 TFC membranes displayed shrinkage in the selective layer with a ~1 µm-thick 

carbonaceous thin-film as previously observed for dense films (> 50 µm) (Figure 5b-c). Note 

that the ultimate productivity of a TFC membrane should be gauged by permeance (equivalent 
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to permeability divided by membrane thickness, unit: 1 GPU = 10-6 cm3 (STP) cm-2 s-1 cmHg-

1) since this stands for the actual gas transport rate of a certain membrane system, which is more 

relevant to practical scenarios.[2, 47] The resulting TFC membranes represented similar C3H6 

permeance but slightly lower C3H6/C3H8 selectivity compared to those predicted from the dense 

film data, possibly due to the presence of defects formed by the thickness reduction (Table S8). 

Figure 5d compares the mixed-gas C3H6/C3H8 separation performance of the prepared CMS 

and HCMS TFC membranes with other state-of-the-art polymeric, CMS, MOF, and zeolite 

membranes in the form of TFC or asymmetric hollow fibers (detailed information is 

summarized in Table S9). Notably, the highest C3H6 permeance was achieved in the HCMS-

700 TFC membrane with the moderate C3H6/C3H8 mixed-gas selectivity despite the harsh 

operating conditions used in real industries. The membrane fully satisfied the required 

separation performance to replace or supplement the conventional energy-intensive distillation 

process (Figure 5d).[25] 

 
Figure 5. (a) Comparison of mixed-gas C3H6/C3H8 separation performance of CMS-700 (black 
stars) and HCMS-700 (red stars) tested in this study compared with literature data. The direction 
of the arrow indicates the increase in feed pressure from 2 to 5 bar. Cross-sectional SEM images 
of TFC membranes with a thin (~1 µm) selective layer of (b) CMS-700 and (c) HCMS-700 
coated on a porous AAO support (scale bar = 0.5 µm). (d) Mixed-gas C3H6/C3H8 separation 
performance of prepared CMS-700 (black stars) and HCMS-700 (red stars) TFC membranes 
compared with literature data on TFC and asymmetric hollow fiber membranes. The blue square 
denotes the desired performance for the industrial C3H6/C3H8 membrane separation as an 
alternative to the conventional distillation process.[4] The ratio in parentheses in (a) and (d) 
represents the mixed-gas composition for each measurement; C3H6:C3H8 = 50:50 (filled) or 
90:10 (unfilled) mol%.  
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3. Conclusion 

In summary, we have demonstrated that the incorporation of carbonizable MOF filler 

into the polymer precursor can offer more opportunities to control the ultramicroporosity of 

resulting CMS membranes by forming in-situ derived carbon/carbon hybrid composites with 

improved molecular sieving abilities. In-depth characterization of mechanical, structural, and 

microporous properties revealed that the MOF-derived carbonaceous filler exhibited good 

compatibility with the surrounding CMS matrix, resulting in the more densified and 

interconnected carbon structures with a narrower and bimodal pore size distribution in the 

ultramicropore region. Due to the finely tuned ultramicroporosity, the HCMS membranes 

exhibited significantly improved gas separation performances compared to those of pure CMS 

membranes, far surpassing the permeability-selectivity trade-off limitation in polymeric 

membranes, particularly for gas pairs with small differences in kinetic diameter (Δd < 0.5 Å). 

In addition, the developed HCMS material was successfully fabricated into a TFC membrane 

configuration, indicating its great potential for practical use in industrial processes. We believe 

this simple strategy allows for the development of advanced CMS materials for other separation 

applications requiring precise molecular differentiation. Future studies will be focused on the 

different MOF candidates to fabricate HCMS membranes and optimize their TFC membranes. 
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A novel carbon/carbon hybrid CMS (HCMS) membrane is fabricated by pyrolysis of a 
nanocomposite precursor containing metal-organic frameworks (MOFs). The in situ 
carbonization of embedded MOFs induced more densified and interconnected carbon structures 
coupled with bimodal and narrow pore size distributions in the ultramicroporous region in 
resultant HCMS membranes, leading to excellent gas separation performances even under 
industrial operating conditions. 
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