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Abstract: Although having shown great promise for efficient gas 

separation, relevant study on Ti-MOF membranes remains very 

scarce, owing to limited Ti source types and uncertain factors which 

dominate the separation properties. In this work, we pioneered the 

use of Ti8(μ2-O)8(OOCC6H5)16 cluster as Ti source of MIL-125 

membranes, which led to lower reaction temperature and higher 

missing-linker number within the framework and therefore, enhanced 

CO2/N2 adsorption selectivity. The MIL-125 membrane prepared by 

combining single-mode microwave heating with tertiary growth 

displayed an ideal CO2/N2 selectivity of 38.7, which ranked the highest 

among all pristine pure MOF membranes measured under 

comparable conditions. In addition, the ideal H2/N2 and H2/CH4 

selectivity was as high as 64.9 and 40.7, thus showing great promise 

for versatile utility in gas separation. 

Introduction 

As an alternative to traditional energy-intensive gas separation 

approaches like cryogenic distillation, liquid absorption and 

adsorption, membrane-based gas separation has shown 

remarkable advantages in terms of low energy consumption, easy 

operation, eco-friendship and small footprint.[1] Among various 

materials, metal−organic framework (MOF) has unique 

advantages in terms of tailorable pore aperture, adjustable 

functionality, and high surface areas. In particular, Ti-MOF has 

been considered a superb membrane material, owing to its 

excellent stability, appropriate pore size and unique adsorption 

behavior. MIL-125, which is representative of Ti-MOF materials, 

has a 3D framework with two kinds of cages (6.1 Å and 12.6 Å) 

and is accessible through the 5–7 Å microporous aperture. It 

consists of eight cyclic octamers of edge- and corner-sharing 

[TiO5(OH)] octahedra Ti8(μ2-O)8(μ2-OH)4 nodes connected by 12 

of 1,4-Benzene dicarboxylate (BDC) linkers.[2] Not only the 

relatively large pore size of MIL-125 warrants the high diffusivity 

of smaller-sized gases, but also its textural and functional 

properties can be tailored for specific gases adsorption.[3] Caro et 

al.[4] first prepared NH2-MIL-125(Ti) membranes showing decent 

H2/CO2 selectivity (~8) by secondary growth. More recently, we 

synthesized highly c-oriented ultrathin NH2-MIL-125(Ti) 

membranes showing significantly enhanced H2/CO2 selectivity 

(24.8).[5] Nevertheless, in comparison with some extensively 

studied MOF (like ZIF-8, HKUST-1 and UiO-66) membranes, 

relevant studies on polycrystalline Ti-MOF membranes remained 

scarce,[5] which could be, at least partially, attributed to limited 

types of titanium sources. For instance, titanium isopropoxide 

(TPOT) has been commonly employed as titanium source of Ti-

MOF. However, it suffered from fast hydrolysis even under 

transient exposure to moisture in the air, resulting in 

uncontrollable nucleation and growth rates during Ti-MOF 

membrane formation.[6] Alternatively, the use of layered TiS2 as 

titanium source enabled better control of nucleation and growth 

rates of Ti-MOF membranes so that their mesoscopic structures 

(e.g., preferred orientation, membrane thickness, and grain 

boundary defects) could be precisely tuned. Nevertheless, it 

remained impractical to further tailor their microscopic structures 

(e.g., missing-linker defects, pore aperture, and pore size 

distribution) which in turn, may exert more profound effect on the 

separation performance. 

Previous studies indicated that missing-linker defects exerted a 

significant influence on the separation performance of MOF 

membranes. For instance, Zhong et al.[7] reported that 

diethanolamine-modified ZIF-8 membranes with abundant open 

metal sites displayed high C3H6/C3H8 selectivity. Park et al.[8] 

reported that defect-engineered UiO-66-incorporated mixed-

matrix membranes exhibited exceptional C3H6 permeability and 

C3H6/C3H8 selectivity, owing to increased porosity and open metal 

sites caused by missing-linker defects in UiO-66 nanofillers. Very 

recently, we prepared highly defective UiO-66 membranes 

showing superior CO2/N2 separation performance through 

combining ZrS2 source with tertiary growth.[9] Inspired by the 
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above achievements, herein we are dedicated to preparing high-

performance Ti-MOF membranes through precisely tuning 

missing-linker defects in the framework. 

Titanium-oxo cluster, which represents a member of tetravalent-

transition-metal-oxo cluster family, consists of inorganic metal-

oxide Ti-O-Ti cores capped with charge-compensating anions or 

-OH/-OH2 pairs.[10] Decent coordinative interaction between 

cluster cores and charge-compensating anions renders titanium-

oxo cluster the ideal metal source of Ti-MOF membranes since 

not only the activation energy for the formation of Ti-MOF can be 

significantly reduced via preorganization of cluster cores in the 

precursor solution which results in milder conditions for the growth 

of well-intergrown Ti-MOF membranes, but also missing-linker 

defects in the framework can be precisely tuned through 

manipulation of linker exchange rates which may have a positive 

effect on the separation performance. Park et al.[11] prepared 

DGIST-1 exhibiting excellent photocatalytic activity by employing 

Ti6O6(OiPr)6(t-BA)6 cluster as titanium source, which led to not 

only a higher degree of crystallinity but also increased accessible 

surface areas. Serre et al.[12] reported that the chemical 

environment and functionality of MIP-207 could be easily tuned 

through facile linker exchange with preformed Ti8(μ2-

O)8(acetate)12(formate)4 (Ti8AF) cluster. Compared with 

conventional TPOT, using Ti8AF cluster source led to the 

formation of MIP-207 particles with not only superior CO2/N2 

adsorption selectivity but also reduced synthesis duration. Very 

recently, Zhang et al.[3a] synthesized FIR-125 containing Ti8(μ2-

O)8 nodes by employing titanium-oxo cluster as titanium source, 

which not only allowed easy tunning of the grain size but also 

gave rise to enhanced gas adsorption capacity. It should be noted 

that, although titanium-oxo cluster had proven to be ideal titanium 

source of Ti-MOF in powder form, there is still no report on the 

preparation of Ti-MOF membranes with titanium-oxo cluster 

source. Motivated by potential benefits derived from the titanium-

oxo cluster, herein we pioneered the use of titanium-oxo cluster 

source for preparing high-performance Ti-MOF membrane.  

MIL-125 has shown great promise for the application as gas 

adsorbents, smart photonic devices, and photocatalysis.[2a, 13] Its 

potential as high-performance separation membranes, however, 

has not been fully explored yet. As a new member of titanium-oxo 

cluster family, Ti8O8(OOCR)16 [R=C6H5] (Ti8Ph), which consists of 

eight [TiO6] octahedra ring linked by six μ2- and two μ3-O 

bridges,[14] possesses a similar structure as the Ti8(μ2-O)8(μ2-OH)4 

node in MIL-125 framework, thereby making it attractive 

alternative to common titanium sources. Additionally, our recent 

study indicated that compared with conventional heating methods, 

using single-mode microwave heating enabled better control of 

the microstructure of NH2-MIL-125 (Ti) membranes, owing to a 

higher microwave field intensity and uniformity.[5] In the present 

work, with Ti8Ph cluster as titanium source, highly defective MIL-

125 membrane was prepared through combing single-mode 

microwave heating with tertiary growth (Figure 1). On the one 

hand, our research indicated that carrying out the reaction at 

lower temperatures enabled increasing missing-linker defects 

within MIL-125 framework, which warranted high-affinity 

interactions with CO2 molecules at room temperature, thereby 

leading to high adsorption selectivity (14.3) as evidenced by the 

IAST model; on the other hand, relatively large pore size of MIL-

125 warranted high diffusivity of smaller-sized gases through the 

membrane. As a result, not only the ideal CO2/N2 selectivity 

ranked the highest among all polycrystalline MOF membranes 

measured under similar conditions, but also the Robeson Upper 

Bound 2008 was overcome for versatile gas pairs. Most 

importantly, we found that only by using Ti8Ph cluster source 

could high-performance MIL-125 membranes be prepared. It is 

expected that this metal-oxo cluster-based protocol could bring 

new insights into diverse high-performance MOF membrane 

preparations. 

 

Figure 1. Schematic illustration of the preparation of defective MIL-125 membrane with Ti8Ph cluster source through combing single-mode microwave heating with 

tertiary growth (BA: benzoic acid; BDC: terephthalic acid). 

Results and Discussion 
Our first step involves the synthesis of Ti8Ph cluster according to 

a previous procedure with slight modification.[14] Relevant SEM 

images indicated that obtained products exhibited a well-defined 

needle shape (Figure 2a). The corresponding XRD pattern 
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coincided well with that of standard Ti8Ph phase, implying that a 

pure Ti8Ph cluster phase had been formed (Figure 2b). 

Subsequently, two kinds of MIL-125 powders were prepared 

using Ti8Ph cluster and TPOT as titanium sources, respectively. 

Our results indicated that uniform MIL-125 powders with an 

average size of 240 nm (Figure 2c, d and Figure S1) could be 

obtained by conducting linker exchange reaction between Ti8Ph 

cluster and BDC linkers at temperature as low as 100 oC (denoted 

as MIL-125 (Ti8Ph, 100 oC)). In contrast, the threshold 

temperature required for full conversion of TPOT to MIL-125 was 

150 oC (denoted as MIL-125 (TPOT, 150 oC)) (Figure S2), 

indicating that using Ti8Ph cluster source significantly lowered the 

activation energy required for MIL-125 formation. 

 

Figure 2. (a) SEM image of Ti8Ph cluster. (b) XRD patterns of prepared Ti8Ph 

cluster and simulated Ti8Ph cluster. (c) SEM image of MIL-125. (d) XRD patterns 

of prepared MIL-125 (Ti8Ph, 100 oC) and simulated MIL-125. 

Considering the potential impact of missing-linker defects on the 

separation performance of MIL-125 membranes, herein the 

missing-linker number, which was widely used for quantitative 

evaluation of missing-linker defects, of the above MIL-125 

powders was determined by TG analysis (shown in Figure 3a). 

According to the method proposed by Lillerud et al.[15], the 

missing-linker number per Ti8(μ2-O)8(μ2-OH)4 node in the 

framework of MIL-125 (Ti8Ph, 100 oC) reached 2.2, which was 5.5 

times higher than MIL-125 (TPOT, 150 oC), implying that 

employing Ti8Ph cluster source resulted in a significant increase 

in missing-linker number. In the next step, textural properties of 

the above MIL-125 powders were studied further. As shown in 

Figure S3a, N2 adsorption/desorption isotherms revealed that 

MIL-125 (Ti8Ph, 100 oC) exhibited a typical type I isotherm with 

BET surface area of 1453 m2·g-1, pore volume of 0.69 cm³·g-1, and 

pore size centering at 0.63 nm, which were all considerably higher 

than those of MIL-125 (TPOT, 150 oC) (1286.6 m2·g-1, 0.60 cm³·g-

1, and 0.62 nm, respectively). Moreover, the CO2 adsorption 

capacity of MIL-125 (Ti8Ph, 100 oC) (103.42 m3·g-1) measured 

under ambient conditions was much higher than that of MIL-125 

(TPOT, 150 oC) (53.05 m3·g-1) while maintaining similar N2 

adsorption capacity (Figure S3b). Much higher adsorption 

capacity of CO2 than that of N2 can be attributed to preferential 

adsorption of CO2 on coordinatively unsaturated open metal sites 

in MIL-125 framework.[16] Moreover, CO2/N2 ideal adsorbed 

solution theory (IAST) selectivity of the above MIL-125 powders 

was calculated according to CO2 and N2 adsorption isotherms 

under ambient conditions (Figure 3c, d). CO2/N2 (VCO2:VN2 = 

50:50, 0-1 Bar) IAST selectivity of MIL-125 (Ti8Ph, 100 oC) (32.2) 

was around three times higher than that of MIL-125 (TPOT, 150 
oC) (11.4), implying that both CO2 adsorption capacity and CO2/N2 

adsorption selectivity were positively associated with the missing-

linker number in MIL-125 framework, which coincided well with 

previous research.[17] The fitting curves of CO2 and N2 based on 

the original experimental adsorption data were shown in Figure 

S4, demonstrated that the fitting results of the two molecules are 

of good accuracy. We therefore concluded that possessing higher 

missing-linker number in the framework was in favor of enhancing 

the CO2/N2 separation performance of MIL-125 membranes. 

Moreover, the unary IAST selectivities were plotted by dashed 

lines in Figure 3c, d, calculated based on the unary isotherms 

(Figure S3b), using the partial pressures in the mixture to 

calculate the loadings. The ratio of the CO2/N2 mixture IAST 

selectivities to unary IAST selectivities for MIL-125 (Ti8Ph, 100 oC) 

and MIL-125 (TPOT, 150 oC) were 1.8 and 1.3 at 100 kPa, 

respectively. In addition, the MIL-125 pore occupancies at 1 bar 

were less than 10%, therefore, the differences in the IAST 

selectivities for mixtures and unary selectivities are not large. 

 
Figure 3. (a) TG curves of MIL-125 (TPOT, 150 oC) and MIL-125 (Ti8Ph, 100 

oC). (b) Pore size distributions of the above samples based on the H-K model. 

IAST selectivities for mixtures (VCO2:VN2 = 50:50, 0-1 bar) and unary selectivities 

of (c) MIL-125 (TPOT, 150 oC) and (d) MIL-125 (Ti8Ph, 100 oC). 
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Figure 4. (a) Top SEM image of porous ɑ-Al2O3 substrate. Top and cross-sectional SEM images of (b, c) MIL-125 seed layer and (d, e) MIL-125-SG. (f) Cross-

sectional EDXS mapping of MIL-125-SG (color code: Ti = red; Al = blue). (g) XRD patterns of MIL-125 seed layer (black line) and MIL-125-SG (red line). (h) Single-

gas and mixed-gas permeation properties of MIL-125-SG under ambient conditions. (i) The Knudsen selectivity, ideal selectivity and SF of CO2/N2, H2/N2, and 

H2/CH4 gas pairs on MIL-125-SG. 

Considering the potential impact of temperature on the missing-

linker number in MIL-125 framework, herein MIL-125 powders 

were further synthesized at higher temperatures (120 oC, 140 oC, 

and 160 oC) using Ti8Ph cluster source. TG results (Figure S5) 

indicated that missing-linker numbers in MIL-125 framework 

decreased sharply with increasing temperature, resulting in a 

decrease of both CO2 adsorption capacity and CO2/N2 adsorption 

selectivity (Figure S6). Moreover, the isosteric heats (~21.5 

kJ·mol-1) of MIL-125 (Ti8Ph, 100 oC) were calculated according to 

the CO2 adsorption isosteres in a temperature range from 298 to 

363 K (Figure S7) via the Clausius−Clapeyron equation, which 

was within the results previously reported in the literature. [18] 

Therefore, MIL-125 (Ti8Ph, 100 oC), which exhibited the highest 

missing-linker number and therefore, the highest CO2 adsorption 

capacity and CO2/N2 adsorption selectivity, were chosen as seeds 

for the MIL-125 membrane preparation. 

Subsequently, the spin-coating technique was employed to 

deposit MIL-125 (Ti8Ph, 100 oC) on the porous ɑ-Al2O3 substrate. 

As shown in Figure 4a, b, after spin-coating under optimized 

conditions, a uniform seed layer with thickness of 1.4 μm was 

obtained. Corresponding XRD pattern indicated that prepared 

MIL-125 seed layer was preferentially (00l)-oriented. 

In the next step, secondary growth was carried out to seal 

intergranular gaps in the MIL-125 seed layer, during which the 

Ti8Ph cluster was served as titanium source and the temperature 

was kept at 100 oC for maximizing the missing-linker number in 

the membrane. Relevant SEM images and EDXS pattern (Figure 

4c-e) indicated that after single-mode microwave heating at 100 
oC for 70 min, a well-intergrown MIL-125 membrane with 

thickness of 1.7 μm was obtained (denoted as MIL-125-SG). 

Corresponding XRD pattern (Figure 4f) confirmed that prepared 

MIL-125-SG remained preferentially (00l)-oriented. Measurement 

equipment for single and mixed gas permeation was shown in 

Figure S8. Gas permeation results (Figure 4g, h and Table S1) 

indicated that ideal CO2/N2, H2/N2 and H2/CH4 selectivity of the 

MIL-125-SG reached 11.5, 15.4 and 10.9, respectively, which 

was much higher than the corresponding Knudsen selectivity (0.8, 

3.74 and 2.83, respectively), thereby confirming the existence of 

few grain boundary defects in the membrane. In addition, 

prepared membrane maintained high H2 permeance of 7.8×10-7 

mol·m-2·s-1·Pa-1. 
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Figure 5. (a) Top and (b) cross-sectional SEM images of MIL-125-TG. (c) Cross-sectional EDXS mapping of MIL-125-TG (color code: Ti = red; Al = blue). (d) 

Single-gas and mixed-gas permeation properties of MIL-125-TG under ambient conditions. (e) The Knudsen selectivity,  ideal selectivity and SF of CO2/N2, H2/N2 

and H2/CH4 gas pairs through MIL-125-TG. (f) Long-term stability of MIL-125-TG under ambient conditions. Comparison of (g) CO2/N2, (h) H2/N2 and (i) H2/CH4 

separation performances of MIL-125-TG with their respective 2008 Robeson upper bounds. (j) Comparison of CO2/N2 separation performance of MIL-125-TG with 

pristine MOF membranes measured under comparable conditions. Comparison of (k) H2/N2 and (l) H2/CH4 separation performance of MIL-125-TG with pristine 3D 

MOF membranes measured under comparable conditions. Detailed data were listed in Table S3-S5.

Afterwards, tertiary growth was carried out to further eliminate 

grain boundary defects in the membrane. Relevant SEM images 

(Figure 5a, b) showed that prepared MIL-125 membrane 

(denoted as MIL-125-TG) remained well-intergrown while the 

thickness was increased to 2.5 μm. Simultaneously, a clear 

boundary between the MIL-125 top layer and underlying porous 

α-Al2O3 substrate existed in the cross-sectional EDXS pattern 

(Figure 5c), indicating that the formed MIL-125 top layer did not 

penetrate deep into porous α-Al2O3 substrate pores, which was 

beneficial for reducing the diffusion barrier. Corresponding XRD 

pattern (Figure S9) indicated that prepared MIL-125-TG 

remained preferentially (00l)-oriented. The dye molecule rejection 

test was conducted to evaluate whether the grain boundaries are 

indeed further removed after the tertiary growth. Since the 

molecular size of congo red (CR) dyes (2.53×0.73 nm) is larger 

than the pore size of MIL-125 but smaller than that of the grain 

boundary defect,[19] the CR rejection rate could be a true reflection 

of the grain boundary defect structure of the corresponding MIL-

125 membrane. The dye rejection test results as shown in Figure 

S10 indicated that the CR rejection rate of MIL-125-TG reached 

99.53%, which was higher than that of MIL-125-SG (98.48%), 
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which vividly confirmed that majority of grain boundaries were 

removed after the tertiary growth. 

Gas permeation results (Figure 5d, e and Table S2) indicated 

that ideal CO2/N2, H2/N2 and H2/CH4 selectivity of prepared MIL-

125-TG sharply increased to 38.7, 64.9 and 40.7, respectively, 

making the overall separation performance well exceeding their 

respective Robeson 2008 upper bound lines (Figure 5g-i).[20] 

Moreover, according to the sorption-diffusion model, the 

permeation selectivity (Sperm) may be expressed as the product of 

the adsorption and diffusion selectivities: Sperm = Sads × Sdiff Since 

Sads of the CO2/N2 gas pair reached 14.3 (based on the IAST 

theory), correspondingly, the Sdiff was calculated to be 2.7. 

Therefore, the excellent CO2/N2 separation performance of the 

MIL-125-TG could be mainly attributed to the high CO2/N2 

adsorption selectivity.  

We further investigated long-term stability of prepared MIL-125-

TG (Figure 5f). After continuous operation over 20 h, both CO2 

permeance and separation factor (SF) of CO2/N2 remained 

unchanged, which was indicative of excellent operation stability. 

In particular, the ideal CO2/N2 selectivity of the MIL-125-TG was 

the highest among all pristine polycrystalline MOF membranes 

(Figure 5j and Table S3) measured under comparable 

conditions.[9, 20-21] It should be noted that besides the CO2/N2 gas 

pair, MIL-125-TG membrane also exhibited excellent H2/N2 and 

H2/CH4 selectivity. In effect, many literatures have reported 

microporous materials with relatively large pores but enhancing 

H2/N2 or H2/CH4 separations. For instance, Liu et al. prepared 

well-intergrown, highly c-oriented ultrathin 2D Cu-TCPP (~5.4 Å) 

membranes on porous α-Al2O3 substrates, which displayed 

H2/CH4 selectivity of ~50[22]; Zhu et al. synthesized large pore 

(7.5 Å) NH2-MIL-53 (Al) membranes displaying high SF for H2/N2 

(23.9) and H2/CH4 (20.7) gas mixtures, respectively[23]; Li et al. 

fabricated UiO-66 (~6.0 Å) membranes with high H2/N2 SF 

(22.4)[21c]; Pinnau et al. prepared AB-type ladder TPIM-1 (~5.5 Å) 

membranes with high selectivity for H2/N2 (~50) and H2/CH4 (~53) 

gas paris[24]; Cooper et al. synthesized porous organic cage (~5.8 

Å) membranes displaying the H2/N2 selectivity as high as 33[25]. It 

was highly possible that the unique framework topology of MIL-

125 contributed to enhanced H2/N2 and H2/CH4 separations. In 

addition, preferred c-orientation, the low reaction temperature and 

the conduction of tertiary growth were beneficial for reducing grain 

boundary defects and therefore, enhancing H2/N2 and H2/CH4 

separations of prepared MIL-125 membrane. The ideal H2/N2 and 

H2/CH4 selectivity were also superior to most pristine 

polycrystalline MOF membranes reported in the literature (Figure 

5k, l and Table S4, S5), thereby showing a versatile utility for 

efficient gas separation on diverse occasions. 

Considering its potential applications in industrial separation of 

CO2 from flue gases, the CO2/N2 separation performance of 

prepared MIL-125-TG was further studied by simulating the 

composition of flue gases (VCO2:VN2 = 15:85). Gas permeation 

results indicated that both CO2 permeance and CO2/N2 SF 

remained largely unchanged (1.1×10-7 mol·m-2·s-1·Pa-1 and 35.9, 

respectively), which was in sharp contrast to other CO2-

permselective MOF (e.g., UiO-66 and CAU-1) membranes whose 

CO2/N2 selectivity sharply decreased with decreasing CO2/N2 

ratio on the feed side [21g, 21h] and therefore, quite advantageous 

for stable operation under varying working conditions. 

Finally, the effect of operating temperature on the CO2/N2 

separation performance of prepared MIL-125-TG was 

investigated. As shown in Figure S11, the CO2 permeance first 

increased with the elevation of temperature and reached 

maximum value at 90 oC, while further increasing the temperature 

led to decreased CO2 permeance. In contrast, the N2 permeance 

steadily increased upon elevating temperature, resulting in a 

steady decrease in SF of CO2/N2. To study CO2 permeation 

kinetics in the MIL-125 framework in detail, the sorption-diffusion 

model was employed to investigate the variation trend of 

adsorption coefficient (Si) and diffusion coefficient (Di) for CO2. 

The plots of PCO2, DCO2, and, SCO2 against temperature were 

shown in Figure S12, which preliminarily proved that CO2 

permeation process was dominantly controlled by diffusion in the 

case that temperature was lower than 363 K, while it became 

adsorption-controlled when the temperature became higher than 

363 K. Furthermore, we calculated the activation energies of 

permeability (Ep), heats of adsorption (negative enthalpy of 

adsorption: -ΔH) and activation energies of diffusion (ED) for CO2 

(Table S6) based on the Arrhenius plots for the permeability, SCO2 

and DCO2 in temperature ranges of 303 to 333 K, 333 to 363 K, 

363 to 393 K, and 393 to 423 K (Figure S13). To summarize, the 

above results vividly confirmed that the CO2 permeability was 

mainly controlled by diffusion at 303~363 K, while adsorption 

played a dominant role at 363~423 K. 

Considering the potential impact of titanium source on the 

separation performance of MIL-125 membranes, as a 

comparative experiment, MIL-125 membranes were further 

prepared by using 240 nm-sized MIL-125 (TPOT, 150 oC) (Figure 

S14a) as seeds and TPOT as titanium source during membrane 

growth while keeping other synthetic conditions unchanged. Our 

experimental results indicated that even after tertiary growth at 

100 oC for 70 min, prepared MIL-125 membrane remained poorly 

intergrown (Figure S14b-e), which might be attributed to 

relatively high activation energy required for the Ti8(μ2-O)8(μ2-

OH)4 node formation before the membrane growth. As a result, 

elevating the temperature to 160 oC was indispensable for the well 

intergrowth between adjacent MIL-125 crystallites (Figure S15).[5, 

26] Gas permeation results indicated that ideal CO2/N2, H2/N2 and 

H2/CH4 selectivity of the MIL-125 membrane synthesized at 160 
oC was only 5.3, 7.0 and 1.5 (Table S7 and S8), which could be 

ascribed to relatively low missing-linker number (~0.4) in the 

membrane, resulting in lower CO2/N2 adsorption selectivity and 

therefore, inferior CO2/N2 separation performance. 

To investigate the impact of heating mode on the separation 

performance, MIL-125 membranes were further prepared by 

convective heating for comparison. As shown in Figure S16, 

substantial voids and cracks remained visible in the membrane 

even after prolonged growth (24 h). Simultaneously, we observed 

that substantial MIL-125  particles (mass: 90 mg, yield: 92%) were 

spontaneously formed and sedimented to the bottom of the vessel 

after the reaction (Figure S17). Accordingly, failure of well-

intergrown MIL-125 membrane formation could be ascribed to 

excessive MIL-125  nucleation and growth in the bulk solution, 

resulting in over-consumption of nutrients there and therefore, 

inadequate nutrient supply for sealing intergranular gaps in the 

membrane. In contrast, owing to the nucleation bottleneck effect, 

only a small amount of amorphous powders was generated in the 

bulk solution in the case of single-mode microwave heating, 

resulting in effective suppression of MIL-125 nucleation in the bulk 

solution and therefore, sufficient nutrient supply for the formation 

of well-intergrown MIL-125 membranes.[5, 26]  

To investigate the influence of reaction temperature on the 

separation performance, MIL-125 membranes were further 
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prepared at 160 oC with Ti8Ph cluster source while keeping other 

reaction conditions unchanged. SEM results (Figure S18) 

indicated that after tertiary growth, a well-intergrown, 3.8 μm-thick 

MIL-125 membrane was obtained. Gas permeation results 

indicated that ideal CO2/N2, H2/N2 and H2/CH4 selectivity of the 

membrane was 9.0, 8.3 and 5.2, respectively (Table S9). The 

relatively low selectivity could be attributed to effective elimination 

of missing-linker defects (missing-linker number: 0) in the 

framework at such a high temperature, resulting in lower CO2/N2 

adsorption selectivity. 

Conclusion 

With Ti8Ph cluster as titanium source, high defective MIL-125 

membrane was successfully fabricated through combining single-

mode microwave heating with tertiary growth in this study. 

Employing Ti8Ph cluster source led to not only a lower reaction 

temperature required for the formation of well-intergrown MIL-125 

membrane but also a higher missing-linker number within the 

framework, resulting in enhanced CO2/N2 adsorption selectivity. 

Prepared MIL-125 membrane exhibited an ideal CO2/N2 

selectivity of 38.7, which ranked the highest among all pristine 

polycrystalline MOF membranes measured under similar 

conditions. Of particular note, simulated flue gas separation 

experiment indicated that both CO2 permeance and CO2/N2 SF 

(35.9) remained unchanged, which was in sharp contrast to other 

CO2-permselective MOF membranes whose CO2/N2 selectivity 

sharply decreased with decreasing CO2/N2 ratio on the feed side, 

which was quite advantageous for stable operation under varying 

working conditions. In addition, its ideal H2/N2 and H2/CH4 

selectivity (64.9 and 40.7) were considerably high. It is anticipated 

that the concept of using metal-oxo clusters as metal sources 

could bring new insights into diverse high-performance MOF 

membrane preparations. 
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With the titanium-oxo cluster Ti8(μ2-O)8(OOCC6H5)16 as the titanium source, a MIL-125 metal-organic framework (MOF) membrane was 

prepared under mild reaction conditions through combining single-mode microwave heating with tertiary growth. Using this titanium 

source and maintaining a lower reaction temperature increased the missing-linker number in the MIL-125 framework and therefore 

enhanced the CO2/N2 selectivity. 
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