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Establishing gas transport highways in MOF-based
mixed matrix membranes
Conger Li1, Anheng Qi1, Yang Ling1, Yu Tao1, Yue-Biao Zhang1,2, Tao Li1*

Achieving percolation pathways in a metal-organic framework (MOF)–based mixed matrix membrane (MMM)
without compromising its mechanical properties is challenging. We developed phase separated (PS)–MMMs
with an interconnected MOF domain running across the whole membrane. Through demixing two immiscible
polyimides, the MOF particles were selectively partitioned into one of the preferred polymer domains at over 50
volume % local packing density, leading to a percolated network at only 19 weight % MOF loading. The CO2
permeability of this PS-MMM is 6.6 times that of the pure polymer membrane, while the CO2/N2 and CO2/CH4
selectivity remain largely unchanged. Meanwhile, benefiting from its unique co-continuous morphology, the
PS-MMM also exhibited markedly improved membrane ductility compared to the conventional MMM at
similar MOF loading. PS-MMMs offer a practical solution to simultaneously achieve high membrane permeabil-
ity and good mechanical properties.
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INTRODUCTION
Large-scale industrial separations of chemical feedstocks are gener-
ally realized through energy-intensive processes such as cryogenic
distillation and adsorptive separation. As an energy-efficient alter-
native, membrane separation has attracted broad interest in acade-
mia and in industry (1, 2). Nonetheless, compared to the total
chemical separation demand, membrane separation only accounts
for a small fraction of the market. For instance, the CO2 removal
market in 2017 was dominated by the inefficient amine processes,
whereas membrane only contributed 8% (3, 4). The major limiting
factor that prevents membrane technologies to be more widely
applied is the subpar performance of the polymeric membranes
that are insufficient to address many separation challenges. As re-
vealed in the renowned Robeson’s upper-bound relationship, poly-
meric membranes exhibit a clear trade-off between their
permeability and selectivity (5–7). To subdue the performance
barrier of polymeric membranes, highly permeable and selective
porous fillers are commonly introduced and dispersed in polymer
matrixes to endow the membranes with enhanced separation per-
formance. These types of membranes are known as mixed matrix
membranes (MMMs) (8–12).
Among vast selections of filler materials, metal-organic frame-

works (MOFs) have been the central pursuit because of their
tunable chemical, structural, and morphological features (13–18).
To date, although MOF-based MMMs have found continuous
success in enhancing the gas separation performance of their
polymer counterparts, it is still nowhere near the theoretical capa-
bility of pure MOF membranes (19–25). Aside from the interfacial
factors, the main bottleneck is the lack of a continuous transport
pathway in the membrane, as the filler particles are always separated
by the less permeable polymer (26–28).
One way to address this issue is to increase the loading of MOF

particles to above a so-called percolation threshold [typically above
30 weight % (wt%)] to form a percolation network (29–31). For

instance, Su and co-workers (29) have found that when the UiO-
66-NH2 loading in the polysulfone membrane was increased from
30 to 40 wt%, a sudden boost of CO2 permeability from 18 to 46
Barrer was observed, while the CO2/N2 and CO2/CH4 selectivities
remained the same. This suggests the formation of a MOF percola-
tion network in the MMM. Nevertheless, at a high MOF loading,
the mechanical properties and the processability of the membranes
are destined to suffer greatly to a point where the resultant mem-
branes are no longer suitable for practical applications (32–35).
Ideally, achieving a percolation network in a MOF-based MMM
at low MOF loading can, in principle, harness the full separation
potential of the MOF while maintaining the processability and me-
chanical advantages of the polymer matrix. This challenge has yet to
be realized.
For long, uncontrolled MOF particle aggregation in MMMs is

considered disadvantageous and needs to be avoided at all costs.
This is because under most scenarios, particle aggregation is a
direct consequence of poor interfacial compatibility, which is
further associated with a high degree of defects at the interface
(36–38). In this work, we prove that controlled rather than stochas-
tic aggregation can not only avoid defect formation but also create
percolation pathways in MMMs at only 19 wt% MOF loading. It is
well-known that polymer blends can undergo phase separation to
form co-continuous morphologies. By blending two immiscible
polyimides (PIs) along with a zirconium MOF, UiO-66-NH2, in a
good solvent, phase separation will occur upon solvent evaporation.
TheMOF particles will spontaneously segregate into the “preferred”
polyimide phase. By systematically tuning the volume fraction of
various components and the degree of phase separation, the MOF
domains can be interconnected throughout the membrane. We
name this type of membrane as phase separated (PS)–MMMs
(Fig. 1A). At such low filler loading, the CO2 permeability of the
MMM was considerably increased while CO2/N2 and CO2/CH4 se-
lectivities were largely maintained. Meanwhile, because of the pres-
ence of the continuous polymer phase, the MMM exhibited
markedly improved ductility compared to the conventional
MMM at the same MOF loading. The result highlights the
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possibility of achieving percolation and maintaining membrane
flexibility at the same time.

RESULTS
To start with, we first selected a pair of PIs, 4,4′-(hexafluoroisopro-
pylidene) diphthalic anhydride (6FDA)–2,4,6-trimethyl-1,3-phe-
nylenediamine (DAM) and 4,4′-oxidiphthalicanhydride
(ODPA)–DAM, as the matrixes. Both PIs represent the state-of-
the-art of PI materials for gas separation purposes (24, 39). In ad-
dition, by varying the ODPA-to-6FDA ratio in a random copolymer
(RCP), its physical properties can be continuously tuned. This is a
critical aspect to achieve the desired degree of phase separation for
domain size control. Following a reported method, the neat 6FDA-
DAM; ODPA-DAM; and three RCPs—(ODPA0.67/6FDA0.33)-
DAM (P1), (ODPA0.50/6FDA0.50)-DAM (P2), and (ODPA0.33/
6FDA0.67)-DAM (P3)—were synthesized (the subscripts represent
the mole fraction of two anhydrides; figs. S1 to S4). Gel permeation
chromatography (GPC) analysis revealed that the number-average
molecular weight (Mn) and dispersity (Ð) of the as-synthesized PIs
are in the range of 38537 to 57881 and 1.64 to 2.01. Details are listed
in table S1.
Next, we sought to investigate the miscibility of various polymer

blends. Because of the polarity difference betweenODPA and 6FDA
segments (Fig. 1, B and C), the film obtained from solution casting
of a 1:1 mixture of ODPA-DAM and 6FDA-DAM exhibited strong
opacity (Fig. 1E, i). This indicates the occurrence of severe phase
separation during the solvent evaporation process. By slicing the
film using an ultramicrotome into 100-nm sections, the polymer

domains were clearly visible by transmission electron microscopy
(TEM). Figure 1F (i) shows the phase separation occurred in two
stages. First, two PIs separated into the top and bottom layers.
Then, the minor PI component in each layer further nucleated
into ellipsoid-shaped domains with an average size of ~5 μm. The
contrast between two phases under TEM is likely a result of the pres-
ence of fluorine in 6FDA. (fig. S6). By replacing ODPA-DAM with
P1, P2, and P3, the transparency of the film gradually increased
(Fig. 1E, ii to iv), suggesting a lowering of phase separation tendency
due to the increasing chemical similarity between two phases. This
observation is further confirmed by the TEM images as the 6FDA-
DAM/P1 and 6FDA-DAM/P2 blends no longer show top and
bottom layer separation (Fig. 1F, ii and iii). In addition, the ellip-
soid-shaped domains are also getting smaller. For the 6FDA-
DAM/P3 blend, phase separation was not apparent under TEM
(Fig. 1F, iv).
With four sets of PI blends ready, we shifted our attention to

filler selection. A nanosized zirconium MOF, UiO-66-NH2, was se-
lected for this investigation because of its ease of synthesis, size
control, and proven ability for various gas separation applications
(40, 41). Moreover, UiO-66-NH2 is a prototypical MOF with isotro-
pic micropore geometry and particle shape, which can simplify sub-
sequent structural-property relationship analysis. In this context,
monodispersed UiO-66-NH2 particles with an average size of
88 ± 12 nm were synthesized according to a previously reported
method (fig. S7) (42).
To direct MOF particles into the desired polymer phase, UiO-

66-NH2 was first mixed and incubated with ODPA-DAM in di-
chloromethane (DCM) for 12 hours, allowing surface polymer
physisorption to occur. After the addition of 6FDA-DAM, the sol-
ution was immediately casted onto a glass plate, and the solvent was
allowed to slowly evaporate. The MOF, ODPA-DAM, and 6FDA-
DAM were kept at a mass ratio of 1:4.5:4.5. As expected, the TEM
image (Fig. 2A) revealed that UiO-66-NH2 particles preferentially
dispersed in a continuous polymer domain, whereas no MOF par-
ticles were found in the ellipsoid-shaped domain. Through energy
dispersion x-ray spectroscopy (EDS) elemental mapping, it was
found that the ellipsoid-shaped domain contains fluorine,
whereas the continuous phase does not (Fig. 2A). This means all
MOF particles were successfully incorporated in the ODPA-DAM
phase as anticipated. If UiO-66-NH2 was preincubated with 6FDA-
DAM, then the MOF particles, instead of residing in the 6FDA-
DAM phase, assembled into a densely packed monolayer at the
phase boundary (Fig. 2B). This result indicates that the surface-ad-
sorbed 6FDA-DAM may be partially exchanged by ODPA-DAM.
Therefore, the MOF particles exhibited a surfactant-like behavior.
It is also apparent that UiO-66-NH2 has a higher affinity toward
ODPA-DAM. Although it is difficult to distinguish two PI phases
based on the TEM image, the EDS elemental mapping clearly out-
lined the spatial distribution of two polymers. To simplify the fab-
rication process of the PS-MMMs, UiO-66-NH2 was directly mixed
with both PIs. The resultant membrane showed well-separated PI
phases with MOF particles solely residing in the ODPA-DAM
domain (Fig. 2C). This protocol will be adopted for the later prep-
aration of all PS membranes.
Nevertheless, because of the strong phase separation tendency

between 6FDA-DAM and ODPA-DAM, the overall film still exhib-
its a double-layer morphology where one layer contains no MOF
particles (Fig. 2D, i). This prevents MOF to form a percolation

Fig. 1. Controlling the phase separation of a PI blend. (A) Schematic illustration
of MOF percolation in PS-MMMs. (B toD) Structure of ODPA-DAM, 6FDA-DAM, and
their RCP. Photographs (E) and TEM images (F) of the ultramicrotomed (100-nm-
thick) samples of membranes obtained from solution casting of 1:1 mixture of
ODPA-DAM and 6FDA-DAM (i), P1 and 6FDA-DAM (ii), P2 and 6FDA-DAM (iii),
and P3 and 6FDA-DAM (iv).
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pathway throughout the membrane. To address this issue, ODPA-
DAM was replaced by P1, P2, and P3 to slow down the phase sep-
aration process. The mass ratio between the MOF and two PIs was
kept at 2:4:4. Because of the decrease of phase separation tendency,
top and bottom layer separation was no longer observed (Fig. 2D, ii
to iv). In addition, by increasing the mole fraction of the 6FDA
segment in the RCP, the size of the MOF aggregates gradually de-
creased. Comparably, within the 6FDA-DAM/P1 blend, the MOF
aggregates show moderate connectivity among each other
(Fig. 2D, ii). Therefore, the 6FDA-DAM/P1 blend was selected as
the matrix for further optimization.
To optimize the distribution of MOF domains, the mass ratio

between P1, 6FDA-DAM, and MOF was further adjusted. Theoret-
ically, to achieve a co-continuous polymer blend morphology re-
quires a 1:1 (v/v) ratio between two immiscible phases. Therefore,
the volume of the MOF phase (UiO-66-NH2 + P1) should be equal
or close to that of 6FDA-DAM. Hence, a new membrane was pre-
pared with UiO-66-NH2, P1, and 6FDA-DAMmixed at a 2:3:5 (v/v)
ratio. We denote this MMM as PS-19 [PS means “phase separated,”
whereas 19 represents the actual MOF mass loading quantified by
thermogravimetric analysis (TGA)]. Figure 3A shows that both the
polymer phase and the MOF phase exhibited good long-range con-
nectivity. The overall morphology resembles a co-continuous
polymer blend structure. The domain size was in the range of 1 to
3 μm. Potential percolation pathways can be identified from one end
of the membrane to the other end, with only occasional disconnec-
tions, as exemplified by the areas highlighted in yellow (Fig. 3A and
fig. S8). Note that with the inclusion of out-of-plane connectivity
under 3D format, the connectivity between individual MOF
domains is expected to be higher than what is observed in the
cross-sectional image. If the MOF loading was lowered to 13 wt%

(PS-13), then the MOF domains became less continuous, whereas
the polymer phase remained continuous (Fig. 3B). On the other
hand, if the MOF loading was increased to 23 wt% (PS-23) and
28 wt% (PS-28), the MOF domain remained continuous, whereas
the polymer domains became less continuous (Fig. 3C and fig. S9).
The effect of MOF particle size on the morphologies of the PS-

MMMs was also investigated. Apart from the 88-nm UiO-66-NH2
previously synthesized, twoUiO-66-NH2 samples with average sizes
of 180 and 320 nm and one UiO-66 sample with an average size of
600 nm were prepared (fig. S10). Following the same membrane
fabrication protocol, similar co-continuous morphology was ob-
served in the two PS-MMMs containing 180- and 320-nm UiO-
66-NH2. In the PS-MMM containing 600-nm UiO-66 particles,
the aggregation of UiO-66 particles was still apparent. However,
large isolated ellipsoid-shaped P1 domain was observed. This is
an indication of low MOF particle mobility. Consequently, the
UiO-66 particles were loosely packed with poor domain
connectivity.
In principle, this approach should be applicable to various types

of MOFs and polymer blends so long as the polymer phase separa-
tion process can be systematically tuned. To demonstrate the gen-
eralizability of this method, two new MOFs, MOF-801 (~60 nm)
and MIL-101(Cr)–NH2 (~20 nm), were synthesized and incorpo-
rated into 6FDA-DAM/P1 blend at 5:3:2 volume ratio (6FDA-
DAM:P1:MOF). TEM images show that both PS-MMMs exhibited
co-continuous morphology resembling that of PS-19 (Fig. 4, A and
B, and fig. S11). Similarly, both MOF-801 and MIL-101(Cr)–NH2
preferably reside in the P1 phase. The results indicate that this ap-
proach can be potentially applied to a wide range of MOF fillers (fig.
S12). To extend the polymer blend beyond 6FDA-DAM/P1, two
other types of polymer blends were prepared for the construction

Fig. 2. Allocating UiO-66-NH2 particles in a PI blend. TEM images and their corresponding EDS elemental mapping of the ultramicrotomed (100-nm-thick) samples of
PS-MMMs prepared in different mixing sequences. (A) UiO-66-NH2 was preincubated with ODPA-DAM for 12 hours before mixing with 6FDA-DAM. (B) UiO-66-NH2 was
preincubated with 6FDA-DAM for 12 hours beforemixing with ODPA-DAM. (C) UiO-66-NH2 wasmixedwith both PIs in one pot. TEM images of ultramicrotomed (100-nm-
thick) samples of UiO-66-NH2 dispersed in PI blends of ODPA-DAM/6FDA-DAM [(D), i], 6FDA-DAM/P1 [(D), ii], 6FDA-DAM/P2 [(D), iii], and 6FDA-DAM/P3 [(D), iv].
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of PS-MMMs. The first blend comprises 6FDA-DAM and an RCP
6FDA-(DAM0.85:DABA0.15) (DABA refers to 3,5-diaminobenzoic
acid). The inclusion of DABA moiety into the PI creates chemical
distinction that will facilitate phase separation. It was found that a
DAM:DABA molar ratio of 5.7:1 can offer desire degree of phase
separation. Amixture of 6FDA-DAM, 6FDA-(DAM0.85:DABA0.15),
and UiO-66-NH2 at 2:2:1 ratio also formed a PS-MMM exhibiting
good MOF domain connectivity throughout the membrane
(Fig. 4C). Apart from the RCP approach, commercial PIs can also

be incorporated in the matrix to yield PS-MMMs. An example is
that the blend of ODPA-DAM, Matrimid@5218, and UiO-66-
NH2 at 2:2:1 ratio afforded a PS-MMMwith excellent MOF particle
connectivity (Fig. 4D). These examples fully demonstrated the gen-
eralizability of this approach.
On the basis of the examples demonstrated so far, there are four

key parameters to achieve a MOF percolation network in PS-
MMMs. First, the MOF surface must be preferably wetted by one
polymer phase. This can be achieved with and without MOF
surface modification. Second, the volume fraction of the MOF
plus its preferred polymer phase should be equal or close to the sec-
ondary polymer phase. Third, small yet monodispersed MOF par-
ticles are desired to ensure sufficient mobility during phase
separation. Last, the rate of phase separation should be systemati-
cally tuned by the polymer composition, MOF loading, and
solvent evaporation rate.
For nonbiased comparison between PS membranes and non-PS

(nPS) membranes, another RCP (ODPA0.25/6FDA0.75)-DAM (P4)
was synthesized to match the chemical composition of 6FDA-
DAM/P1 blend at 5:3 (v/v) ratio. In addition, nPS-MMMs with
10, 20, 29, and 35 wt% MOF loading were prepared using P4 as
the matrix. These loading values were all quantified by TGA (fig.
S13). For ease of discussion, these samples were denoted as nPS-
10, nPS-20, nPS-29, and nPS-35, respectively. To quantitatively
compare the interparticle distance in PS and nPS membranes, we
analyzed and plotted the distributions of free path spacing
(DFPS) for four samples (fig. S14). DFPS was a useful tool initially
used by Luo and Koo to compare the particle dispersibility in
various composites (43–45). In our case, the prerequisite to
forming a percolated membrane is to have a low DFPS value,
meaning gas molecules only have to pass through a thin barrier of
polymer between particles. By increasing theMOF loadings from 10
to 35 wt% in nPS membranes, the peaks of the DFPS distribution
decreased from ~200 to ~50 nm. However, even a 50-nm gap still
presents a notable barrier for gas transport, given the fact that the
MOF particle size is only ~88 nm. In shape contrast, the DFPS dis-
tribution of PS-13 and PS-19 are both peaked at ~20 nm, indicating
a high degree of particle aggregation in the MMM (Fig. 5C). The

Fig. 4. Expand the type of PS-MMMs. TEM images of membrane ultrathin slices
(100 nm) of (A) MOF-801 PS-MMM, (B) MIL-101(Cr)–NH2 PS-MMM with the 6FDA-
DAM/P1 blend, (C) 6FDA-DAM/6FDA-(DAM0.85:DABA0.15)/UiO-66-NH2 polymer
blend membrane with a ratio of 2:2:1, and (D) ODPA-DAM/Matrimid@5218/UiO-
66-NH2 polymer blend membrane with a ratio of 2:2:1.

Fig. 3. Percolation pathways in PS-MMMs. TEM images of the ultramicrotomed (100-nm-thick) samples of [(A), i] PS-19, (B) PS-13, and (C) PS-23. The yellow line rep-
resents one potential percolation pathway in PS-19. [(A), ii] is a photograph of a bent PS-19 membrane.
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packing density of theMOF in nPS and PSmembranes (in theMOF
domain) was quantitatively analyzed and calculated (Fig. 5D and
fig. S15). With the increase of MOF loading in nPS membranes,
the packing density steadily increased from 7% for nPS-10 to 31%
for nPS-35. Notably, owing to the polymer phase separation, the
MOF packing density in PS-13 and PS-19 reached 34 and 53%, re-
spectively, far surpassing the packing density in the nPSmembranes
with comparable MOF loadings. The close proximity among parti-
cles along with the interconnectivity among neighboring MOF
domains are two key features for achieving gas transport highways
in the MMM.
To understand how the MMM morphology affects its mechan-

ical properties, we performed tensile testing for the homopolymers,
RCPs, nPS-MMMs, and PS-MMMs (Fig. 6A and fig. S16). The
results show that the elongation at break (EAB) values for ODPA-
DAM and 6FDA-DAM are 38.3 and 41.4%, respectively. The RCPs
appeared to be less ductile, as their EAB values are at around 30%.
This is likely due to their slightly lower molecular weight compared
to the homopolymers (table S1). By incorporating 10 wt% UiO-66-
NH2 to P4, the EAB value quickly dropped to 7.9%. In comparison,
PS-13 exhibited a slightly higher EAB value at 8.8% despite its
higher MOF loading. Further increasing the MOF loading in an
nPS-MMM to 20 wt% led to a drastic drop of EAB to only 1.9%.
Just by lifting the nPS-20 membrane from the glass substrate had
already caused cracking and fracturing (fig. S17A). Further increas-
ing the MOF loading to 29 wt% led to a defective membrane too
brittle to be freely handled. PS-19, on the other hand, exhibited a
substantially higher EAB at 6.1%, markedly outperforming its nPS
counterpart by 220%. One possible reason is that the continuous
polymer phase in the PS-MMM serves as a buffer layer to arrest
the propagation of cracking throughout the membrane. The
Young’s modulus and tensile strength of various membranes were
calculated on the basis of the strain-stress curves and listed in table

S2. The results show that the Young’s moduli of the PS-MMMs (PS-
13 and PS-19) are slightly higher than that of the nPS-MMMs (nPS-
10 and nPS-20). This is likely due to the presence of a rigid MOF
domain in the PS-MMMs.
To gain more insight into the gas transport behavior in PS and

nPS-MMMs, N2, CH4, and CO2 pure gas transport experiments
were performed at 35°C and 3 bar for pure polymer membranes
and the MMMs (Fig. 6, B and D). The CO2 permeability of two ho-
mopolymer membranes, 6FDA-DAM and ODPA-DAM, was 608
and 73 Barrer, respectively. As expected, P4 exhibited an interme-
diate CO2 permeability at 210 Barrer. The CO2/N2 selectivity of the
three pure polymer membranes falls in the narrow range of 15 to 17.
The 6FDA-DAM/P1 blendmembrane, on the other hand, showed a
slightly higher CO2 permeability at 323 Barrer and lower CO2/N2
selectivity at 13. This is likely due to the presence of continuous
6FDA-DAM channels in the 6FDA-DAM/P1 blend membrane
and the defects.
Incorporating UiO-66-NH2 into P4 at 10, 20, and 29 wt% led to a

stepwise increase of CO2 permeability from 210 to 316, 516, and 818
Barrer, respectively. On the contrary, the CO2/N2 selectivity steadily
decreased from 16 to 15, 14, and 11, respectively. These results agree
well with our previous work (24). The lowering of the selectivity is
likely a result of defect formation at the nonideal MOF-polymer in-
terface. In contrast, with only 13 wt% MOF and local MOF domain
connectivity, PS-13 exhibited a drastically increased CO2 perme-
ability of 538 Barrer, comparable to that of nPS-20. Benefiting
from the co-continuous morphology, PS-19 manifested a remark-
able CO2 permeability of 1385 ± 111 Barrer. This value is ~6.6 times
that of P4 and ~1.7 times that of nPS-29. The CO2/N2 selectivity of
PS-13 and PS-19 are 17 and 15, respectively, higher than their nPS
counterparts and comparable to that of P4 (Fig. 6B). Further in-
creasing the MOF loading to 28 wt% (PS-28) led to an even
higher CO2 permeability (1612 Barrer). However, the CO2/N2 selec-
tivity markedly decreased to 13. This is an indication of defect for-
mation in the membrane, likely caused by overcrowding of MOF
particles in the MOF domain.
For CO2/CH4 separation, with the increase of MOF loading in

the nPS-MMMs, the CO2/CH4 selectivity decreased stepwise from
24 to 14, while the CO2 permeability continuously increased. On the
other hand, for the PS-MMMs, although the CO2 permeability
sharply increases, there is only a slight drop of CO2/CH4 selectivity
from 24 for P4 to 20 for PS-19. The CO2/CH4 separation perfor-
mance of PS-19 was positioned well above the 1991 Robeson
upper bound and is approaching the 2008 upper bound (Fig. 6D).
These results demonstrate a clear advantage of PS-MMM over con-
ventional MMMs as the percolation pathway can lead to drastic en-
hancement of gas permeability even at a substantially lower loading.
Because this aggregation process was not caused by incompatibility
between the MOF and the polymer but rather the immiscibility of
two polymers, favorable interaction is still attainable at the MOF-
polymer interface.
Last, the high-pressure CO2 and CH4 adsorption isotherms were

collected for P4, nPS-20, and PS-19 at 35°C (fig. S18). Combining
with the permeability data of these membranes, the solubility (S)
and diffusivity (D) values can be deconvoluted on the basis of the
solution-diffusion model (Fig. 6C and table S3) (46). The incorpo-
ration of 20 wt% UiO-66-NH2 into the polymer matrix increased
the solubility of CH4 and CO2 by 46 and 33%, respectively. This
is due to the preferential adsorption of two gases in UiO-66-NH2.

Fig. 5. Statistical analysis of MOF packing density and spatial distribution.
TEM images of membrane ultrathin slices (100 nm) of (A) nPS-35 and (B) PS-19.
(C) The DFPS for nPS-35, PS-13, and PS-19. (D) MOF packing density in nPS-
MMMs (green columns) and MOF packing density (in the MOF domain) in PS-
MMM (red). For clear visualization, the x axis is not plotted to scale.
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Note that there is no appreciable solubility difference between nPS-
20 and PS-19, meaning that morphological change does not affect
gas solubility in membranes. In stark contrast, CO2 and CH4 diffu-
sivity values in PS-19 are ~5 and ~2.5 times higher than P4 and nPS-
20, respectively. This sudden boost in permeability can be attributed
to the percolated MOF networks throughout the membrane.
Realistic gas separation applications demand high flux. There-

fore, the composite membranes are typically made in the thickness
range of hundreds of nanometers. It is thus highly valuable to inves-
tigate the possibility of fabricating sub–1-μm PS-MMMs with per-
colation pathways. Because the solvent evaporation rate is much
faster in thin-film composite (TFC) membranes than dense mem-
branes, wemixed 6FDA-DAM,ODPA-DAM, andUiO-66-NH2 at a
2:2:1 ratio in a solvent mixture of N,N′-dimethylformamide (DMF)
and DCM. The addition of DMF can slow down the solvent evap-
oration rate at the final stage, thus allowing longer phase separation
period. The resultant TFC membrane exhibits islands of MOF
nanoparticles in the size range of tens of micrometers under a scan-
ning electronmicroscope (SEM; fig. S19). The cross-sectional image
shows that the thickness of the membrane is ~1 μm, whereas the
MOF islands are slightly higher (2 to 3 μm). Note that these MOF
islands connect both ends of the membrane, hinting the presence of
percolation pathways within the membrane. The preliminary result
presented here demonstrates the potential of PS-MMMs under in-
dustrial settings. Although challenges still exist in forming defect-
free co-continuous TFCmembranes for gas separation, it is foresee-
able that these issues can be addressed through future efforts such as
optimizing the composition of the composites, interfacial modifica-
tion, and perfecting the membrane fabrication process.

DISCUSSION
Conventional wisdom tells us that the aggregation of MOF particles
in MMMs is considered an unwelcomed event. This is because such
aggregation is typically driven by the incompatibility at the MOF-
polymer interface, which will further lead to interfacial defect and
compromised gas separation performance. However, in this work,
we demonstrated that controlled aggregation of MOF particles
driven by the demixing of a polyimide blend can not only preserve
a compatible MOF-polymer interface but also give rise to a unique
co-continuous morphology with both the polymer and the MOF
domain showing good continuity throughout the whole membrane.
Through fine-tuning of various parameters such as MOF loading,
polymer ratio, polymer composition, solvent evaporation rate, etc.,
local MOF packing density can reach as high as 53% (v/v), while the
mean interparticle spacing is centered around 20 nm. Along with
the high continuity between MOF domains, these unique morpho-
logical features effectively reduce the polymer barrier thickness
among MOF particles, thus drastically increasing the CO2 perme-
ability of theMMM to 6.6 times that of the pure polymer membrane
at only 19 wt% MOF loading. Moreover, benefiting from the con-
tinuous pure polymer phase presented in the membrane, the PS-
MMM exhibited much higher ductility compared to conventional
MMM at the same MOF loading. This feature is imperative for the
deployment of MMMs in realistic application scenarios. Granted
that PS-MMMs contain at least three components, the membrane
morphology is influenced by numerous intertwined factors. There-
fore, future efforts should be focused on fine tuning the membrane
morphologies and understanding their structure-property

Fig. 6. Mechanical and gas transport properties. (A) The EAB values for the neat PI, RCPs, and MMMs. CO2 permeability versus (B) CO2/N2 selectivity and (D) CO2/CH4
selectivity of pure polyimides, polyimide blend, RCP, nPS-MMMs, and PS-MMMs. (C) The solubility and diffusivity of CO2 and CH4 in P4, nPS-20, and PS-19 at 3 bar and 35°C.
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relationship. We believe that this finding will open a new avenue in
the rational design of MMMs for gas separation.

MATERIALS AND METHODS
Chemical and materials
Zirconium(IV) chloride (ZrCl4; 98%; Alfa Aesar), 2-aminotereph-
thalic acid (NH2-BDC; 98%; Tokyo Chemical Industry), chromiu-
m(III) nitrate nonahydrate [Cr(NO3)3·9H2O; 98.5%; SCRC], acetic
anhydride (Ac2O; 98.5%; SCRC), triethylamine (TEA; 99%;
Aladdin), acetic acid glacial (HOAc; 99.5%; Aladdin), DCM
(99.5%; Greagent), ethanol (99.7%; Greagent), DMF (99.5%;
SCRC), 4,4′-(hexafluoroisopropylidene)diphthalic anhydride
(6FDA; 99%; TCI), and 4,4′-oxydiphthalic anhydride (ODPA;
99%; Adamas) were purified by recrystallization in Ac2O before
use. DAM (98%; Adamas) was purified by recrystallization in
ethanol. DABA (98%; Adamas) was purified by recrystallization
in deionized (DI) water. Matrimid@5218 was purchased from
BASF SE. Nitrogen (purity, 99.999%), methane (purity, 99.99%),
and carbon dioxide (purity, 99.995%) were purchased from Shang-
hai Youjiali Liquid Helium Co.

Synthesis of UiO-66-NH2 nanoparticles
UiO-66-NH2 (88 ± 12 nm) was synthesized according a reported
method (42). First, 448 mg of ZrCl4 (2.08 mmol) and 376 mg of
NH2-BDC (2.08 mmol) were individually dissolved in 60 ml of
DMF and then mixed with 7.6 ml of acetic acid (64 equivalent to
ZrCl4). The mixture was heated in an oven at 120°C for 20 hours.
After cooling down to room temperature, the product was collected
by centrifugation and washed with fresh DMF and methanol
(MeOH) three times, respectively. By increasing the acetic acid to
11.9 and 15.2 ml, the size of the UiO-66-NH2 particles can be sys-
tematically increase to 180 ± 30 and 320 ± 50 nm, respectively.

Synthesis of UiO-66 nanoparticles
ZrCl4 (448 mg and 2.08 mmol) and H2BDC (345 mg and 2.08
mmol) were dissolved in 85 ml DMF containing 7.6 ml of acetic
acid in a glass vial. The vial was capped and placed at 120°C for 7
hours. The crystals were collected by centrifugation washed with
fresh DMF and MeOH three times, respectively.

Synthesis of MOF-801 nanoparticles
MOF-801 was synthesized by dissolving ZrCl4 (699 mg and 3.00
mmol) and fumaric acid (348 mg and 3.00 mmol) in 100 ml of
DMF. Then, 6.9 ml of acetic acid and 0.3 ml of triethylamine
were added to the solution. The mixture was heated in an oven at
85°C for 24 hours. After cooling down to room temperature, the
product was collected through centrifugation and washed by fresh
DMF and MeOH three times, respectively.

Synthesis of MIL-101(Cr)–NH2 nanoparticles
Cr(NO3)3·9H2O (600 mg and 1.50 mmol) and NH2-BDC (271 mg
and 1.50 mmol) were dispersed in 30.0 ml of DI water and then
mixed with 62.5 μl of hydrochloric acid [0.5 equivalent to Cr(NO3-
)3·9H2O]. The mixture was then transferred to a 50.0-ml Teflon-
lined autoclave and heated in a 120°C oven for 24 hours. After
cooling down to room temperature, the product was collected by
centrifugation, washed with 20 ml of DI water two times, and
soaked in DMF overnight at 80°C to remove the excess NH2-BDC.

Synthesis of ODPA-DAM and 6FDA-DAM
ODPA-DAM and 6FDA-DAM polymer were synthesized through
the condensation reaction between dianhydrides and diamines, fol-
lowed by a chemical imidization step (39). A total of 2.40 g (16.00
mmol) DAM and anhydrous DMF (15 ml) were added into a 100-
ml flask equipped with a nitrogen inlet. The mixture was cooled to
0°C and then 4.96/7.11 g (16.00 mmol) ODPA/6FDA and anhy-
drous DMF (15 ml) were added. The solution was stirred for 24
hours to form a polyamide acid. For imidization, a solution of 2.2
ml of TEA and 5.4 ml of Ac2O mixed in 5.0 ml of anhydrous DMF
was added. The mixture was vigorously stirred for 24 hours to
obtain a fully cyclized polyimide. White polyimide beads were iso-
lated by dropwise addition of the viscous polymer solution into stir-
ring MeOH. The polyimide was washed with MeOH several times,
soaked in fresh MeOH overnight, and dried in a vacuum oven at
150°C for 24 hours.

Synthesis of RCP
Synthesis of the copolymers was performed similarly to that of the
pure polyimide, ODPA-DAM. However, instead of adding equimo-
lar amounts of ODPA and DAM to the reaction vessel, a mixture of
ODPA and 6FDA was used for polymerization. The molar ratio
between the total dianhydride and diamine was kept at 1:1.
The syntheses of RCPs were as follows: For (ODPA0.67/

6FDA0.33)-DAM (P1), 2.40 g (16.00 mmol) of DAM, 3.31 g (10.67
mmol) of ODPA, and 2.37 g (5.33 mmol) of 6FDA were used for
polymerization. For (ODPA0.50/6FDA0.50)-DAM (P2), 2.40 g
(16.00 mmol) of DAM, 2.48 g (8.00 mmol) of ODPA, and 3.56 g
(8.00 mmol) of 6FDA were used for polymerization. For
(ODPA0.33/6FDA0.67)-DAM (P3), 2.40 g (16.00 mmol) of DAM,
1.65 g (5.33 mmol) of ODPA, and 4.74 g (10.67 mmol) of 6FDA
were used for polymerization. For (ODPA0.25/6FDA0.75)-DAM
(P4), 2.40 g (16.00 mmol) of DAM, 1.24 g (4.00 mmol) of ODPA,
and 5.34 g (12.00 mmol) of 6FDAwere used for polymerization. For
6FDA-(DAM0.85/DABA0.15), 2.04 g (13.60 mmol) of DAM, 0.365 g
(2.40 mmol) of DABA, and 7.11 g (16.00 mmol) of 6FDAwere used
for polymerization. For all reactions, a solution of 16.00 mmol of
TEA and 80.00 mmol of Ac2O dissolved in 5 ml of DMF was
added for imidization.

Preparation of pure polyimide membranes
To prepare neat ODPA-DAM, 6FDA-DAM, P1, and P4 mem-
branes, a 5 wt% polyimide (ODPA-DAM, 6FDA-DAM, P1, or
P4) solution in DCM was prepared and filtered through a 0.45-
μm polytetrafluoroethylene (PTFE) filter onto a casting tray. The
tray consists of a glass ring attached to a leveled quartz plate by
epoxy sealant. After slow evaporation of the solvent, the membrane
was peeled off from the quartz plate and dried overnight in a
vacuum oven to remove residual solvent.

Preparation of polymer blend membranes
A polymer solution was prepared by dissolving 200 mg of dry poly-
imide (ODPA-DAM, 6FDA-DAM, P1, P2, or P3) in 4 ml of DCM.
Then, two polymer solutions were mixed at 1:1 volumetric ratio and
stirring for 30 min. The solution was casted on a flat quartz plate.
After evaporation of solvent, the membrane was peeled off from the
glass plate and dried overnight to remove residual solvent.
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Preparation of mixed-matrix membranes
To fabricate MMMs, UiO-66-NH2 particles were centrifuged from
DCM and then mixed with a 5 wt% polymer or polymer blend sol-
ution in DCM. The solutions were sonicated by a probe sonicator
for 1 min before casting on a flat quartz plate. After evaporation of
the solvent, the membrane was peeled off from the glass plate and
dried overnight in a vacuum oven to remove residual solvent. Before
gas permeation measurement, membranes were thermally treated at
150°C for 20 hours under dynamic vacuum to remove any residu-
al solvent.

Preparation of TFC membrane
To fabricate TFC membrane, UiO-66-NH2 particles were centri-
fuged from DCM and then mixed with a 2 wt% polymer blend sol-
ution (ODPA-DAM/6FDA-DAM) in DMF/DCM (20/80 by
volume). This mixture was stirred for 30 min in an oil bath at
40°C. Then, a silicon wafer was dipped into this mixture for 10 s
and withdrawn with 1 mm/s. The membrane was kept at room tem-
perature for 1 day for complete solvent evaporation.

Material characterization
TEM images were acquired on a JEM 1400 field-emission TEMwith
voltage set at 120 kV. EDS elemental mapping images were collected
on a JEM F200 plus (200 kV). SEM images were acquired on a JEOL
JSM 7800F Prime SEM. PXRD was acquired on a Bruker D8
Advance diffractometer with Cu Kα radiation. TGA experiments
were performed on a PerkinElmer TGA 8000. Samples were first
heated to 150°C and kept at that temperature for 30 min under
N2 atmosphere to remove residual solvent. Then, the temperature
was increased to 700°C at a rate of 20°C/min under O2 atmosphere
and kept at 700°C for 10 min. The temperature was then raised to
750°C at a rate of 20°C/min before termination of the program. For
ultramicrotomy, samples were first embedded into epoxy resin
(EPON 812; Sigma-Aldrich) and cured at 60°C for 24 hours. Ultra-
thin slices with thickness of 100 nm were obtained on a Leica EM
UC7 ultramicrotome. High-pressure CO2/CH4 adsorption iso-
therms were measured on an iSorbHP1 instruments from Quan-
tachrome. 1H NMR (nuclear magnetic resonance) spectra were
collected on a Bruker AVANCE III HD 400-MHz spectrometer.
Gel permeation chromatography (GPC) experiments were carried
out on a Malvern TDA305 Multiple Detector (light scattering, re-
fractive index, and ultraviolet) and calibrated using polymethyl
methacrylate (PMMA) standards. Tensile testing was performed
on an Instron 5960 at a pulling rate of 1 mm/min; three samples
were tested for each experiment, and the samples were cut into rect-
angle shape that were 6 mm wide and approximately 25 mm long.

NMR characterization of synthesized polymers
Copolymer compositions were confirmed by 1HNMR. Peaks at 1.98
and 2.21 parts per million (ppm; nine methyl protons from DAM),
7.51 and 7.55 ppm (four aromatic protons from ODPA), and 7.94
ppm (four aromatic protons from 6FDA) were integrated and used
to calculate monomer ratios. Table S4 shows good agreement
between the targeted ratios, and the ratios were calculated from
NMR data. Therefore, targeted ratios were used in the manuscript.

Gas permeability measurements
The single gas permeation was performed at 35°C and 3 bar with a
home-built variable-pressure constant-volume setup. Membranes

were activated by heating at 100°C under high vacuum overnight
before testing. Then, the preactivated membrane was placed on
the central hole of a custom-made brass disk sealed by heat-resistant
epoxy resin and then housed in a membrane cell. The upstream
pressure was monitored by a high-accuracy gauge. Downstream
was kept under vacuum until measurement. In a typical permeation
measurement experiment, the entire permeation system was de-
gassed under high vacuum for at least 3 hours. Then, the leak rate
of downstream was determined by measuring the pressure incre-
ment within 10 min with the vacuum valve closed. The leak test
was performed for at least two times. Permeation was measured
for 3 min at each pressure point. The permeability value was ob-
tained by averaging the measurement from three membrane
samples at the same pressure point. The permeability can be calcu-
lated by Eq. 1

P ¼
lVcell

AΔpRT
dp
dt

� �

SS
�

dp
dt

� �

leak

� �

ð1Þ

where P is the permeability [1 Barrer = 10−10 cm3 (STP) cm cm−2-

s−1cmHg−1], l is the thickness of the film, A is the effective area of
the membrane, Vcell is the downstream volume, T is the operating
temperature in kelvin, (dp/dt)SS is the steady-state permeation rate,
and (dp/dt) leak is the leak rate. Δp is the pressure difference between
upstream and downstream. R is the ideal gas constant.
The ideal selectivity of pure gas A and B can be calculated by

using Eq. 2

α ¼
PA
PB

ð2Þ

where PA and PB are the permeability of pure gas A and B,
respectively.

Permeability, solubility, and diffusivity (47)
To further elucidate the mechanism of increased selectivity and per-
meability, permeability is expressed as the product of the average
effective diffusivity (D) and solubility (S) of the gas within themem-
brane

P ¼ D� S ð3Þ

The solubility represents the thermodynamic contribution to
transport, and it also related to the equilibrium adsorption isotherm
(Eq. 4)

S ¼
ρno
po

ð4Þ

where ρ is the density of the membrane in g cm−3, no is the amount
adsorbed in equilibriumwith the feed pressure in cm3(STP) g−1 and
measured from the adsorption isotherm, and po is the feed pressure
in mbar. The density of the membrane was calculated using the
crystallographic density of the framework (48), the density of the
polymer, and the mass loading of MOF in the polymer as measured
by TGA. The diffusivity can then by calculated using D=P/S.

Calculation details
Quantifying the MOF particles dispersibility in polymer
matrix (43, 45)
The quality of theMOF dispersion in polymer matrixes can be eval-
uated by the DFPS between MOF particles. The more uniform the
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spacing between MOF particles (surface-to-surface distance), the
closer the spacing distribution frequency is to the normal distribu-
tion. In contrast, the more MOF particles aggregate, the smaller the
spacing between MOF particles, and the maxima of DFPS will
appear close to zero. The dispersion of MOF particles in polymer
matrix was analyzed quantitatively on the basis of TEM images.
First, 30 equal distance horizontal or vertical grid lines were overlaid
onto the TEM images. Then, the free path spacing between adjacent
MOF particles were accurately measured (fig. S20). The number of
measurements N was about 250 for each sample. Next, these values
were plotted into a histogram.
The frequency density f of each scenario is thus

f ¼
ni

NΔx
ð5Þ

where ni is the number of data falling into this group, N is the total
number of the measurements, and ∆x is the spacing interval.
Quantifying the local packing density of MOF particles
in MMMs
The packing density of MOFs in MMMwas quantitatively analyzed
and calculated using ImageJ software (49). In the ImageJ window of
MMM image, a boundary of a MOF domain and the domain area
were manually defined and calculated using the lasso tool. A thresh-
old range is set to distinguish the MOF particles from the polymer
matrix. All pixels in the image with values below the threshold are
converted to red (fig. S15). The packing density of MOF particles
can be calculated by measuring their area fraction within polymer
domains or MOF domains.

Supplementary Materials
This PDF file includes:
Figs. S1 to S23
Tables S1 to S5
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