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Abstract 9 

Rational structural design and engineering of MOF membranes is particularly promising for energy-10 

efficient gas separation. Preferred orientation manipulation delegates an effective approach to 11 

eliminate intercrystalline defects and therefore, improve their separation performance, while room-12 

temperature (RT) synthetic protocol is quite beneficial to foster their industrial batch production. 13 

Nevertheless, it remains challenging to fabricate highly oriented MOF membranes at RT; 14 

simultaneously, the density of defective sites in the framework, which is assumed to exert significant 15 

influence on the separation performance relying on high affinity-interactions between guest molecules 16 

and coordinatively-unsaturated open metal sites, should be deliberately tailored. In this study, we 17 

achieve RT synthesis of highly (111)-oriented UiO-66 membrane exhibiting high defect density in the 18 

framework through employing Zr6O4(OH)4(OAc)12 clusters as zirconium source during epitaxial 19 

growth. Prepared UiO-66 membrane manifests an ideal CO2/N2 selectivity of 46.2, which represents 20 

the highest value among all pure MOF membranes tested in comparable operating conditions. It is 21 

anticipated that the above protocol can be further expanded for facile and mild preparation of state-of-22 

the-art MOF membrane. 23 

Keywords: Metal-organic framework; UiO-66; Defects; Orientation; Membrane 24 
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1. Introduction 26 

Owing to the effective avoidance of energy-intensive thermally-driven phase changes, membrane 27 

process represents a promising option for energy-efficient gas separation compared with traditional 28 

separation processes like cryogenic distillation. The past decades witnessed significant progress made 29 

in metal-organic framework (MOF) membranes with superior prospect for applications in gas 30 

separation, benefiting from their tailorable pore aperture, ultrahigh porosity, framework flexibility, and 31 

rich functional groups [1-5]. It should be noted that, however, under most conditions MOF membrane 32 

growth has to be conducted at relatively high reaction temperature, which inevitably increases the 33 

capital investment, operating cost, and energy consumption for their batch production [6-10]. 34 

Moreover, owing to the thermal expansion coefficient discrepancy between MOF layers and substrates, 35 

substantial intergranular cracks may form during the heating/cooling process, thus leading to inferior 36 

gas separation performance [11,12]. Room temperature (RT) synthetic protocol offers a facile and 37 

reliable solution on the above concerns. Nevertheless, there remain few literatures on RT MOF 38 

membranes preparation apart from a minority of single-metal-based counterparts (e.g., HKUST-1 and 39 

ZIF-8 membranes) [12-14]. 40 

UiO-66, featuring [Zr6(μ3-O)4(μ3-OH)4]12+ node connected to terephthalic linkers with hexanuclear 41 

fcu-topology, represents a promising candidate of membrane materials because of its outstanding 42 

thermal/chemical stability, appropriate pore aperture, and rich functional groups [7,15-19]; in addition, 43 

high affinity-interactions between Zr6O4(OH)4-node in defective frameworks and CO2 render UiO-66 44 

extremely appealing towards competent CO2 separation [20-25]. Li et al. took the lead to prepare CO2 45 

permselective UiO-66 membranes at 120 °C via in situ growth [21]. Caro et al. fabricated UiO-66 46 

membranes with H2 permselectivity at 180 °C via secondary growth [26]. In a recent study, we 47 

fabricated highly CO2 permselective UiO-66 membranes at 140 °C using tertiary growth with ZrS2 48 

source [22]. Very recently, Dong et al. synthesized ultra-thin UiO-66 membranes at 120 °C through in 49 

situ synthesis [7]. The difficulty in further reducing the temperature lies in that the pre-formation of 50 
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Zr6O4(OH)4-node in bulk-solution, which delegates the rate-limited step, is required for further growth 51 

of continuous UiO-66 membrane [27,28]. 52 

Previous study revealed that structural defects in UiO-66 membranes at different scales 53 

cooperatively exerted significant influence on their CO2/N2 separation performance [20,29]. On the 54 

one hand, increasing density of framework defect (i.e., missing-linker number) at the microscopic scale 55 

was capable of boosting porosity (i.e., pore size, surface area and pore volume) and coordinately-56 

unsaturated open metal-sites in UiO-66 frameworks, which was favorable for increasing both CO2/N2 57 

selectivity and CO2 permeability [20,28,30-35]. For instance, our recent study indicated that the UiO-58 

66 membrane prepared with ZrS2 source led to remarkably increased missing-linker numbers showing 59 

improved CO2/N2 selectivity, thereby demonstrating an obvious positive association between the 60 

CO2/N2 selectivity and missing-linker numbers [20,22]. Park et al. fabricated UiO-66-incorporated 61 

defect-tailored mixed-matrix-membranes exhibiting improved CO2/N2 separation performance so that 62 

the validity of defect-engineering on performance improvement for UiO-66-derived MMMs was 63 

verified [29]. On the other hand, preferred orientation control at the mesoscopic scale has been proven 64 

very efficacious in improving gas separation performance of MOF membrane, due to the reduction in 65 

grain boundary defects, ordered arrangement of micropore channel, and decrease in diffusion-path 66 

length for guest molecules [8,20,23,26,36-38]. Regarding UiO-66 membranes, previous literatures 67 

demonstrated that compared with randomly oriented or preferentially (002)-oriented counterparts, 68 

highly (111)-oriented UiO-66 membranes manifested both higher CO2/N2 selectivity and CO2 69 

permeance [20,39]. To ensure both the process simplicity and performance superiority, it is expected 70 

that highly (111)-oriented UiO-66 membranes exhibiting higher missing-linker numbers could be 71 

facilely prepared at RT. 72 

Zirconium-oxo acetate cluster Zr6O4(OH)4(OAc)12 (OAc=CH3COO), which is composed of metal-73 

inorganic-oxides Zr-O-Zr core surrounded by acetate ligands, belongs to the tetravalent-transition-74 

metallic-oxo clusters family and has been widely used well-defined building blocks for Zr-MOF 75 
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synthesis [27,28,40]. Benefiting from decent coordinative-interaction between acetate ligands and 76 

Zr6O4(OH)4-core, employing Zr6O4(OH)4(OAc)12 clusters as zirconium source warrants lower 77 

activation-energy required for UiO-66 formation through pre-organization of Zr6O4(OH)4-node in 78 

precursor solution as well as more accurate controlling of the missing-linker numbers through 79 

manipulating the ligand exchange rate [27]; simultaneously, conducting epitaxial growth under milder 80 

synthetic conditions is beneficial for suppressing twin generation and maintaining preferred 81 

orientations originated from UiO-66 seed monolayer [37], thus holding great promise for preparing 82 

highly (111)-oriented defect-engineered UiO-66 membranes showing unprecedented CO2/N2 83 

separation performances at RT. 84 

Through employing Zr6O4(OH)4(OAc)12 clusters as zirconium source, very recently we developed 85 

a RT protocol for synthesizing defect-rich UiO-66 membrane possessing superior CO2/N2 selectivity 86 

[41]. In this study, a multi-scale defect tailoring strategy is further proposed to prepare highly (111)-87 

oriented defect-engineered UiO-66 membrane showing unprecedented CO2/N2 selectivity. The 88 

fabrication process is as follow (Fig. 1): Initially, Zr6O4(OH)4(OAc)12 clusters are manufactured 89 

according to a well-reported procedure [28]. Subsequently, using the above clusters source, uniform 90 

octahedral-shaped UiO-66 seeds are synthesized at RT. In the next step, highly (111)-oriented UiO-66 91 

seed layer is prepared via dynamic air-liquid interfaces self-assembly (DALIAS) procedure. Finally, 92 

epitaxial growth is carried out with Zr6O4(OH)4(OAc)12 clusters source at RT, resulting in the ultimate 93 

formation of highly (111)-oriented defect-engineered UiO-66 membrane. Gas permeation results 94 

indicated that its ideal CO2/N2 selectivity (46.2) ranked the highest among all pure MOF membranes 95 

tested in comparable conditions.  96 
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 97 

Fig. 1. Schematic representation of RT synthesis of highly (111)-oriented defect-engineered UiO-66 98 

membrane employing Zr6O4(OH)4(OAc)12 clusters as zirconium source. Color codes: sky blue = 99 

Zr6O4(OH)4(OAc)12 clusters; grey = C; red = O. 100 

2. Experimental section 101 

2.1. Preparation of Zr6O4(OH)4(OAc)12 clusters 102 

Zr6O4(OH)4(OAc)12 clusters were prepared according to the previous literature with slight 103 

modifications. Specifically, 0.31 g of Zr(OC3H7)4 was added to binary HAc-DMF solvent (66 mL, 104 

VHAc/VDMF=24/42) followed by sonicating for 10 min. The clear solution was then transferred to a 105 

convective oven pre-heated to 130 °C, and kept for 3 h under this temperature. Ultimately, the vessel 106 

was taken out, allowed to cool naturally to RT. The cluster-containing solution color was changed 107 

from clear to yellow after the reaction (shown in SI-1). 108 

2.2. Preparation of UiO-66 seeds 109 

0.23 g of H2BDC was added into 66 mL of the above cluster-containing solution, and then 110 

ultrasonicated for 20 min. Subsequently, this reaction was carried out for 6 h at RT. Acquired white 111 
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powders were separated through centrifugating, washing by ethanol and DMF six times, and ultimately 112 

drying for 12 h at 90 °C under vacuum. 113 

2.3. Deposition of UiO-66 seed layers 114 

2.3.1. Deposition of highly (111)-oriented UiO-66 seed layers 115 

Initially, UiO-66 seeds (0.05 g) were uniformly dispersed in PVP aqueous solution (0.375 g/15 mL) 116 

followed by agitating for 24 h. Afterwards, UiO-66 seeds modified with PVP were centrifugated, 117 

rinsed with water six times, then dispersed in 4 mL of ethanol followed by sonication for 2 h. A regular-118 

shaped container connected to the circulating-pump was filled with distilled-water prior to oriented 119 

deposition. In the next step, the above UiO-66 seed-containing suspension was spread on air/liquid 120 

interface employing the syringe injector until the final formation of a continuous seed layer. Through 121 

elevating the substrate to the air-liquid interface, the seed layer was automatically transferred to the 122 

substrate surface. Ultimately, the acquired seed monolayer was dried at 80 °C under vacuum for 12 h 123 

prior to use. 124 

2.3.2. Deposition of randomly oriented UiO-66 seed layers 125 

The seed suspension (0.3 wt.%) was fabricated through uniformly scattering UiO-66 seeds in 126 

ethanol followed by vigorous stirring for 3 days. Subsequently, the UiO-66 seed layers were uniformly 127 

deposited on surface of the substrates via spin-coating of 0.1 mL of seed suspension at 3,500 rpm for 128 

1 min. Ultimately, the acquired seed layer was dried at 80 °C under vacuum for 12 h prior to use. 129 

2.4. Epitaxial growth of UiO-66 membranes 130 

2.4.1. Preparation of highly (111)-oriented UiO-66 membranes 131 

Firstly, a Teflon-lined vessel (50 mL) was placed into an (111)-oriented UiO-66 seed monolayer-132 

modified substrate vertically. Afterwards, the precursor solution obtained as the identical recipes and 133 

processing condition with UiO-66 seeds was poured into above vessel followed by conducting this 134 

reaction for 72 h at RT. Subsequently, the obtained UiO-66 membrane was taken out, washed by n-135 

propanol, and ultimately dried under vacuum for 2 days at RT before gas permeation test.  136 
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Moreover, UiO-66 powders, which were deposited on the bottom of the vessels simultaneously after 137 

the reaction, were separated through centrifugating, washing by DMF and ethanol six times, and 138 

ultimately drying for 12 h at 90 °C under vacuum. 139 

2.4.2. Preparation of randomly-oriented UiO-66 membranes 140 

The detailed procedure for preparation of randomly-oriented UiO-66 membranes were the same to 141 

that of (111)-oriented UiO-66 membranes except that randomly-oriented UiO-66 seed layer-modified 142 

substrates were used instead. 143 

2.5. Characterization 144 

EDXS patterns and SEM images were obtained by Hitachi FlEXSEM-1000 instrument. The 145 

preferred-orientation, crystallinity and phase purity of prepared UiO-66 membranes and powders were 146 

investigated with Rigaku-SmartLab X-ray diffractometer using focused monochromatized Cu-Kα 147 

radiations at 200 mA and 45 kV. CO2 (at 273 K and 298 K) and N2 (at 77 K, 273 K and 298 K) 148 

adsorption isotherms on UiO-66 powders were assessed by the ASAP 2020 Plus (Micromeritics). Prior 149 

to measurement, the samples were dried and degassed for 900 min at 180 °C. The pore size distribution 150 

was calculated based on the Horvath-Kawazoe model by assuming a carbon-slit pore geometry 151 

determined by the software version 1.03 provided by Micromeritics. Functional groups in UiO-66 152 

powders were characterized using FT-IR (Thermo Nicolet IS50) with KBr wafer. ATR-IR spectra were 153 

tested on Thermo Fisher iN10. TG analysis were measured on TG 209 (NETZSCH) under air purge in 154 

a temperature range between 40 °C and 900 °C with the ramping rate of 5 °C·min−1. DSC curves were 155 

recorded on DSC 204 F1 (NETZSCH) with aluminum crucible under air purge in a temperature range 156 

between 40 °C and 580 °C with the ramping rate of 5 °C·min−1. Prior to TG and DSC measurements, 157 

samples were activated for 720 min at 150 °C. The liquid 1H NMR spectra were measured using the 158 

nuclear-magnetic-resonance spectrometer (Varian DLG400). 159 

2.6. Gas permeation test 160 
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Both mixed-gas and single-gas permeation properties were tested with Wicke-Kallenbach technique. 161 

Obtained UiO-66 membranes were placed and sealed in membrane modules. The volume flow rates 162 

in feed side (single-gas or binary gas-mixture) were set to 50 mL·min-1, and Helium was employed to 163 

sweep permeate side at a same flow rate. Pressure differences in the both sides was maintained at 0.1 164 

MPa. In the separation test with humid feed gas, the feed gas was saturated with water vapor by flowing 165 

through a pure water tank (kept constantly at 60 °C) before entering the membrane permeation cell. 166 

Molar concentrations of permeated gases were analyzed with the calibrated gas-chromatograph 167 

(Agilent 7890B). Gas permeance (Pi) was represented as a molar flow rate (Ji) divided by permeate 168 

area (A) and partial pressure difference (∆Pi) (i.e., driving force) of component i: 169 

𝑷𝒊(𝐩𝐞𝐫𝐦𝐞𝐚𝐧𝐜𝐞) =
𝑱𝒊

∆𝑷𝒊ⅹ𝑨
 170 

The ideal selectivity (αA/B (ideal)) was calculated by the single-gas permeance ratios for gas pair 171 

A/B: 172 

𝜶𝑨/𝑩(𝐢𝐝𝐞𝐚𝐥) =
𝑷𝑨(𝐩𝐞𝐫𝐦𝐞𝐚𝐧𝐜𝐞)

𝑷𝑩(𝐩𝐞𝐫𝐦𝐞𝐚𝐧𝐜𝐞)
 173 

Separation factor (αA/B) was expressed to the quotients of molar fraction of component A/B on both 174 

sides: 175 

𝜶𝑨/𝑩 =
𝑿𝑨,𝒑𝒆𝒓𝒎 𝑿𝑩,𝒑𝒆𝒓𝒎⁄

𝑿𝑨,𝒇𝒆𝒆𝒅 𝑿𝑩,𝒇𝒆𝒆𝒅⁄
 176 

Gas permeability (Pi) was determined through multiplying the gas permeance by the effective 177 

thickness of the MOF membranes (L):  178 

𝑷𝒊(𝐩𝐞𝐫𝐦𝐞𝐚𝐛𝐢𝐥𝐢𝐭𝐲) = 𝑷𝒊(𝐩𝐞𝐫𝐦𝐞𝐚𝐧𝐜𝐞) × 𝑳 179 

Pi (permeability) was commonly expressed in Barrer (1 Barrer = 10-10 cm3 (STP) ⸱cm-1⸱s-1⸱cmHg-180 

1). 181 

3. Results and discussion 182 

3.1. Preparation of defect-engineered UiO-66 seeds 183 
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Initially, Zr6O4(OH)4(OAc)12 clusters, which served as zirconium source, were synthesized under 184 

solvothermal conditions starting from zirconium propoxide solution (SI-1) [28,41]. Uniformly 185 

octahedral-shaped UiO-66 crystals with the grain sizes in the range of 300 nm to 2 μm could be faciely 186 

synthesized employing the above Zr6O4(OH)4(OAc)12 clusters source at RT (SI-2). It was found that 187 

the crystal size could be easily and precisely regulated by altering the synthesis time. Subsequently, 188 

450 nm-sized UiO-66 crystals were chosen as seeds through balancing substrate surface roughness and 189 

seed layer thickness (Fig. 2a). Relevant FT-IR spectrum of above UiO-66 seeds exhibited characteristic 190 

bands at 1393 cm-1 (C=O symmetric stretching-vibration), 1506 cm-1 (C=C stretching-vibration), 1582 191 

cm-1 (C=O antisymmetric stretching-vibration), and 1652 cm-1 (C=O stretching-vibration), which 192 

corresponded to carboxylate groups located in both BDC linkers and acetate (SI-3) [7,42]. 193 

TG-DSC analysis was then carried out to quantify the deficiencies of BDC linkers in the UiO-66 194 

framework. As shown in Fig. 2b, both weight losses of TGA traces and exothermic peaks of DSC 195 

traces in the range of 40-200 °C, 200-310 °C, 310-390 °C, and 390-515 °C, which corresponded to de-196 

solvation (H2O and DMF), de-hydroxylation, modulator removal (acetic acid), and framework 197 

decomposition, respectively, matched well with previous reports [43]. Correspondingly, missing-linker 198 

numbers per Zr6O4(OH)4-node in the framework of UiO-66 seeds was calculated to be 1.69 according 199 

to a procedure established via Lillerud et al. (detailed calculation procedures were shown in SI-4) [33]. 200 

Furthermore, textural properties of activated UiO-66 seeds were investigated through N2 adsorption-201 

desorption tests. The representative type-I isotherm with a sharp increase in N2 uptakes in low relative 202 

pressures region revealed the microporous nature of UiO-66 seeds (Fig. 2c). Their BET surface area 203 

and micropore volume were calculated as 1331.2 m2·g-1 and 0.56 cm3·g-1, respectively, which were 204 

comparable with those of UiO-66 powders synthesized with other zirconium sources [28,30,31,33,43]. 205 

Simultaneously, the micro-pore size distributions caculated by the Horvath-Kawazoe-method implied 206 

that the average pore size of UiO-66 seeds was 0.66 nm (Fig. 2c). 207 

3.2. Preparation of (111)-oriented UiO-66 membranes 208 
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Initially, a facile DALIAS method developed in our group was adopted to deposit UiO-66 seeds 209 

onto oriented seed layer. As shown in Fig. 2d-e, a uniform close-packed UiO-66 monolayer with a 210 

thickness of 450 nm was obtained (SI-5). Corresponding XRD pattern further confirmed the 211 

dominance of (111)-preferred orientation of the seed monolayer (Fig. 2i). Moreover, we observed that 212 

UiO-66 seed layer could be sub-divided into some isolated regions where octahedron-shaped UiO-66 213 

crystals arranged themselves to hexagonal array, i.e., in-plane orientation (SI-6). As confirmed by our 214 

recent study, maintaining both regional in-plane and out-of-plane orientations could be advantageous 215 

for decreasing anisotropic grain boundaries and therefore, improving gas separation performance of 216 

UiO-66 membranes [23]. 217 

Subsequently, RT epitaxial growth was conducted to eliminate grain boundary gaps in the seed 218 

monolayer with Zr6O4(OH)4(OAc)12 clusters as zirconium source. SEM results showed that after 219 

epitaxial growth, a twin-free and well-intergrown UiO-66 membrane (abbreviated as ORI-UiO-M25) 220 

with smooth surface morphology had been formed (Fig. 2f). Corresponding EDXS results showed a 221 

distinct boundary between Zr and Al elements, thus demonstrating that obtained membranes did not 222 

infiltrate deep in the α-Al2O3 pore, which was favourable to decrease the diffusion path length of guest 223 

molecules (Fig. 2h). Cross-sectional SEM image revealed that thickness of ORI-UiO-M25 reached 224 

~800 nm (Fig. 2g), which was thinner than majority of UiO-66 membranes synthesized at higher 225 

temperature [10,20-24,26]. Moreover, both out-of-plane and in-plane orientations derived from the 226 

seed monolayer were well preserved after epitaxial growth, which was beneficial for further decreasing 227 

crystallographic misorientations and grain boundary defects of the UiO-66 membranes (SI-6) [23]. In 228 

addition, relevant XRD pattern displayed mere diffraction peaks originated from (111), (222) and (333) 229 

crystal plane (Fig. 2i), thus further verifying the dominance of (111)-preferred orientation. 230 
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 231 

Fig. 2. (a) SEM image, (b) TG-DSC curve and (c) adsorption-desorption-isotherm of N2 at 77 K (inset: 232 

HK-method-derived micropore size distribution) of UiO-66 seeds. (d) Top and (e) cross-sectional SEM 233 

images of UiO-66 seed monolayer. (f) Top and (g) cross-sectional SEM images of ORI-UiO-M25. (h) 234 

Cross-sectional EDXS image of ORI-UiO-M25 (color codes: Zr signals = green; Al signals = pink). 235 

(i) Corresponding XRD patterns. Scale bar: 1 μm. 236 

Considering the significant influence of reaction temperature on membrane microstructure, epitaxial 237 

growth was further carried out on UiO-66 seed layers using Zr6O4(OH)4(OAc)12 cluster source at 90 °C 238 

(abbreviated as ORI-UiO-M90), 110 °C and 140 °C, respectively. It was found that increasing the 239 

reaction temperature inevitably resulted in the generation of substantial twin crystals; moreover, both 240 

twin density and grain size increased with increasing reaction temperature (Fig. 3a-i). To further 241 

quantify the degree of preferred orientation of the above UiO-66 membranes, their crystallographic 242 
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preferred orientation (CPO) indices were determined (details were shown in SI-7) [26,44,45]. Indices 243 

of CPO of the (111) reflection in relation to the (002) reflection (denoted as CPO111/002) of UiO-66 244 

membranes synthesized at 90 °C, 110 °C and 140 °C were calculated as 52.3, 35.4 and 6.3, respectively 245 

(SI-7). In contrast, no (002) reflection in the XRD pattern could be discriminated for ORI-UiO-M25 246 

(Fig. 2i). It had been proven that random attachment of MOF nuclei formed in the bulk solution to the 247 

seed layer was the main cause of crystal twinning during epitaxial growth [37]. To elucidate this issue, 248 

the powder yield (PY), which could be used as an indicator of the degree of UiO-66 nucleation in bulk 249 

solution, was calculated according to molar contents of zirconium in precursor solution. Our results 250 

indicated that PY remarkably increased from 39.6% (25 °C) to 78.4% (140 °C) with increasing reaction 251 

temperature (SI-8), implying that the degree of UiO-66 nucleation in bulk solution was positively 252 

correlated with the reaction temperature. We therefore concluded that conducting the reaction at lower 253 

temperature was beneficial for preserving the preferred-orientations inherited from UiO-66 seed 254 

monolayer, owing to more effective inhibition of UiO-66 nucleation in bulk solution under such 255 

conditions. 256 

 257 
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 258 

Fig. 3. SEM images and XRD patterns of (111)-oriented UiO-66 membranes prepared at (a-c) 90 °C, 259 

(d-f) 110 °C and (g-i) 140 °C. (j-l) SEM images and XRD pattern of randomly oriented UiO-66 260 

membrane prepared at 25 °C. 261 

3.3. Investigation of textural properties of the UiO-66 membrane 262 

To elucidate more thoroughly the interplay between membrane structure and separation performance, 263 
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besides ORI-UiO-M25 and ORI-UiO-M90, simultaneously, UiO-66 powders deposited on bottom of 264 

the vessels (abbreviated as UiO-P25 and UiO-P90, respectively) were collected and studied further. 265 

As shown in Fig. 4a and 4e, XRD patterns and FT-IR spectra of UiO-P25 and UiO-P90 were in 266 

agreement to the typical UiO-66 phase, thereby confirming that the change in reaction temperature had 267 

no effect on their phase purity. 268 

Furthermore, TG-DSC analysis was carried out to evaluate the missing-linker numbers in above 269 

UiO-66 samples (Fig. 4b). Experimental results indicated that the numbers of missing-linkers per 270 

Zr6O4(OH)4-node in defective framework of UiO-P25 and UiO-P90 were 1.60 and 0.84, respectively, 271 

thus indicating that reducing the reaction temperature would give rise to higher missing-linker number. 272 

This is because the binding strength between capping groups and Zr6O4(OH)4 nodes at RT is so high 273 

that it is more difficult to exchange the above capping reagents with BDC linkers at RT [28]. Moreover, 274 

compared with UiO-P90, conspicuous diffraction reflection of UiO-P25 in the 2θ range of 2-6° could 275 

be observed (Fig. 4c), implying the existence of a supernumerary defective-reo-phase, i.e., missing-276 

nodes defects, in the UiO-66 framework [29,34]. It is worth mentioning that in such defective-reo-277 

phase, per Zr6O4(OH)4 node has lower linker connectivity compared with a perfect framework, thus 278 

jointly contributing to higher framework defect densities [31]. 279 

Possible terminal groups in defective UiO-66 framework were commonly hydroxy groups, chloride 280 

and monocarboxylates (i.e., deprotonated modulators such as acetate) [7,33]. The liquid 1H NMR 281 

spectra recorded on fully activated UiO-P25 and UiO-P90 exhibited only three signals in the full 282 

chemical shift range (SI-9), which could be assigned to acetate, BDC and NMR solvent (Fig. 4d). This 283 

evidently confirmed that acetate indeed compensated for positively charged defects in the UiO-66 284 

framework. Moreover, the acetate/BDC molar ratio of UiO-P25, as could be determined by the integral 285 

area of 1H NMR, was higher than UiO-P90, implying that the concentration of acetate for terminating 286 

defects in the UiO-66 framework increased with increasing missing-linker numbers there [7,33]. While 287 

chloride could be ruled out due to the absence of chlorine elements in EDXS spectra of UiO-P25 and 288 
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UiO-P90 (SI-10). FT-IR spectra of hydroxyl groups on fully activated UiO-25 and UiO-P90 exhibited 289 

characteristic bands at 3644 and 3676 cm-1, corresponding to μ3-OH stretching in [Zr6(μ3-O)4(μ3-290 

OH)4]12+-nodes (Fig. 4e) [46]. An additional OH adsorption band at 3691 cm-1 demonstrated that 291 

missing-linker sites were partially occupied by nonhydrogen-bonded OH group [47]. In view of the 292 

above results, we confirmed that defective sites in the framework of UiO-66 were jointly terminated 293 

by acetate and nonhydrogen-bonded OH group (Fig. 4k); moreover, IR band intensity of nonhydrogen-294 

bonded OH group in UiO-P25 was higher than UiO-P90, thus demonstrating that higher content of 295 

nonhydrogen-bonded OH group existed on [Zr6(μ3-O)4(μ3-OH)4]12+-nodes as increasing missing-linker 296 

number [46]. 297 

To gain more insights into the impact of missing-linker number on their adsorption properties, N2 298 

adsorption-desorption-isotherms of UiO-P25 and UiO-P90 were measured at 77 K. As shown in Fig. 299 

4f, BET surface areas of UiO-P25 and UiO-P90 were calculated as 1299.7 and 1032.7 m2·g-1, 300 

respectively, which were positively correlated with the missing-linker numbers. The increase in 301 

missing-linker numbers in the frameworks in turn contributed to enlarged pore size and increased 302 

accessible pore volumes [28,29]. Indeed, both the average pore size and micropore volume of UiO-303 

P25 (0.65 nm and 0.52 cm3·g-1) were remarkably higher than UiO-P90 (0.6 nm and 0.46 cm3·g-1) (Fig. 304 

4g and SI-11). In addition, adsorption-isotherms of CO2 and N2 on the UiO-66 powders were measured 305 

at 25 °C and up to 1 bar (Fig. 4h). It was observed that CO2 adsorption capacities of UiO-P25 and UiO-306 

P90 achieved 50.3 and 43.1 cm3·g-1 STP at 1 bar, respectively, thus verifying the validity of defect-307 

engineering in enhancing CO2 absorption properties; in contrast, their disrepancies in N2 adsorption 308 

capacities were negligible. This phenomenon could be reasonably attributed to preferential CO2 309 

adsorption on more coordinatively-unsaturated open metal-sites in more defective UiO-66 frameworks 310 

[20,22,41]. 311 

Subsequently, isosteric adsorption heat (Qst) of CO2 on UiO-P25 and UiO-P90 were calculated from 312 

temperature-dependent isotherms at 273 and 298 K using the Clausius-Clapeyron equation (SI-12). 313 
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Fig. 4i showed that Qst of CO2 on UiO-P25 was higher than UiO-P90 in the whole range of adsorbed 314 

CO2 loadings, implying that Qst of CO2 was positively correlated with the missing-linker numbers in 315 

UiO-66 frameworks due to stronger affinity-interactions between more defective Zr6O4(OH)4 node 316 

and CO2 [25,48]. This was in accordance with a previous study showing that the binding energy for 317 

CO2 to defective Zr6O4(OH)4-nodes capped with OH groups (-36 kJ·mol-1) was higher than those of 318 

perfect Zr6O4(OH)4-nodes (-30.32 kJ·mol-1) [49]. In addition, Qst of CO2 on UiO-P25 increased with 319 

increasing adsorbed CO2 loadings, possibly owing to strengthened adsorbate-adsorbate intermolecular 320 

interactions in the restricted pore space [48].  321 

Based on the IAST method, the adsorption selectivity of CO2/N2 on UiO-P25 (CO2/N2=50:50) was 322 

calculated to 25.1 (at 25 °C and 1 bar) (SI-13), which was superior to that of UiO-P90 (21.5) (Fig. 4j). 323 

Since selectivity of the membrane (Smem(i/j)) could be expressed as the product of diffusion-selectivity 324 

(Sdiff(i/j)) and adsorption-selectivity (Sads(i/j)) through the formula of Smem(i/j) = Sdiff(i/j) × Sads(i/j) [50], 325 

possessing higher CO2/N2 adsorption selectivity would result in higher membrane selectivity toward 326 

the gas pair of CO2/N2; in addition, enlarging the pore size was beneficial for enhancing the gas 327 

permeance of CO2 molecules through the membrane [7]. Therefore, possessing higher missing-linker 328 

numbers in the UiO-66 frameworks was anticipated to enhance separation performances of UiO-66 329 

membranes towards the CO2/N2 gas pair. 330 

 331 

Jo
urn

al 
Pre-

pro
of



17 

 

 332 

Fig. 4. (a) XRD patterns, (b) TG-DSC curves, (c) XRD patterns at low-2θ region, (d) Liquid 1H NMR 333 

spectra, (e) FT-IR spectra (inset: ʋOH region), (f) adsorption-desorption-isotherms of N2 (77 K), (g) 334 

pore size distribution, (h) adsorption isotherms of CO2 and N2 (298 K), (i) Qst of CO2, and (j) CO2/N2 335 

IAST selectivity of UiO-P25 and UiO-P90. (k) Illustration depicting the compositional and structural 336 

differences between the defect-free UiO-66 and those with missing-linker defects. 337 
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As discussed above, carrying out epitaxial growth at RT through employing Zr6O4(OH)4(OAc)12 338 

clusters as zirconium source warranted not only higher missing-linker numbers in UiO-66 frameworks 339 

at the microscopic scale but also better maintance of preferred orientation inherited from UiO-66 seed 340 

monolayer at the mesoscopic scale. We therefore deduced that CO2/N2 separation performance of ORI-341 

UiO-M25 could be significantly enhanced compared with its randomly oriented and/or lower missing-342 

linker numbered counterparts. 343 

3.4. Evaluation of gas separation performances of UiO-66 membranes 344 

To evaluate gas permeation properties on ORI-UiO-M25 under ambient conditions, volumetric flow 345 

rate of single-gas and binary gas-mixture through the membrane was determined. As shown in Fig. 5a, 346 

we found that there was no direct relationship between gas permeance and kinetic diameters of gas 347 

molecules due to a relatively large aperture size of UiO-66. Therefore, the gas permeation behaviors 348 

were dominated by preferential adsorption [20-22,24,41]. As expected, ORI-UiO-M25 exhibited the 349 

highest permeance towards CO2 molecules (5.7×10-8 mol⸱m-2⸱s-1⸱Pa-1), due to the strong affinity-350 

interactions between coordinatively-unsaturated open metal-sites in Zr6O4(OH)4 node and CO2 351 

molecules (SI-14). Moreover, the highest ideal CO2/N2 selectivity of ORI-UiO-M25 achieved 46.2, 352 

which had far exceeded corresponding Knudsen diffusion coefficients (Fig. 5a). It should be addressed 353 

that ideal CO2/N2 selectivity of ORI-UiO-M25 ranked the highest among all pure MOF membranes 354 

tested in comparable conditions (Fig. 5d), thus confirming that multi-scale defect tailoring represented 355 

an appealing protocol to exceed performance limits of state-of-the-art MOF membranes (SI-15). In 356 

addition, compared with the results of single-gas permeations, CO2 permeance in gas mixture was 357 

slightly decreased (Fig. 5a), which could be interpreted by the competitive adsorption between CO2 358 

and N2 molecules in UiO-66 frameworks [8,24]. 359 

To verify the influence of preferred orientation on CO2/N2 separation performance, randomly 360 

oriented UiO-66 membrane (abbreviated as RAN-UiO-M25) was also prepared (SI-16). SEM images 361 
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revealed that RAN-UiO-M25 was well-intergrown with a thickness of 2.4 μm (Fig. 3j-k). Gas 362 

permeation results showed that RAN-UiO-M25 exhibited an ideal CO2/N2 selectivity of 24.9 with a 363 

CO2 permeance of 2.1×10-8 mol⸱m-2⸱s-1⸱Pa-1 (Fig. 5b and SI-14). Compared with ORI-UiO-M25, both 364 

the CO2 permeance and CO2/N2 selectivity of RAN-UiO-M25 were remarkably reduced, which could 365 

be attributed to the increased membrane thickness and grain boundary defects, respectively. Therefore, 366 

preferred orientation control indeed played decisive roles in enhancing the CO2/N2 separation 367 

performances of UiO-66 membranes. 368 

Moreover, gas permeation behaviors on ORI-UiO-M90 were measured to confirm the effect of 369 

missing-linker number on the CO2/N2 separation performance. Our results indicated that in comparison 370 

with ORI-UiO-M25, ORI-UiO-M90 displayed decreased ideal CO2/N2 selectivity of 32.3 (Fig. 5c). 371 

This could be attributed to the lower number of missing-linkers in framework of ORI-UiO-M90, 372 

resulting in lower CO2/N2 adsorption selectivity. In addition, we noticed that the CO2 permeability of 373 

ORI-UiO-M25 was close to that of ORI-UiO-M90, which could be interpreted as follow: Gas 374 

permeability equaled the product of diffusion-coefficient (D) and absorption-coefficient (S). S was 375 

equated to the absorbed concentration of guest molecules in upstream sides divided by the 376 

corresponding partial pressures in the membranes, while D was positively associated with jump length 377 

and random walk-jumping frequency of guest molecule [51]. In this study, ORI-UiO-M90 possessing 378 

lower missing-linker number manifested lower CO2 absorption capacity, thus leading to decreased S; 379 

while owing to the weaker affinity-interactions between Zr6O4(OH)4-node in the framework of ORI-380 

UiO-M90 and CO2 as confirmed by the lower Qst of CO2 (Fig. 4i), the motion or desorption of CO2 381 

molecules were promoted, i.e., jump length and random walk jumping frequency were increased, 382 

thereby giving rise to increased D. The counteracting effect between S and D ultimately contributed to 383 

similar CO2 permeability [10,41]. Therefore, tailoring missing-linker defects could be a powerful tool 384 

for enhancing the CO2/N2 separation performances of UiO-66 membranes. 385 

In addition, we further investigated separation performance towards CO2/N2 on ORI-UiO-M25 386 
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through imitating the composition (VCO2:VN2=15:85) of flue gases. The membrane kept CO2/N2 387 

separation factor (SF) of 32.9 without reduction on CO2 permeance (Fig. 5e); in effect, CO2/N2 SF of 388 

ORI-UiO-M25 was steadily kept above 30 in the full range of feed composition. In addition, no 389 

discernible decrease of CO2/N2 SF and CO2 permeance could be discerned during the long-term test 390 

under ambient conditions (Fig. 5f), thereby holding great promise for the application under practical 391 

operating conditions. Finally, the adhesion strength of ORI-UiO-M25 was studied. Our research 392 

showed that even after ultrasonication for 60 min in DI water (shown in SI-17), ORI-UiO-M25 393 

remained intact in morphology and steadily adhered to the substrate surface, thus demonstrating its 394 

excellent mechanical stability. 395 

In addition, the influence of water vapor (~3.9 wt.%) on CO2/N2 separation performance of ORI-396 

UiO-M25 was further investigated. After the introduction of saturated water vapor, ORI-UiO-M25 397 

exhibited CO2/N2 separation factor (SF) of 33.7 with the CO2 permeance of 4.4×10-8 mol⸱m-2⸱s-1⸱Pa-1, 398 

corresponding to 14% reduction in CO2/N2 SF and 26.2% reduction in CO2 permeance. The long-term 399 

stability test in the presence of humid feed gas indicated that ORI-UiO-M25 exhibited stable CO2/N2 400 

separation performance within 7 h. Further prolonging the duration led to an immediate deterioration 401 

in CO2/N2 SF, which could be attributed to the presence of more missing-linker defects in the UiO-66 402 

framework. 403 

ORI-UiO-M25 was further subjected to CO2/N2 separation at elevated operating temperature. It was 404 

found that operating temperature strongly affected the CO2 permeance and CO2/N2 SF of ORI-UiO-405 

M25. With increasing operating temperature from 25 to 120 °C, the CO2 permeance steadily increased, 406 

whereas the CO2/N2 SF was remarkably reduced, which could be attributed to weakened affinity-407 

interactions between coordinatively-unsaturated open metal-sites in defective Zr6O4(OH)4 nodes and 408 

CO2 at higher temperature [8]. In addition, ORI-UiO-M25 displayed inferior operation stability at 409 

120 °C, which could be attributed to the presence of more missing-linker defects in the UiO-66 410 

framework. 411 
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 412 

Fig. 5. Results of single-gas and mixed-gas permeations on (a) ORI-UiO-M25, (b) RAN-UiO-M25, 413 

and (c) ORI-UiO-M90. Inset: SF and ideal selectivity towards the gas pair of CO2/N2 and CO2/CH4. 414 

(d) Comparisons of the CO2/N2 separation performances of our UiO-66 membranes with other pure 415 

MOF membranes measured in similar conditions. (e) The CO2/N2 separation performance as the 416 

function of feed compositions of ORI-UiO-M25. (f) Long-term stability test of ORI-UiO-M25 towards 417 

equimolar CO2/N2 gas pair at 25 °C and 1 bar. 418 

4. Conclusions 419 

In this study, we proposed a multi-scale defect tailoring strategy to rationally design and prepare 420 

highly (111)-oriented defect-engineered UiO-66 membrane exhibiting unprecedented CO2/N2 421 

selectivity. Among various experimental factors, employing Zr6O4(OH)4(OAc)12 clusters as zirconium 422 

source and conducting reaction at RT warranted not only the higher missing-linker numbers in UiO-423 

66 frameworks at the microscopic scale but also better maintance of preferred orientations inherited 424 

from UiO-66 seed monolayer during epitaxial growth at the mesoscopic scale, which cooperatively 425 

contributed to enhanced CO2/N2 separation performance. The ideal CO2/N2 selectivity of prepared 426 
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UiO-66 membrane ranked the highest among all pristine pure MOF membranes measured in similar 427 

operating conditions, thus confirming the effectiveness of multi-scale defect tailoring strategy in 428 

exceeding performance limits of state-of-the-art MOF membranes. The above strategy was expected 429 

to be expanded for facile and mild preparation of diverse state-of-the-art MOF membranes. 430 
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⚫ CO2/N2 separation performance of (111)-oriented UiO-66 membrane exceeded the upper 

limits of pristine MOF membranes 

⚫ Conducting reaction at room temperature with Zr6O4(OH)4(OAc)12 cluster source warranted 

better preferred orientation control 

⚫ This represented the first room-temperature preparation of oriented high-valent transition 

metal-oxo node-based MOF membranes 
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