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Room-temperature (RT) synthesis of high-performance MOF membranes is particularly attractive for their batch
production in industry. Nevertheless, to date there remains no report on RT preparation of high-valent transition
metal-oxo node-based MOF (like UiO-66) membranes since in general higher activation energy is required for the
formation of metal-oxo nodes prior to the membrane growth. In this work, we pioneered the preparation of wellintergrown UiO-66 membranes at RT, which could be realized by direct using Zr6O4(OH)4-oxo cluster as zir
conium source. Moreover, UiO-66 synthesized at RT exhibited higher defect densities, which was advantageous
for enhancing the CO2/N2 selectivity via attractive interaction between CO2 and defective sites. Defectengineered UiO-66 membrane fabricated through tertiary growth at RT exhibited exceptional CO2/N2 selec
tivity of 37.8, which was the highest value among all pristine polycrystalline MOF membranes tested under
similar conditions. Our results convincingly demonstrate that using metal-oxo cluster source represents a
promising protocol for facile and mild high-performance MOF membrane preparations.

1. Introduction
Metal− organic framework (MOF) as an emerging class of porous
membrane material has received widespread attention for energyefficient gas separation, owing to its permanent porous structure, tail
orable functionality, and ultrahigh surface areas [1–5]. At present,
hundreds of different types of MOF membranes have been manufactured
and manifested attractive performances in H2 purification, CO2 capture,
and olefin/paraffin separation et al. [6–9]. So far as the solution-based
synthetic protocol is concerned, under most conditions, relatively high
reaction temperature is required, which is energy-consuming and
complicated for batch production of MOF membranes [10–13]; in
addition, safety concerns have to be addressed under autogenous pres
sure conditions. Alternatively, room-temperature (RT) MOF membrane
preparation could be an effective solution to the above problems
[14–18]. Nevertheless, to date, relevant reports on MOF membrane
synthesis at RT remained quite limited except for limited types of
single-metal MOF (e.g., ZIF-8 and HKUST-1) membranes [16–18].
UiO-66, which features the six-center octahedral zirconium oxide

Zr6O4(OH)4 nodes as the secondary-building-unit (SBU), is conceived as
one of the most appealing MOF materials for use in membrane-based
separation because of its intrinsic high chemical, thermal and mechan
ical stability [10,11,13,19–26]. Moreover, high affinity interaction be
tween CO2 and defective Zr6O4(OH)4 nodes in UiO-66 framework makes
it particularly attractive for efficient CO2 separation [11,21,25,27]. Li
et al. pioneered the fabrication of well-intergrown UiO-66 membranes
using in-situ solvothermal synthesis at 120 ◦ C [21]. Caro et al. prepared
H2-permselective UiO-66 membrane through secondary growth at
180 ◦ C [19]. Very recently, we further prepared highly CO2-permse
lective UiO-66 membrane through combining ZrS2 source with tertiary
growth at 140 ◦ C [11]. It was noted above that in general, carrying out
solvothermal reaction at temperatures no lower than 120 ◦ C was
indispensable to warrant the formation of continuous polycrystalline
UiO-66 membranes. This is because the formation of Zr6O4(OH)4 nodes
in the bulk solution, which represents rate-limiting step of the reaction,
is required prior to the formation of integrated UiO-66 framework on the
substrate [15,28].
Previous studies indicated that increasing defect density (i.e.,
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missing-linker number) in UiO-66 framework led to increased porosity
(i.e., surface areas, aperture size and pore volumes) and coordinately
unsaturated open metal sites, which were beneficial for improving the
CO2 adsorption capacity and selectivity [15,29–38]. For example, Wu
et al. clarified that the presence of missing-linker defects in UiO-66
framework caused significantly enhanced CO2 adsorption capacities,
surface areas and pore volumes [36]. Park’s research indicated that
increasing the defect density enabled UiO-66 to offer more available
adsorption sites for CO2 molecules through raising the porosity and
average aperture size [27]. Our recent study confirmed that increasing
missing-linker number led to higher CO2 adsorption capacity and
CO2/N2 adsorption selectivity because of preferential adsorption of CO2
on defective sites in UiO-66 framework [37]. Regarding defective
UiO-66-based membranes, very recently we fabricated UiO-66 mem
branes with ZrS2 source, resulting in considerable increase in
missing-linker defects and therefore, unprecedented CO2/N2 selectivity
so that a positive correlation between missing-linker number and
CO2/N2 selectivity was elucidated [37]. Park et al. prepared
defect-engineered UiO-66-incorporated mixed-matrix membranes
(MMMs) showing enhanced CO2/N2 and C3H6/C3H8 separation perfor
mances, thereby demonstrating the effectiveness of defect engineering
in performance enhancement of UiO-66-based MMMs [27,39]. Never
theless, it remained impractical to precisely tune defect density in the
membrane and therefore, quantify the missing-linker number-separa
tion performance relationship.
– CH3COO), a
Zirconium-oxo cluster Zr6O4(OH)4(OAc)12 (OAc–
member of organically functionalized tetravalent-transition-metal-oxo
cluster family, consists of inorganic metal-oxide Zr–O–Zr cores capped
with acetate anions or –OH/-OH2 pairs [15,28,40]. Decent coordinative
interaction between Zr6O4(OH)4 cores and acetate linkers renders
Zr6O4(OH)4(OAc)12 cluster ideal zirconium source of UiO-66 mem
branes since not only the activation energy for the formation of UiO-66
can be significantly reduced via preorganization of Zr6O4(OH)4 nodes in
the precursor solution, but also the missing-linker number can be pre
cisely tuned via manipulation of ligand exchange rates, thereby making
it possible to fabricate defect-engineered UiO-66 membranes under
milder reaction conditions [28]. Herein, we pioneered RT synthesis of
defect-engineered UiO-66 membrane using Zr6O4(OH)4(OAc)12 cluster
as zirconium source, which was schematically depicted as follow (shown
in Fig. 1): Initially, Zr6O4(OH)4(OAc)12 cluster was facilely prepared

following a well-documented procedure [15]. Subsequently, UiO-66
seeds, which were fabricated at RT using the above cluster source,
were uniformly spin-coated on the substrate to serve as a seed layer.
Finally, RT tertiary growth was carried out to fabricate well-intergrown
UiO-66 membrane using the above Zr6O4(OH)4(OAc)12 cluster source.
Gas permeation results of prepared UiO-66 membrane showed that its
ideal CO2/N2 selectivity achieved as high as 37.8, which ranked the
highest among all pristine polycrystalline MOF membranes tested under
similar condition; moreover, since the defect density in the membrane
could be precisely adjusted by simply varying the synthetic temperature
or BDC/Zr ratio, a quantitative relationship between missing-linker
numbers and CO2/N2 separation performances was established. Our
results showed that compared with secondary growth, carrying out
tertiary growth enabled concurrent increase in CO2/N2 selectivity and
CO2 permeability, thereby providing an effective protocol to overcome
the permeability-selectivity trade-off.
2. Experimental section
2.1. Reagents and materials
Zirconium propoxide solution (Zr(OC3H7)4, 70 wt%, TCI), 1,4-benze
nedicarboxylic acid (H2BDC, 99%, Macklin), acetic acid (HAc, 99.5%,
Tianjin Kermel), N, N-dimethylformamide (DMF, 99.8%, Tianjin Ker
mel), n-propanol (C3H7OH, 99.5%, Macklin), iso-propanol (C3H8O,
99.5%, Macklin), and ethanol (C2H5OH, 99.7%, Tianjin Kermel) were
directly used with no further purification. Porous α-Al2O3 disks with the
thickness of 1 mm, diameter of 18 mm, and pore size of 70 nm were
acquired from Fraunhofer IKTS, Germany.
2.2. Preparation of Zr6O4(OH)4(OAc)12 clusters
Zr6O4(OH)4(OAc)12 clusters were synthesized following previously
reported procedure with slight modification [15]. Briefly, given amount
of Zr(OC3H7)4 (shown in Table 1) was added in 66 mL of DMF-HAc bi
nary solvent (VDMF/VHAc = 42/24). The above solution was sequentially
sonicated for 10 min, placed in an oven preheated to 130 ◦ C, and
maintained under this temperature for 3 h. Finally, the vessel was
fetched out and naturally cooled to RT. During this interval, the color of
above reaction solution gradually converted from colorless into yellow

Fig. 1. Illustration of defect-engineered UiO-66 membrane RT synthesis using Zr6O4(OH)4(OAc)12 cluster as zirconium source. Color code: black = C; red = O; dark
blue = N; sky blue = Zr6O4(OH)4(OAc)12 cluster. H atoms are omitted for concision. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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2.6. Tertiary growth of UiO-66 membranes

Table 1
Recipe of Zr6O4(OH)4(OAc)12 clusters.
Zr6O4(OH)4(OAc)12 Cluster

Zr(OC3H7)4 (g)

DMF (mL)

HAc (mL)

Cluster-A
Cluster-B
Cluster-C

0.31
0.45
0.60

42
42
42

24
24
24

UiO-66 membranes obtained after tertiary growth were named as
UiO-TGx/y, with x and y denoting the synthesis temperature and BDC/Zr
ratio, respectively. Detailed recipe and processing conditions for the
fabrication of UiO-TG25/1.4 were the same as those of UiO-SG25/1.4
except that UiO-SG25/1.4 was vertically placed in the vessel instead.

(SI-1).

2.7. Gas permeation test
Prepared UiO-66 membrane was placed in membrane module and
sealed with O-rings. Both volumetric flow rates of feed (single gases or
binary gas mixtures) and permeate sides were kept at 50 mL min− 1, and
only the permeate side was swept by Helium. The pressure difference in
feed and permeate sides was kept at 1 bar. A calibrated gas chromato
graph (7890B, Agilent) was used to analyze the composition of permeate
mixed gases. Separation factor (SF) αA/B was calculated from the quo
tient of the molar fractions of components (A, B) in the feed side and
permeate side using the following equation:
/
X A,perm X B,perm
/
αA/B =
X A,feed X B,feed

2.3. Preparation of UiO-66 seeds
UiO-66 seeds were named as UiO-Sx/y, with x and y denoting the
synthesis temperature and BDC/Zr ratio, respectively. For example, UiOS25/1.4 represented UiO-66 seeds synthesized at RT (25 ◦ C) with
Zr6O4(OH)4(OAc)12 cluster and BDC/Zr ratio of 1.4. For comparison,
UiO-S25/2 and UiO-S140/2.7 were also synthesized. Detailed recipe and
processing conditions were summarized in Table 2. Specifically, UiOS25/1.4 were synthesized through adding 0.3 g of H2BDC into 66 mL of
cluster-C, followed by ultrasonication for 20 min. Afterwards, the re
action was conducted at RT for 2 h. Obtained precipitates were
sequentially centrifugated, washed with ethanol and DMF, and ulti
mately dried at 80 ◦ C under vacuum overnight.

The ideal selectivity, i.e., αA/B (ideal), was defined as the single gas
permeance ratio of gases A and B:
PA (permeance)
PB (permeance)

2.4. Deposition of UiO-66 seed layers

αA/B (ideal) =

UiO-66 seed layers obtained after spin-coating of UiO-S25/1.4, UiOS25/2 and UiO-S140/2.7 under optimized processing conditions were
named as UiO-SL25/1.4, UiO-SL25/2 and UiO-SL140/2.7 respectively.
Before spin-coating, seed suspensions were vigorously stirred for at least
3 days at RT. Subsequently, UiO-S25/1.4 (0.2 wt% in iso-propanol), UiOS25/2 (0.3 wt% in ethanol), and UiO-S140/2.7 (0.3 wt% in ethanol) were
spin-coated on porous α-Al2O3 substrates at 3500 rpm for 60 s, respec
tively. Finally, obtained seed layers were dried at 70 ◦ C overnight before
further use.

Gas permeability (Pi, mol⸱m− 1⸱s− 1⸱pa− 1) was expressed as the flux of
component i per unit area (Ji, mol⸱m− 2⸱s− 1) multiplied by the effective
thickness of the MOF membrane (L, m), and then divided by its driving
force, i.e., partial pressure differences (ΔPi, Pa) between upstream and
downstream sides through the membrane:
Pi (permeability) = Pi (permeance) × L =

Ji ⋅L
▵Pi

Pi (permeability) was commonly expressed in Barrer (1 Barrer =
3.348 × 10− 16 mol⸱m− 1⸱Pa− 1⸱s− 1).

2.5. Secondary growth of UiO-66 membranes

3. Results and discussion

UiO-66 membranes obtained after secondary growth were named as
UiO-SGx/y, with x and y denoting the synthesis temperature and BDC/Zr
ratio, respectively. Detailed recipe and processing conditions of UiOSG140/2.7, UiO-SG25/2 and UiO-SG25/1.4, which were listed in Table 3,
were the same as those of UiO-S140/2.7, UiO-S25/2, and UiO-S25/1.4 except
that the corresponding seed layers were immersed in their respective
precursor solutions prior to the membrane growth. Taking the prepa
ration of UiO-SG25/2 as an example, initially, the UiO-SL25/2 was verti
cally placed in a 50 mL Teflon-lined vessel. Subsequently, the precursor
solution prepared following the same recipe and processing conditions
as UiO-S25/2 was added in the above vessel. The reaction was carried out
at RT for 48 h. Afterwards, prepared UiO-SG25/2 was fetched out, rinsed
with n-propanol, and finally dried at RT for 48 h under vacuum.
In addition, UiO-66 powders (abbreviated as UiO-Px/y, with x and y
denoting the synthesis temperature and BDC/Zr ratio), which were
simultaneously sedimented at the bottom of the vessel, were sequen
tially centrifugated, washed with ethanol and DMF, and finally dried at
80 ◦ C under vacuum overnight.

3.1. Preparation of UiO-66 membranes by in situ growth
Initially we attempted to fabricate well-intergrown UiO-66 mem
branes on bare porous α-Al2O3 substrates using Zr6O4(OH)4(OAc)12
cluster by in-situ growth due to its simplicity (details were shown in SI2). However, it was proven to be very challenging to entirely eliminate
the intergranular gaps even under optimized situations (SI-3), which
could be ascribed to weak affinity interaction between UiO-66 crystal
lites and α-Al2O3 substrate surface, resulting in a low heterogenous
nucleation density [11]. In the following, seeded growth, which was
expected to overcome the nucleation barrier of UiO-66 crystals on sur
face of the substrate, was utilized to fabricate well-intergrown UiO-66
membranes.
3.2. Preparation of UiO-66 seeds
Zr6O4(OH)4(OAc)12 cluster was used as zirconium source of defectengineered UiO-S140/2.7, UiO-S25/2, and UiO-S25/1.4. SEM results

Table 2
Recipe and processing conditions of various UiO-66 seeds.
UiO-66 Seeds

Temperature (◦ C)

H2BDC (g)

Zr6O4(OH)4(OAc)12 Cluster

Cluster Volume (mL)

Time (h)

UiO-S140/2.7
UiO-S25/2
UiO-S25/1.4

140
25
25

0.30
0.23
0.30

Cluster-A
Cluster-A
Cluster-C

66
66
66

6
6
2

3
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Table 3
UiO-66 membranes obtained by secondary growth.
UiO-66 Membrane

UiO-66
Seed layer

Temperature (◦ C)

H2BDC (g)

Zr6O4(OH)4(OAc)12 Cluster

Cluster Volume (mL)

Time (h)

UiO-SG140/2.7
UiO-SG25/2
UiO-SG25/1.4

UiO-SL140/2.7
UiO-SL25/2
UiO-SL25/1.4

140
25
25

0.30
0.23
0.23

Cluster-A
Cluster-A
Cluster-B

66
66
66

48
48
48

indicated that all these seeds exhibited uniform octahedral shape
(Fig. 2a–c), and their average grain sizes reached 430 nm, 450 nm and
130 nm, respectively (SI-4). XRD patterns of the above samples were
consistent with the standard UiO-66 phase, implying that varying the
synthetic temperature or BDC/Zr ratio did not have any impact on their
phase purity (Fig. 2d). In addition, FT-IR spectra of prepared samples
(Fig. 2e) manifested conspicuous peaks at 1396 cm− 1 and 1506 cm− 1,
– O) and
which could be attributed to carbonyl stretching vibration (C–
– C) stretching vibrations of BDC linkers in UiO-66 framework [10,
(C–
39].
Subsequently, TG analysis was conducted to evaluate linker va
cancies (Fig. 2f) based on the method developed by Lillerud et al. (shown
in SI-5) [10,33,37,39,41]. Missing-linker numbers per Zr6O4(OH)4 node
in the framework of UiO-S140/2.7, UiO-S25/2, and UiO-S25/1.4 were
calculated to be 0.56, 1.61 and 2.24, respectively, implying that the

missing-linker number decreased with the increase of reaction temper
ature or BDC/Zr ratio. This was because raising the synthetic tempera
ture or BDC/Zr ratio favored the forward shift of the equilibrium
towards the BDC-Zr bond formation, thereby facilitating “ironing out”
linker deficiencies [15,42].
In addition, XRD patterns of UiO-66 samples prepared at RT indi
cated that with increasing defect density, the diffraction peak in the 2θ
range of 3–6◦ (shown in SI-6) was simultaneously strengthened, thereby
demonstrating the presence of an additional defective reo-phase
featured by the existence of missing-node defects in UiO-66 frame
work [27,30,33,39,43]. It should be addressed that in comparison with
“perfect” UiO-66 framework, each Zr6O4(OH)4 node in such defective
reo-phase had lower ligand connectivity, thereby jointly contributing to
higher defect density in UiO-66 framework. Whereas the above
reo-phase completely disappeared at higher reaction temperature (e.g.,

Fig. 2. SEM images of (a) UiO-S140/2.7, (b) UiO-S25/2, (c) UiO-S25/1.4. (d) XRD patterns, (e) FT-IR spectra and (f) TG curves of UiO-66 seeds. Cross-sectional SEM
images of (g) UiO-SL140/2.7, (h) UiO-SL25/2 and (i) UiO-SL25/1.4.
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at 140 ◦ C), which was in accordance with previous reports [15,27,29,
39].

based on N2 adsorption-desorption-isotherms at 77 K, BET surface areas
of UiO-P140/2.7, UiO-P25/2 and UiO-P25/1.4 were 811.4, 1241 and 1458.3
m2 g− 1, respectively, indicating that their BET surface areas were posi
tively correlated to the missing-linker numbers (Fig. 4b). Total pore
volumes of above samples (0.35, 0.53 and 0.55 cm3 g− 1, respectively)
were found to follow the same trend. Another outcome of the increase in
missing-linker number was enlarged micropores [15]. As evidenced by
the micropore size distribution analyses calculated by the
Horvath-Kawazoe model, the most defective sample, i.e., UiO-P25/1.4,
exhibited the largest pore size (0.71 nm) in comparison with
UiO-P140/2.7 (0.6 nm) and UiO-P25/2 (0.68 nm) (Fig. 4c). In addition,
their mesopore size distributions, determined by the BJH-method (SI-9),
revealed that as the defect density increased, mesopore volumes in the
range of 2–4 nm were significantly increased, which was within the pore
size range of the reo-phase (≈2.5 nm) whose existence had been verified
by the XRD patterns (Fig. 4d) [27,39,44].
To further quantify the relationship between missing-linker numbers
and gas adsorption capacities, CO2 and N2 adsorption isotherms were
conducted on sedimented UiO-66 powders. As shown in Fig. 4e,
adsorption capacities of CO2 at 25 ◦ C and 1 bar on UiO-P140/2.7, UiO-P25/
3 − 1
STP, respectively,
2 and UiO-P25/1.4 reached 39.1, 50.8 and 62.7 cm g
implying that the increase of defect density in UiO-66 framework
remarkably improved the CO2 adsorption capacity, while the boosting
effect on the N2 adsorption capacity was quite limited. This could be
explained with preferential CO2 adsorption on more coordinatively
unsaturated open metal sites in UiO-66 framework and increased BET
surface areas as verified by Ghosh et al. [27,29,36,45].
Considering the potential impact of CO2/N2 adsorption selectivity on
the CO2/N2 separation performance of UiO-66 membranes, CO2/N2
adsorption selectivity of all sedimented UiO-66 powders were calculated
based on the IAST model (SI-10). Experimental results showed that CO2/

3.3. Deposition of UiO-66 seed layers
Subsequently, spin-coating was conducted to deposit the above UiO66 seeds on porous α-Al2O3 substrates. SEM results manifested that all
UiO-66 seed layers were uniform and close-packed with thickness of ~1
μm (Fig. 2g–i). Corresponding XRD patterns revealed that these UiO-66
seed layers were randomly oriented (shown in SI-7).
3.4. Secondary growth of UiO-66 membranes
In the following step, secondary growth was employed to eliminate
the intergranular gaps in UiO-66 seed layers. SEM results indicated that
after secondary growth, all obtained UiO-66 membranes were wellintergrown accompanied with moderate increase of grain size and
thickness (shown in Fig. 3a–f). To be specific, a distinct boundary in
corresponding EDXS pattern of UiO-SG25/1.4 could be distinguished,
implying that prepared membrane was not deeply infiltrated into the
porous substrate, which was advantageous to reduce the diffusion
resistance (Fig. 3g). XRD patterns further confirmed that the above
membranes were still consistent with pure UiO-66 phase without
preferred-orientation (Fig. 3h).
Considering the potential impact of textural properties on separation
performances of UiO-66 membranes, UiO-66 powders simultaneously
sedimented at the bottom of the vessel after secondary growth were
collected and subjected to detailed characterization (shown in SI-8). Our
results indicated that being analogy to relevant UiO-66 seeds, missinglinker numbers in the framework of UiO-P140/2.7, UiO-P25/2 and UiOP25/1.4 reached 0.41, 1.53 and 2.12, respectively (Fig. 4a). In addition,

Fig. 3. Top and cross-sectional SEM images of (a, b) UiO-SG140/2.7, (c, d) UiO-SG25/2 and (e, f) UiO-SG25/1.4. Scale bar: 2 μm. (g) Cross-sectional EDXS mapping of
UiO-SG25/1.4 (color code: Al signal = pink; Zr signal = green). (h) XRD patterns of UiO-66 membranes. Gas permeation results of (i) UiO-SG140/2.7, (j) UiO-SG25/2 and
(k) UiO-SG25/1.4. Insets: Separation factor and ideal selectivity of H2/N2, CO2/CH4 and CO2/N2 gas pairs. (l) Correlation between the missing-linker number per
Zr6O4(OH)4 node and CO2 permeability/ideal selectivity/separation factor of UiO-66 membranes. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 4. (a) TGA curves, (b) N2 adsorption/desorption isotherms (77 K), (c) Horvath-Kawazoe method-based pore size distributions, (d) low-2θ region of XRD pat
terns, (e) CO2 and N2 adsorption isotherms (298 K), and (f) CO2/N2 IAST selectivity of UiO-P140/2.7, UiO-P25/2 and UiO-P25/1.4.

N2 IAST adsorption selectivity of UiO-P140/2.7, UiO-P25/2 and UiO-P25/1.4
reached 20.5, 25.9 and 42.6, respectively (Fig. 4f). Obviously, the CO2/
N2 IAST adsorption selectivity was positively associated with the
missing-linker number, implying that Zr6O4(OH)4(OAc)12 cluster was
competent zirconium source for precisely tuning missing-linker defects
and therefore, gas adsorption properties of UiO-66.
To verify the influence of missing-linker defects on separation per
formances of UiO-66 membranes, volumetric flow rates of both single
gases and gas mixtures on UiO-SG140/2.7, UiO-SG25/2 and UiO-SG25/1.4
were measured. Our results demonstrated that all UiO-66 membranes
manifested the highest permeance towards CO2 compared with other
gas molecules (Fig. 3i–k), owing to the strong affinity interaction be
tween CO2 and coordinatively unsaturated open metal sites in
Zr6O4(OH)4 nodes [11,21,37]; moreover, ideal CO2/N2 selectivity of
UiO-SG140/2.7, UiO-SG25/2 and UiO-SG25/1.4 reached 17.4, 26 and 34.1,
implying that increasing missing-linker number led to enhanced CO2/N2
selectivity while maintaining similar CO2 permeability (Fig. 3l), which
could be rationally interpreted as follows: It was widely accepted that
the gas separation selectivity (Smem(i/j)) of membranes could be favor
ably represented as the interaction of adsorption selectivity (Sads(i/j)) and
diffusion selectivity (Sdiff(i/j)) in view of the equation: Smem(i/j) = Sads(i/j)
× Sdiff(i/j) [46]. Since the CO2/N2 adsorption selectivity (Sads(i/j))
calculated based on IAST model followed the sequence UiO-P140/2.7 <
UiO-P25/2 < UiO-P25/1.4 (Fig. 4f), it was the higher CO2/N2 adsorption
selectivity of UiO-P25/1.4 that contributed to higher CO2/N2 selectivity of
UiO-SG25/1.4. Gas permeability (P) was related to absorption-coefficient
(S) and diffusion-coefficient (D) through the equation of P = D × S [47,
48]. D was positively correlated to the random walk jumping frequency
and jump length of guest molecules; while S equaled to the concentra
tion of absorbed gas in the membrane at upstream side divided by up
stream partial pressure [47]. Therefore, the UiO-66 membrane
containing higher missing-linker number in UiO-66 framework exhibi
ted higher CO2 absorption capacity, resulting in increased
absorption-coefficient. However, owing to higher affinity interaction
between CO2 molecules and defective Zr6O4(OH)4 nodes with higher

missing-linker number, the desorption or motion of CO2 was greatly
inhibited [10], i.e., random walk jumping frequency and jump length of
CO2 were reduced, resulting in a decrease in diffusion-coefficient. Since
absorption-coefficient and diffusion-coefficient were nearly offset by
each other, UiO-SG140/2.7, UiO-SG25/2 and UiO-SG25/1.4 exhibited
similar CO2 permeability.
In addition, gas permeation results for CO2/CH4 and H2/N2 gas pairs
on the membrane were shown in SI-11 and SI-12. It was noted that ideal
CO2/CH4 and H2/N2 selectivity of UiO-SG25/1.4 reached 22.7 and 17.8,
respectively, which were far beyond the corresponding Knudsen selec
tivity and therefore, confirmed that there existed few grain boundary
defects in the membrane.
The mechanical stability of prepared UiO-SG25/1.4 was further
investigated. Experimental results indicated that even after strong son
ication in distilled water for 1 h, continuous and crack-free UiO-SG25/1.4
remained firmly attached to the substrate surface (SI-13), thereby con
firming high adhesion strength between UiO-66 layer and substrate
surface as well as well intergrowth between neighboring UiO-66 grains,
which was comparable to UiO-66 membranes prepared with other
synthetic strategies [13,19]. In addition, the chemical stability of pre
pared UiO-SG25/1.4 was tested. Prepared UiO-SG25/1.4 was sequentially
immersed in NaCl and HCl aqueous solutions, respectively. Experi
mental results implied that the morphology of the UiO-66 membrane
remained intact after being immersed in NaCl (0.2 wt%) or HCl (2 vol%)
aqueous solution for 24 h (SI-14), which was in consistent with stability
test results of previous studies [21,49].
3.5. Tertiary growth of UiO-66 membranes
In view of its competency in eliminating grain boundary defects,
herein tertiary growth was further performed on UiO-SG25/1.4 [11,37,
50]. Prepared UiO-TG25/1.4 remained well-intergrown with the thick
ness of 3.7 μm (Fig. 5a–c).
Gas permeation results of UiO-TG25/1.4 were listed in Fig. 5d, SI-11
and SI-12. It was noted that the ideal CO2/N2 selectivity reached 37.8,
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Fig. 5. (a, b) Top and cross-sectional SEM images of UiO-TG25/1.4. Scale bar: 5 μm. (c) XRD patterns of UiO-TG25/1.4. (d) Single-gas and mixed-gas permeation results
of UiO-TG25/1.4. Inset: Separation factor and ideal selectivity for H2/N2, CO2/CH4 and CO2/N2 gas pairs. (e) CO2/N2 separation performance of UiO-TG25/1.4 as a
function of feed composition. (f) Comparison of the CO2/N2 separation performance with other pristine polycrystalline MOF membranes tested under
similar conditions.

which ranked the highest among all pristine polycrystalline MOF
membranes tested under similar conditions (SI-15). Simultaneously, we
compared the CO2/N2 separation performance of UiO-TG25/1.4 with both
2008 Robeson upper bound and state-of-the-art 2019 upper bound for
polymeric membranes [51]. As shown in SI-16, the membrane perfor
mance of UiO-TG25/1.4 remained below the 2008 Robeson upper bound.
It was anticipated that this trade-off could be overcome via fabrication
process innovation and membrane microstructure optimization further.
The CO2/N2 separation performance of UiO-TG25/1.4 was further
investigated by simulating the composition of flue gas (VCO2:VN2 =
15:85). Our membrane maintained satisfying CO2/N2 separation factor
of 28.3 with no sacrifice in CO2 permeance (Fig. 5e), thereby confirming
there existed rare grain boundary defects in the membrane.
More importantly, we noted that after tertiary growth (shown in
Fig. 5f), both ideal selectivity of the CO2/N2 gas pair and CO2 perme
ability of UiO-TG25/1.4 was concurrently increased compared with those
of UiO-SG25/1.4, which was in strong contrast with the conventional
post-synthetic modification routes which inevitably led to reduced gas
permeability [52,53]. The increase in CO2/N2 selectivity could be
ascribed to concurrent reduction in grain boundary defects and increase
of thickness, which introduced more coordinatively unsaturated open
metal sites for preferential CO2 adsorption [27]. Maurin et al. observed
that the diffusion rate of CO2 molecules in UiO-66 framework steadily
increased with increasing CO2 loadings [54]. Therefore, increased CO2
permeability could be ascribed to more coordinatively unsaturated open
metal sites in UiO-66 framework, which led to higher diffusion rates of
CO2.
Moreover, it should be noted that in comparison with the literature,
the CO2 permeability was significantly reduced in our study, which
might be interpreted as follow: 1) Eddaoudi et al. indicated that the
ultrathin ZIF-8 membrane prepared by LPE growth method exhibited
evidently lower H2 gas permeance (1.9 × 10− 8 mol⸱m− 2⸱s− 1⸱Pa− 1) than
corresponding data reported in the literature, owing to the formation of
continuous ZIF-8 membrane with minimal grain boundary defects [55].

Therefore, the low CO2 permeability of our UiO-66 membrane could
partially be ascribed to the effective elimination of intercrystalline de
fects and/or cracks. 2) Owing to the addition of an excessive amount of
acetic acid as the modulator and the use of high-boiling-point DMF as
the solvent [56,57], it was reasonable to assume that residual acetic acid
and/or DMF molecules might still be trapped in the UiO-66 framework
even after the room-temperature reaction, thus hindering the fast
permeation of guest molecules (e.g., CO2) through the membrane. 3)
Preferred orientation had been proven to be quite effective in enhancing
the gas permeability of MOF membranes, owing to uniform arrangement
of aperture channels and effective reduction of diffusion path length of
guest molecules [12,13,37]. Since our UiO-66 membrane was randomly
oriented, the CO2 permeability was significantly lower than other highly
oriented counterparts.
Besides CO2/N2 gas pair, we noted that ideal CO2/CH4 selectivity of
UiO-TG25/1.4 reached as high as 32.4 (Fig. 5d), which was superior to
most of pristine polycrystalline MOF membranes reported in the liter
ature, owing to cooperative tailoring of defects at different length scales.
4. Conclusions
In this study, we prepared defect-engineered UiO-66 membrane at
RT by using Zr6O4(OH)4(OAc)12 cluster as zirconium source. The use of
Zr6O4(OH)4(OAc)12 cluster not only effectively reduced the synthetic
temperature but also optimized the defect densities in UiO-66 frame
work. The UiO-66 membrane fabricated by tertiary growth manifested
superior ideal CO2/N2 selectivity of 37.8, which was the highest value
among all pristine pure MOF membranes under similar conditions.
Moreover, we found that the missing-linker number in UiO-66 mem
branes could be facilely tuned through varying the reaction temperature
or the BDC/cluster ratio. The ambient condition required for the prep
aration of high-performance UiO-66 membranes was advantageous for
scale-up compared with other synthetic strategies, owing to the
incomparable superiorities in decreasing the installation investment,
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lowering the energy consumption for batch production, simplifying the
operation process, providing safer production conditions, and
improving the reproducibility through avoiding the involvement of the
heating/cooling process, which might lead to the generation of inter
granular cracks. In addition, our method enabled facile and precise
control of the structure (e.g., missing-linker number) and function of
UiO-66 membranes so that their separation performances could be
deliberately tailored. We firmly believed that the strategy of using metal
cluster source could find widespread applications in synthesizing MOF
membranes showing superior microstructures and enhanced separation
performances under mild reaction conditions. The concept of coopera
tive defect tailoring was anticipated to bring new insights into diverse
high-performance MOF membrane preparations.
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