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Abstract: Concurrent regulation of crystallographic orientation and
membrane thickness of zirconium metal-organic framework (Zr-
MOF) membranes is challenging but promising for their performance
enhancement. In this study, we pioneered the fabrication of uniform
triangular-shaped, 40 nm thick UiO-66 nanosheet (NS) seeds by
employing an anisotropic etching strategy. Through innovating
confined counter-diffusion-assisted epitaxial growth, highly (111)-
oriented 165 nm-thick UiO-66 membrane was prepared. The
significant reduction in thickness and diffusion barrier in the
framework endowed the membrane with unprecedented CO,
permeance (2070 GPU) as well as high CO,/N, selectivity (35.4),
which surpassed the performance limits of state-of-the-art
polycrystalline MOF membranes. In addition, highly (111)-oriented
180 nm-thick NH,-UiO-66 membrane showing superb H,/CO;
separation performance with H, permeance of 1230 GPU and
H,/CO; selectivity of 41.3, was prepared with the above synthetic
procedure.

Anisotropic etching

Introduction

Membrane-based separation has shown great potential for gas
separation in view of energy efficiency and small carbon
footprints.! Recent decades witnessed considerable attention
paid to metal-organic framework (MOF) membranes due to their
high porosity, excellent thermal stability, tunable framework
structure, and rich functionality.’) Nevertheless, their separation
performances are still suffered from the permeability-selectivity
trade-off. It has been proven that the microstructure (like
orientation, thickness, and grain boundary structure) of MOF
membranes exerted a significant influence on their separation
performances.®! Ideally, highly oriented ultrathin MOF
membranes are desirable for transcending their performance
upper bound. Among various methods, epitaxial growth has
proven to be capable of precisely controlling the microstructure
of MOF membranes due to an effective decoupling of nucleation
and growth processes.! Nevertheless, the following obstacles
must be overcome for preparing highly oriented ultrathin MOF
(in particular, 3D MOF) membranes: First, facile preparation of
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Figure 1. The procedure for the preparation of highly (111)-oriented ultrathin UiO-66 membrane.
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uniform  MOF nanosheet (NS) seeds. Although great
achievements have been made in the synthesis of MOF NSs,
the applicability of the methods developed so far is mainly
restricted to 2D MOF materials; in contrast, recent progress
made in preparing 3D MOF NSs remained quite limited. In
addition, it is equally important to inhibit excessive growth in the
vertical direction with no compromise in membrane continuity.
Although several approaches have been developed to modulate
the epitaxial growth of oriented MOF membranes in the lateral
direction relative to the vertical direction, how to minimize the
growth rate in the vertical direction with no compromise in
continuity remains largely unexplored to date. Third, suppression
of twin growth during epitaxial growth, since twin generation may
lead to increased intercrystalline defects and therefore, inferior
gas separation performance.

UiO-66, a prototypical member of Zr-MOFs with 3D topology,
represents a promising candidate for membrane-based CO,
separation due to appropriate pore size, high affinity for CO,,
and exceptional chemical stability.®@ We recently found that
maintaining preferred (111)-orientation was beneficial for
enhancing CO./N, separation performances of UiO-66
membranes.®! A significant reduction in membrane thickness
has become indispensable to improving their separation
performances further.

However, currently using octahedral-shaped UiO-66 seeds (2
400 nm in size) represents the only option for preparing highly
(111)-oriented UiO-66 membranes. As a result, the thickness of
the obtained UiO-66 membrane is limited by that of the seed

layer, which hinders further enhancement of the CO, permeance.

To overcome the above obstacles, developing a facile strategy
for synthesizing UiO-66 NS seeds with ultrathin thickness (<50
nm) has become indispensable. Nevertheless, their preparation
remains elusive to date, although tremendous efforts have been
devoted to the morphology and size regulation of UiO-66
crystals.[78l

In recent decades, anisotropic etching has proven quite effective
in preparing hollow-structured MOF crystals through the
preferential dissolution of their bulk counterparts along specific
facets.! For instance, Maspoch et al. synthesized uniform
hollow ZIF-8 crystals via xylenol orange etching through
selective breaking coordination bonds between Zn?* ions and 2-
mim ligands.[®d Recently, Yu et al. demonstrated that WO4*
anions could react with [ZrsO4(OH)4] cluster nodes in the UiO-66
framework via neutralization reaction, resulting in the formation
of uniform bipyramid-shaped hollow UiO-66 crystals through
etching their bulk counterparts.®® Motivated by these
achievements, herein we speculate that triangular ultrathin UiO-
66 NSs may be obtained through further prolonging the etching
duration, which, however, still deserves further verification.

In this study, we fabricated highly (111)-oriented 165 nm-thick
UiO-66 membrane through innovating NS seed preparation and
epitaxial growth processes, which were briefly described as
follow (Figure 1): Initially, a novel progressive anisotropic
etching strategy was employed for preparing uniform triangular-
shaped 40 nm-thick UiO-66 NSs. Subsequently, oriented UiO-66
seed layer supported on the porous a-Al,O3; disk was obtained
via spin-coating technique. Finally, highly (111)-oriented 165
nm-thick UiO-66 membrane was prepared via confined counter-
diffusion-based epitaxial growth. To the best of our knowledge,
this represented the first report of the preparation of sub-200-
nm-thick oriented 3D MOF membranes. Among various
influencing factors, preparation of uniform UiO-66 NS seeds via
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anisotropic etching, the conduction of confined counter-diffusion-
assisted epitaxial growth, and using ZrS, as metal precursor
during epitaxial growth cooperatively contributed to the formation
of UiO-66 membranes with optimized microstructure. Gas
permeation results indicated that the CO./N, separation
performance of prepared UiO-66 membrane was the highest
among pristine pure MOF membranes measured under
comparable conditions. In the same manner, we prepared highly
(111)-oriented 180 nm-thick NH,-UiO-66 membrane showing
superb H,/CO, separation performance, thus confirming its
generality for separation performance enhancement of MOF
membranes.

Results and Discussion

The first step involved the preparation of UiO-66 NS seeds. In
this study, we explored the preparation of uniform UiO-66 NS
seeds via precise anisotropic etching of bulk UiO-66 crystals
(denoted as P-UiO-66grt) synthesized by a simple solvothermal
method at room temperature. As shown in Figure 2a, obtained
bulk UiO-66 crystals were octahedral-shaped with an average
size of 800 nm. After wet-chemical etching in an Na;WO,
solution under controlled conditions, uniform triangle-shaped
UiO-66 NSs with side length of ~600 nm could be obtained
(Figure 2b, c). Relevant AFM image (Figure 2d) indicated that
the thickness of UiO-66 NSs was ~40 nm. TEM results further
confirmed that there existed substantial mesopores inside UiO-
66 NSs (Figure 2e). Crystal phase and crystallinity of the
prepared NSs were convinced by the relevant XRD pattern,
which exhibited a characteristic peak assigned to the (111)
plane of UiO-66 (Figure 2f). While a significant loss of
crystallinity of the obtained UiO-66 NSs could be attributed to
severe structural degradation during the etching process. In
addition, the appearance of a broad hump with 20 value in the
range of 15-35° was indicative of the presence of amorphous
phase, which commonly possessed higher chemical activity than
its crystalline counterpart due to the abundant provision of
unsaturated coordination sites and dangling bonds.'% Relevant
FT-IR spectra revealed identical characteristic vibrations as their
bulk counterparts (Figure S1), thus confirming that the
coordination interaction between [ZrsO4(OH).] cluster nodes and
terephthalic acid (H.BDC) ligands was largely preserved after
anisotropic etching.

Simultaneously, textural properties of UiO-66 NSs were studied
through the analysis of their N, sorption isotherms (77 K)
featuring a steep uptake at P/Po=0-0.02 and a hysteresis loop
at P/P¢=0.45-1.0, which was indicative of the presence of
hierarchical pore structure (Figure 2g). The BET surface area of
UiO-66 NSs was calculated to be 357 m? g, which was lower
than that of P-UiO-66gr (1010 m? g') due to partial collapse of
the framework. The micropore size distribution of UiO-66 NSs
was the same as P-UiO-66gr (0.68 nm), while the BJH pore size
distribution of UiO-66 NSs further revealed the presence
of mesopores centering at 3.7 and 14.4 nm (Figure S2), which
was consistent with the above TEM observation. Given the
potential impact of gas adsorption capacity and selectivity on the
CO2/N, separation performance, CO, and N, adsorption
isotherms of UiO-66 NSs were further measured at RT. As
shown in Figure 2h, compared with P-UiO-66gt, UiO-66 NSs
exhibited a certain reduction in CO, and N, adsorption capacity;
nevertheless, the CO,/N; IAST selectivity (36.4) (Figure 2i, Table
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S1) at relatively high pressure remained unchanged, which was
beneficial for maintaining high CO./N, selectivity of the
corresponding UiO-66 membranes. It was worth mentioning that,
UiO-66 NSs showed a reverse trend in IAST selectivity. This
could be attributed to the existence of abundant unsaturated Zr#
originating from the lower crystallinity, which not only promoted
stronger quadrupolar interactions with CO,, but also restricted
N, diffusion into the pores, thus leading to increased IAST
selectivity with increasing pressure. To verify the preferential
binding affinity of UiO-66 framework towards CO,, isosteric
adsorption heat (Qs;) values of CO, and N, on UiO-66 NSs and
P-UiO-66grr were calculated from the temperature-dependent
isotherms at 273 and 298 K using the Clausius-Clapeyron
equation (Figure S3). It was observed that both UiO-66 NSs and
P-UiO-66rr possessed higher Qs values for CO, than N, at
lower adsorption amount, indicating that both UiO-66 NSs and
P-UiO-66rr exhibited preferential binding affinity towards COs..
While the gradual reduction of Qs value with increasing
adsorption amount was a sign of the existence of CO,-selective

a

(Q H (nm)
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binding sites either.

To gain insights into the mechanism of UiO-66 NS formation,
morphological evolution of bulk UiO-66 crystals during the
process of anisotropic etching was studied (Figure 3). At the
early stage, edges and vertices of bulk UiO-66 crystals were
more vulnerable to nucleophilic attack by etching agents (i.e.,
WOQO,? anions); in counterst, relevant facets parallel to the (111)
plane remained intact (Figure 3a). After etching for 2 h, the
interior of UiO-66 crystals was largely dissolved, thus forming a
hollow-shaped structure as confirmed by relevant TEM image
(Figure 3b). Further prolonging the etching duration to 3 h
resulted in progressive thinning in all directions, therefore
forming hollow-shaped UiO-66 crystals with completely
dissolved vertices and partially segregated edges (Figure 3c).
Finally, uniform triangular-shaped UiO-66 NSs were obtained
due to complete edge etching (Figure 2b). The mechanism of
etching-induced UiO-66 NS formation was schematically
illustrated in Figure 3d. Of particular note, the reason why the
etching preferentially occurred at vertices and edges can be
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Figure 2 Characterization of bulk UiO-66 crystals (denoted as P-UiO-66gr) synthesized at room temperature and UiO-66 nanosheets
(NSs) prepared via anisotropic etching. (a) SEM images of P-UiO-66xr. (b, c) SEM images, (d) AFM image, and (e) TEM image of UiO-
66 NSs. (f) XRD patterns, (g) N sorption isotherm, (h) CO, and N, adsorption isotherms, and (i) CO2/N, IAST selectivity of P-UiO-66 rr

and UiO-66 NSs.
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Figure 3 SEM and TEM images of UiO-66 prepared by anisotropic etching for (a) 1 h, (b) 2 h, and (c) 3 h. (d) Schematic diagram of the
formation process of UiO-66 NSs. (e) Schematic illustration of the crystal structure of UiO-66 along different directions. Zr, C, and O atoms

are represented as green, grey, and red spheres, respectively.

attributed to a higher surface Gibbs free energy there. In
addition, as illustrated by the framework topology of UiO-66
(Figure 3e), (110) and (100) facets possess lower atomic
packing density and larger pore openings in comparison with
that of the (111) facet, which implies that the former can be more
easily accessed by WO, anions, resulting in preferential
etching of bulk UiO-66 crystals along [100] and [110] lattice
directions. bl

It is noteworthy that the use of bulk UiO-66 crystals synthesized
at RT was the prerequisite for obtaining uniform triangular-
shaped UiO-66 NSs. For comparison, bulk UiO-66 crystals
synthesized at 120 °C. (denoted as P-UiO-66120) were subjected
to anisotropic etching following the same procedure as
described above. Our results indicated that only cracked
nanocages and trace amounts of UiO-66 NSs could be obtained
after etching (Figure S4). The morphological discrepancy could
be ascribed to different missing-linker numbers in the UiO-66
framework. To be specific, missing-linker numbers in the
framework of P-UiO-66120 and P-UiO-66rt, as confirmed by the
calculation results based on the method developed by
Lillerud,* were 0.80 and 1.44, respectively (Figure S5).
Obviously, more defective P-UiO-66gr were more susceptible to
nucleophilic attack by WO,4?* anions, rendering it easier to ensure
complete etching of edges and vertices; simultaneously, larger
pore size of P-UiO-66gr (0.68 nm) in comparison with that of P-

UiO-6612 (0.61 nm) was advantageous for faster diffusion of
WO,% anions in the framework, making it more efficient for
etching the interior of bulk UiO-66 crystals (Figure S6).

Our research indicated that etching temperature exerted crucial
influence on final appearance of etched UiO-66 crystals. UiO-66
NSs could not be obtained at etching temperatures lower than
180 °C (Figure S7); in addition, we found that carrying out
etching reaction under static heating condition instead of
dynamic heating condition led to the formation of non-uniform
UiO-66 crystals due to the difficulty in eliminating temperature
and concentration gradients in the reaction vessel (Figure S8).
Subsequently, the obtained UiO-66 NSs were uniformly
deposited on the porous a-Al,O3; substrate via spin-coating
techniqgue. SEM images indicated that the seed layer was
uniform, closely packed, and 120 nm-thick (shown in Figure 4a
and S9). In addition, only the (111) reflection located at 26 value
of 6.7° was observed in the XRD pattern (shown in Figure 4f),
thus confirming that the seed layer was highly (111) oriented.

In the next step, epitaxial growth was performed to fill remaining
intergranular gaps in the seed layer. Initially, ZrCl, was used as
metal source. Nevertheless, its high reactivity resulted in
explosive bulk nucleation and therefore, severe crystal twinning
in the UiO-66 membrane (Figure S10). Our previous study
indicated that using 2D transition metal sulfides (e.g., ZrS;) as
metal source enabled effective bulk nucleation inhibition and
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twin suppression during epitaxial growth.*? Therefore, ZrS, was
used as zirconium source in this study. SEM images showed
that a well-intergrown and smooth UiO-66 membrane could be
obtained after epitaxial growth, confirming that undesired crystal
twinning had been effectively suppressed; nevertheless, its
thickness sharply increased to ~700 nm, which could be
attributed to the existence of large open space on top of the
seed layer, resulting in excessive growth in the vertical direction
(Figure S11). It is therefore anticipated that an innovative
approach enabling the suppression of epitaxial growth in the
vertical direction with no compromise in membrane continuity
could be developed.

The counter-diffusion synthetic protocol, referring to physical
segregation of two precursor solutions containing metal ions and
organic ligands with porous supports followed by their
concentration-gradient-driven assembly, has shown promising
opportunities for ultrathin MOF membrane preparation due to its
“self-regulating” ability to terminate MOF crystal growth upon
forming a continuous MOF layer.*¥! Wang pioneered the
preparation of continuous ZIF-8 membranes via counter-
diffusion method.*¥ In this study, a confined counter-diffusion
approach was further developed to achieve epitaxial growth of
highly (111)-oriented ultrathin UiO-66 membrane. To be specific,
trace amounts of ZrS,, which served as sole metal source, were
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deposited on the back side of the seed layer-deposited porous
a-Al,O3 substrate, followed by epitaxial growth in a ligand-
containing precursor solution (Figure S12).

As shown in Figure 4c, after epitaxial growth, a well-intergrown
165 nm-thick UiO-66 membrane showing flat surface
morphology was obtained (Figure 4d). The corresponding EDXS
mapping showed a sharp transition between the UiO-66 layer
and underlying substrate (Figure 4e), implying that the UiO-66
crystals did not penetrate deep in the substrate pores;
simultaneously, only a diffraction peak assigned to the (111)
plane could be discerned in the XRD pattern (Figure 4f), thus
confirming that prepared UiO-66 membrane was highly (111)-
oriented. As far as we know, this represented the thinnest
oriented 3D MOF membrane as reported in literatures.?15

In addition, we found that the membrane thickness was only
slightly increased compared with the seed layer, confirming that
employing confined counter-diffusion significantly inhibited the
epitaxial growth in the vertical direction. Subsequently, the
relative lateral growth rate (Vi = Viaera/Vverical) Of epitaxial growth
layer was calculated. Our results indicated that v, of the above
UiO-66 membrane reached 8.9, which was much higher than
that of the UiO-66 membrane prepared by conventional epitaxial
growth (V,=1.1) (Table S2).
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Figure 4 SEM images of (a) porous a-Al,O3 substrate, (b) UiO-66 NS seed layer, and (c, d) UiO-66 membrane prepared by confined
counter-diffusion epitxial growth at 150 °C for 6 h. (e) EDXS mapping of Zr (color code: green) and Al (color code: pink) distributions at the
cross-section of prepared UiO-66 membrane. (f) XRD patterns of (i) simulated XRD pattern, (ii) (111)-oriented seed layer, and (iii) (111)-

oriented UiO-66 membrane.
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separation factor of different gas pairs through the UiO-66 membrane. (c) Comparison of the CO,/N, separation performance of the UiO-66
membrane with other pristine polycrystalline MOF membranes measured under similar conditions. (d) Single and mixed gas permeances
of the NH,-UiO-66 membrane measured under ambient conditions. (e) Ideal selectivity and separation factor of different gas pairs through
the NH,-UiO-66 membrane. (f) Comparison of the H,/CO; separation performance of the NH,-UiO-66 with other pristine polycrystalline 3D
MOF membranes measured under similar conditions. Detailed data were listed in Table S3—S6.

The significant reduction in epitaxial growth rate in the vertical
direction could be ascribed to concentration gradients hindering
the diffusion of nutrients in the seed layer. Compared with
conventional epitaxial growth, effective segregation of H,BDC
ligand-containing solution and ZrS, source with the porous
substrate led to the generation of concentration gradients of
H.BDC ligands and dissolved Zr species at the substrate-
solution interface.  Furthermore, narrow and tortuous
intergranular spaces in the seed layer played decisive roles in
modulating the relative lateral epitaxial growth rate: On the one
hand, owing to a sufficient supply of nutrients (i.e., both Zr
species and BDC ligands) within intergranular spaces, relatively
high epitaxial growth rate in the lateral direction could be
guaranteed; on the other hand, owing to large concentration
gradients of dissolved Zr species, their concentration on top of
the seed layer was fairly low, thus leading to kinetically limited
epitaxial growth in the vertical direction. In addition, our results
showed that pre-deposition of the oriented seed layer, which
provided not only a confined space for counter-diffusion but also
heterogeneous nucleation sites for epitaxial growth, was
indispensable for the formation of highly (111)-oriented ultrathin
UiO-66 membrane. As shown in the comparative experiment,
direct employment of bare porous a-Al,O3; substrate would lead
to the formation of a discontinuous and randomly oriented UiO-
66 layer even under optimized synthetic conditions (Figure S13).
It is expected that our UiO-66 membrane will show enhanced
CO./N, separation performance due to a multi-scale
microstructural superiority, i.e., high missing-linker number
(1.44), preferred-(111) orientation, and ultrathin thickness (165
nm). Finally, single gas and binary gas mixture permeation tests
were performed using the Wicke-Kallenbach technique (Figure
S14). Our results showed that the permeance of CO, (6.9x107
mol m? st Pa?l) was the highest compared with other gas

molecules; moreover, the CO,/N;, CO2/CHs4, Ho/N2 and Hy/CH,
selectivity of prepared UiO-66 membrane, which reached 35.4,
22.7, 23.1 and 14.5, was far beyond the corresponding Knudsen
selectivity, thus confirming that there existed few grain boundary
defects in the membrane (Figure 5a, Table S3). To determine
the origin of the high H2/N, and H,/CH, selectivity, adsorption
and diffusion coefficients of different gases in UiO-66
membranes were further calculated according to the membrane
permeability and gas sorption isotherms at room temperature
(Figure S15). It was observed that the H, diffusion coefficient
was much higher than that of CH4 and N, while the adsorption
coefficient of H, was lower than that of CH4 and Ny, thus proving
that the high H./N, and H,/CH, selectivity was mainly attributed
to the high H,/N, and H,/CH, diffusion selectivity.®l In effect,
many literatures have reported the preparation of larger pore-
sized membranes with high Hz/N, or H,/CH,4 selectivity. It was
therefore possible that the unique framework topology of UiO-66
contributed to the decent H./N, and H»/CH4; separations.
Moreover, the preferred (111)-orientation was beneficial for
reducing grain boundary defects and therefore, enhancing the
H2/N2 and Hy/CH, selectivity further. Of particular note, its
CO./N, separation performance easily transcended the upper
bound of state-of-the-art MOF membranes tested under similar
conditions (Figure 5c, Table S4). In addition, the online stability
test indicated that both CO, permeance and separation factor
(SF) of equimolar CO,/N, gas mixture were kept unchanged
within 20 h (Figure S16), thus indicating an excellent operation
stability.

To verify the generality of this approach, we further prepared
highly (111)-oriented 180 nm-thick NH,-UiO-66 membrane
(Figure S17) following identical synthetic procedure except that
NH,-BDC ligands were used instead. Gas permeation results
(Figure 5e, Table S5) indicated that the ideal H,/CO; selectivity
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Figure 6. (a-c) SEM images of prepared pure Pebax 2533 membrane, UiO-66 NS-loaded mixed-matrix membrane ,and thin film composite
membrane using UiO-66 NS gutter layer (denoted as Pure Pebax, NS-MMM and NS-TFC, respectively), and (d) corresponding XRD
patterns of (i) Pure Pebax, (i) NS-MMM and (iii) NS-TFC. (e) CO./N, separation performance of different membranes. (f) Comparison
CO,/N, separation performances of prepared composite membranes with 2008 Robeson upper bound.*”)

reached 43.4, which was superior to all other NH,-UiO-66
membranes (Figure 5d). Adsorption and diffusion coefficients of
gas molecules in the prepared NH;-UiO-66 membrane were
further calculated according to the membrane permeability and
gas adsorption isotherms (Figure S18). It was observed that
compared with CO,, H; showed the highest diffusion coefficient
(ca. 10°cm?s™) in the NH,-UiO-66 framework, implying that
fast diffusion of H, in the membrane contributed to the high H,
permeance; simultaneously, NH,-UiO-66 only exhibited a
negligible H, uptake (0.79 cm® g) compared with CO, (59.6 cm?®
g1, thus confirming a weak interaction between the NH,-UiO-66
framework and H,. In contrast, the diffusion coefficient of CO,in
the NH,-UiO-66 framework was significantly reduced from 108
(in the UiO-66 framework) to 10°%° cm? s; simultaneously, Qs
value of CO, on NH,-UiO-66 (32.4 kJ mol') was much higher
than that on UiO-66 (28.2 kJ mol?), which was indicative of a
stronger affinity interaction between CO, and NH,-UiO-66
framework (Figure S19). The strong interaction in turn inhibited
the desorption or motion of CO, (i.e., random walk jumping
frequency and jump length of CO, were reduced), resulting in a
reduction in the CO, diffusion coefficient. We therefore deduced
that the high H./CO, selectivity dominantly originated from the
high H,/CO, diffusion selectivity, owing to strong interaction
between -NH, functional groups in the NH,-UiO-66 framework
and CO, Moreover, its H,/CO, separation performance
surpassed the upper bound of state-of-the-art 3D MOF
membranes reported in literatures (Figure 5f, Table S6), thus
demonstrating the significance of multi-scale microstructural
optimization in separation performance enhancement of MOF
membranes.

To investigate the potential of UiO-66 NSs in the field of
composite membranes, we prepared two kinds of membranes

including UiO-66 NS-loaded mixed-matrix membrane (denoted
as NS-MMM) and thin film composite membrane using UiO-66
NS gutter layer (denoted as NS-TFC), and their separation
performances were systematically investigated and compared
with pure Pebax 2533 membrane (denoted as Pure Pebax). As
shown in SEM images, all prepared membranes showed smooth
top surface and defect-free cross-section under optimized
conditions (Figure 6a-c). Corresponding XRD patterns confirmed
the existence of UiO-66 NSs in both NS-MMM and NS-TFC
(Figure 6d).

As shown in Figure 6e, 4 wt% NS-MMM exhibited both
increased CO,/N; separation factor (from 16.1 to 33.1) and CO;
permeance (from 747 to 1650 GPU), which was 105.6% and
86.8% higher than that of Pure Pebax membrane, respectively.
The enhanced separation performance could be attributed to the
introduction of UiO-66 NSs, which led to both higher free volume
of MMM (i.e., higher CO;, permeability) and CO,/N, diffusion
selectivity (i.e., higher CO./N, selectivity). Considering its
potential application in industrial separation of CO; from flue gas,
the effect of feed composition on the separation performance of
4 wt.% NS-MMM was investigated further. Our results indicated
that with the increase of the volume fraction of CO, in the feed
side, the CO, permeability increased slightly as opposed to the
decrease of CO,/N, SF. In the case of simulated flue gas
(Vco2:Vn2=15:85), 4 wt.% NS-MMM displayed higher separation
factor (39.3), which was attractive for their practical application
(Figure S20a). Moreover, the CO, permeance could be
maintained at a high value (1633 Barrer). As a result, the CO,/N;
separation performance of 4 wt.% NS-MMM well exceeded the
2008 polymer upper-bound (Figure 6f), indicating the importance
of incorporation of UiO-66 NS fillers in improving the CO,/N;
separation performance of Pebax 2533 membrane.

This article is protected by copyright. All rights reserved.

8sUeD| 7 SUOLILLIOD BAIERID 3ol [dde au3 Aq pausenob ke sl VO ‘8sn 4O 3N 1o} Akeiq i aulUO A8 |1\ IO (SLOTPUOD-pUe-SWLBY W00 A 1M AleIgijeul |U0//:SdnY) SUORIPUOD pue S | 8L 885 *[£202/20/ST] U0 AkeiqiT8uliuo A8 4O A1sienlun telled Aq 26991220z @1Le/z00T 0T/Iop/uiod A8 | im Areid 1 pul|uoy/sdny wouy pepeojumoq ‘el ‘€2/ET2ST



Angewandte Chemie International Edition

In addition, our results implied that compared with pure Pebax
2533 membrane, NS-TFC also exhibited superior CO./N,
separation factor (27.1) and CO; permeance (1146 GPU). This
could be interpreted by the adsorption competition between two
feed gases towards UiO-66 NS gutter layer. The effect of
CO, concentration in the feed side on the separation
performance of prepared TFC membrane was investigated
further. Being analogous to NS-MMM, both the CO./N;
selectivity and CO, permeance of the NS-TFC increased with
increasing CO, concentration. In the case of simulated flue gas
(Vco2:Vn2=15:85), the NS-TFC displayed higher separation
factor (31.5), which was attractive for their practical application
either (Figure S20b). Based on the above results, we concluded
that the prepared UiO-NSs held great potential in the field of
MMM and TFC membranes.

Conclusion

To summarize, in this study we successfully prepared highly
(111)-oriented 165 nm-thick UiO-66 membrane through oriented
epitaxial growth of the UiO-66 NS seed layer. A novel
anisotropic etching approach was developed for the synthesis of
uniform triangular-shaped UiO-66 NS seeds, while concurrent
use of confined counter-diffusion and ZrS, source during
epitaxial growth was found indispensable for retarding the
growth rate in the vertical direction with no compromise in
membrane continuity. Owing to a multi-scaled microstructural
superiority, the CO,/N, separation performance of prepared UiO-
66 membrane easily surpassed the upper bound of state-of-the-
art MOF membranes measured under similar conditions.
Following identical synthetic procedure, highly (111)-oriented
180 nm-thick NH,-UiO-66 membrane exhibiting superior H,/CO,
separation performance could be prepared either, thus showing
great promise for separation performance enhancement of
versatile polycrystalline MOF membranes.
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Highly oriented sub-200-nm-thick UiO-66 and NH,-UiO-66 metal-organic framework membranes show unprecedented CO,/N, and H,/CO,
separation performances, respectively. Their formation was aided by the preparation of uniform triangular-shaped UiO-66 nanosheet seeds
via anisotropic etching, confined counter-diffusion-assisted epitaxial growth, and the use of a ZrS, source during epitaxial growth.
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