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Metal-organic frameworks (MOFs) based hybrid membranes have great potential for energy-efficient gas sepa-
ration. However, the defective interface structure greatly depresses their separation performance. In this work, a
distinctive interfacial design strategy via in-situ etching ZIF-8 nanoparticles is proposed to construct hybrid
membranes with nearly defect-free interfaces. The nanoscale etching of ZIF-8 nanoparticles in polymer matrix
with acid group (PI-COOHy) is well controlled by the amount of carboxyl group and reaction time. Owing to the
strong coordination interaction between Zn?" ions and ~-COOH groups, the residual ZIF-8 nanoparticles are
tightly wrapped by polymer matrix. Molecular simulation was performed to study the in-situ etching ZIF-8 in PI-
COOHy matrix in molecular level. The resulted hybrid membranes (PI-COOH,/E-ZIF-8) exhibit simultaneously
enhanced permeability and selectivity with increasing filler loading content. Benefiting from the rational
interfacial design, the effective loading content of ZIF-8 nanoparticles is up to 50 wt% for PI-COOHz/E-ZIF-8
membrane. The Hy, CO5, and O, permeability of the membrane are 3058.6, 1429.0, and 459.0 Barrer, increasing
by 468.5%, 288.3% and 348.2%, respectively, of pristine PI-COOH;, membrane, and the gas selectivity for Hy/
Ng, Hy/CHy, O2/N3, and CO2/CHy gas pairs are greatly improved from 20.3, 23.4, 3.9 and 16.0 of pristine PI-
COOHzp membrane to 30.7, 37.6, 4.6 and 17.6. The comprehensive separation performance for Hy/Ny, Hy/CHy,
and O2/N; gas pairs surpass the 2008 upper bound and approach the 2015 upper bound. Meanwhile, the COy
plasticization resistance of PI-COOHzo/E-ZIF-8 membrane also achieves significant improvement from 6 bar of
PI-COOH;y membrane to 27 bar. This work provides an effective and robust strategy to effectively enhance the
interfacial compatibility of hybrid membranes.

1. Introduction surface areas [14], which make MOFs promising fillers for

high-performance hybrid membranes [15-18]. However, most MOFs

Organic-inorganic hybrid membrane has been regarded as next-
generation membrane for gas separation owing to the integration of
each advantage [1-3]. Filler phase materials usually play significant
roles in enhancing gas separation performance [4]. Among them,
microporous materials based molecular sieve including zeolites [5],
carbon material [6-9], metal-organic frameworks (MOFs) [10-13], etc.
Demonstrate remarkably optimized gas sieving property. Metal-organic
frameworks (MOFs) are normally constructed from organic ligands and
metal ions, possessing high crystallinity, regular pore structure, and high
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always possess crystal structure and they are naturally incomparable
with amorphous polymers [19,20]. These characteristics have great in-
fluence on their efficient loading in polymer matrix especially for some
glassy polymers with rigid backbones, resulting in unavoidable
interfacial-defects [21].

Interfacial design strategies have been proposed to improve the filler-
polymer compatibility of MOF-contained hybrid membranes in recent
years. Functionalized MOFs including NH,-MIL-53 [22], NH,-UiO-66
[23-25], SO3H-Ui0-66 [26], and COOH-UiO-66 [27] have been
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synthesized via introducing various organic ligands and utilized to
enhance interfacial interactions. However, functionalization of MOF is
often accompanied by alteration of crystalline structure and difficulty of
dispersion in organic solvents. Surface grafting or coating of polymer is
another commonly used method to improve the compatibility of MOF
fillers in polymer matrix [28-30]. However, some results showed that
grafting or coating macromolecule modifier may induce pore blockage
[31]. Besides chemical modification mentioned above, regulating and
controlling the topological structure of MOFs could be applied to in-
crease surface contacting area and improve interfacial compatibility.
Thus, MOF nanosheets as filler material have attracted much attention
[32]. Various MOF nanosheets like M-TCPP (M = Zn, Cu, Cd, Co) [33],
ZIF-L [34], and ZIF-67 [35] have been incorporated in hybrid mem-
branes. These membranes generally show improved gas permeability
and selectivity. Nevertheless, the gas separation performances of these
membranes are highly depending on the orientation of nanosheets [36].
To sum up, the current interfacial design strategy usually includes the
modification process of MOFs. In this process, the crystallinity, pore
structure and dispersion of MOFs are easily broken to varying degrees,
thus affecting the performance of hybrid membrane.

It is generally considered that ZIF-8 nanoparticles are easy to be
corroded in aqueous solutions, especially in acid condition [37], which
is the fatal weakness of this material. However, every coin has two sides
[38-40]. The partial decomposition of ZIF-8 nanoparticles could pro-
duce a large number of coordinatively unsaturated metal sites along
their gradually etched surfaces [41-46]. In this work, we directly take
advantage of the in-situ etching behavior to construct interfacial
defects-free ZIF-8/polymer hybrid membranes with significantly
improved gas separation performance. Polyimides functionalized with
carboxylic groups (PI-COOHy) are selected as the matrix phase to
fabricate the hybrid membranes. In the process of membrane forming,
ZIF-8 filler is in-situ etched by the carboxylic acid groups and PI-COOH
interacts with the coordinatively unsaturated metal sites on the surface
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of etched ZIF-8 to create a nearly defect-free interface (Scheme 1a). By
such a design, the gas transportation route across the membrane turns
from “bypassing” to “interpenetrating” (Scheme 1b). As a result, the
etched ZIF-8 (E-ZIF-8)/polymer hybrid membranes achieve extremely
improved gas permeability and selectivity for separating Hs/Nj,
Hy/CH4, and Oy/Nj gas pairs with comprehensive separation perfor-
mance surpassing the 2008 Robeson upper bound and approaching the
2015 Robeson upper bound. Moreover, the hybrid membranes demon-
strate stable separation performance even under high-pressure mixed
gas and possess excellent CO, plasticization resistance owing to the
enhanced interfacial compatibility.

2. Experimental section
2.1. Materials

4,4’-(hexafluoroisopropylidene) diphthalic dianhydride (6FDA,
99.6%) and 2,3,5,6-teramethyl-1,4-phenylene diamine (Durene, 98%)
were purchased from Tokyo Chemical Industrial Co., Ltd. 3,5-diamino-
benzoic acid (DABA, 99%), Zinc nitrate hexahydrate (Zn(NO3),-6H20,
99%) and 2-methylimidazole (Hmin, 98%) were purchased from Sigma-
Aldrich (Shanghai). Ultra-dry N-methyl-2-pyrrolidone (NMP, 99.5%)
and N, N-dimethylformamide (DMF, 99.5%) were purchased from Alfa
Aesar. Methanol (99.5%) and anhydrous toluene (99.5%) were supplied
by Sinopham Chemical Reagent Co., Ltd. Ultra-high purity (UHP) grade
Hj, Ny, O9, CH4, and CO5 were supplied by Suzhou Jinhong Gas Co., Ltd.
Before used, the 6FDA monomer was dried under vacuum at 120 °C for
24 h, and the Durene and DABA monomer were dried under vacuum at
60 °C for 24 h.

2.2. Synthesis of PI-COOH,

PI-COOHy was synthesized by a polycondensation reaction following
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Scheme 1. Schematic illustration of (a) chemical reaction between ZIF-8 and PI-COOH to give rise to the etching of ZIF-8 nanoparticles in PI-COOH matrix and (b)
interface structure and gas transportation in ZIF-8 and E-ZIF-8 based hybrid membranes.
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our previous study [47-49], where x represents the molar ratios of
carboxyl-containing DABA used for synthesis (PI representing the pol-
yimide synthesized without DABA). The molar ratio of Durene and
DABA monomers was adjusted accordingly for polyimides with different
contents of -COOH groups. The amounts of reagents were summarized
(Table S5).

2.3. Synthesis of ZIF-8

Small-size ZIF-8 (~40 nm) was synthesized using a method proposed
by previous literature [50]. 2.98 g Zn(NO3)2-6H30 (0.01 mol) and 6.56 g
2-methylimidazole (Hmin, 0.08 mol) were dissolved separately in 200
mL methanol. Then the Zn(NO3)2-6H20 methanol solution was rapidly
poured into 2-methylimidazole methanol solution and stirred for 1 h.
The obtained suspension appeared milky white and then centrifuged
(8500 rpm, 20 min) at 25 °C and washed by methanol for 3 times to
collect the nanoparticles. The obtained ZIF-8 nanoparticles were pre-
served in methanol for use.

Large-size ZIF-8 (120 nm-155 nm, referred to as L-ZIF-8) nano-
particles were synthesized following the similar procedure [51,52].
1.52 g 2-methylimidazole (0.018 mol) was dissolved in 10 mL methanol,
and then mixed with 0.48 g Zn(NO3)2-6H20 (0.0016 mol) dissolved in
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methanol-water (10 mL: 5 mL) solution. Then the mixture was stirred for
2 h and then centrifuged (8500 rpm, 15 min) at 25 °C and washed by
methanol for 3 times.

2.4. Preparation of membranes

The pristine polymer membranes were prepared using the solution
casting method. Take the preparation of PI-COOHyy membrane as an
example. PI-COOHjy polyimide was first dissolved in DMF to form a 3-5
wt% solution. Then the solution was stirred for 5 h and stood for 30 min
to remove air bubbles. After that, the PI-COOHy, solution was filtered
through a PTFE filter (Whatman, 0.45 pm) and poured into a leveled
PTFE model. The model was put in an oven at 60 °C for 24 h to slowly
evaporate the solvent, and then dense membrane was obtained. Then
the membranes were dried at 150 °C for 24 h in a vacuum oven to
remove any residual solvent. The obtained membranes had a thickness
of 100 + 10 pm. For hybrid membranes preparation, the ZIF-8 methanol
solution was first exchanged by DMF. Before used, the ZIF-8 DMF so-
lution was stirred overnight and sonicated for 30 min. Then a certain
amount of ZIF-8 solution was added into the PI-COOHjy( solution, and
the mixture was stirred for 30-60 min under 0 °C and stood for 5 min to
remove air bubbles. The following procedure was the same as for the
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Fig. 1. TEM images of (a) ZIF-8 and ZIF-8 etched by benzoic acid for 3 min (b) and 30 min (c). 1H NMR spectra of (d) the mixture of benzoic acid and ZIF-8 and (e)
the mixture of benzoic acid, 2-methylimidazole, and Zn?*. (f) WAXD patterns of ZIF-8, E-ZIF-8 (3 min) and E-ZIF-8 (30 min). (g) N adsorption isotherms at 77 K of

ZIF-8, E-ZIF-8 (3 min) and E-ZIF-8 (30 min).
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fabrication of PI-COOHy;, membrane. The obtained hybrid membranes
had a thickness of 100 &+ 10 pm. And the loading weight was calculated
by the following equation (2):

ZIF — 8 loading (wt%) = Weight of ZIF — 8 (¢)
& ")~ Weight of ZIF — 8(g) + Weight of polymer (g)

@
3. Results and discussion
3.1. Verification of the stability of ZIF-8 nanoparticles in weak acid

The stability of ZIF-8 nanoparticles in weak acid was verified via
immersing ZIF-8 nanoparticles in benzoic acid solution. The
morphology of acid treated ZIF-8 nanoparticles were characterized by
transmission electron microscopy (TEM). Fig. 1la—c shows the morpho-
logical changes of ZIF-8 nanoparticles treated with acid for 0 min, 3 min
and 30 min. The untreated ZIF-8 nanoparticles show rhombic dodeca-
hedron morphology with a particle size of ~40 nm (Fig. 1a). With the
acid treatment time increasing to 3 and 30 min, the rectangular outlines
of ZIF-8 gradually disappear and their particle sizes decrease to 10-20
nm as shown in Fig. 1b and ¢, indicating the decomposition of ZIF-8
nanoparticles. The decomposition mechanism was analyzed by exam-
ining Y nuclear magnetic resonance (lH NMR) of the reaction product.
The solution for 'H NMR testing was prepared by adding the benzoic
acid solution to the milky ZIF-8 dispersion dropwise until the mixture
becomes clear and transparent. As a control experiment, a mixture of
Zn%*, benzoic acid, and 2-methylimidazole was also prepared. Obvi-
ously, the two spectra share same chemical shifts as shown in Fig. 1d and
e, indicating that ZIF-8 nanoparticles decompose into 2-methylimida-
zole and Zn%" in acid condition. The crystal structures of acid treated
ZIF-8 were characterized by wide-angle X-ray diffraction (WAXD).
Diffraction peaks at 7.3°, 10.4°, 12.8°, 16.5° and 18.1° are observed in
the WAXD patterns in Fig. 1f, which corresponds to the crystal planes of
(110), (200), (211), (310), and (222), respectively [50]. This indicates
the good preservation of crystal structure of ZIF-8 nanoparticles after
acid treatment. The peak intensity decreases and the peak width in-
creases with the increasing acid treatment time, indicating the decrease
of particle size. The decomposition of ZIF-8 nanoparticles in acid con-
dition was also verified using a large-size ZIF-8 (120-155 nm, L- ZIF-8).
Scanning electron microscopy (SEM) images in Fig. S1 show the
decrease in particle size and loss of rhombic dodecahedron shape of
L-ZIF-8 nanoparticles after acid treatment for 5 min, and 3 h. WAXD
patterns in Fig. S2 confirm that the crystal structures of etched L-ZIF-8
nanoparticles are well preserved. Obviously, L-ZIF-8 nanoparticles share
similar decomposition behavior with small ZIF-8 nanoparticles in acid
condition. The microporous structures of pristine and etched ZIF-8
nanoparticles (~40 nm) were characterized by gas adsorption tests.
Fig. 1g shows the N3 adsorption isotherms (77 K) of ZIF-8 nanoparticles
treated with benzoic acid for 0 min, 3 min and 30 min. All the adsorption
isotherms belong to typical I-type isotherm with H4-type hysteresis loop,
proving the microporous structure of ZIF-8 is well preserved after acid
treatment. Thus, the size sieving effect of ZIF-8 nanoparticles would not
be comprised after acid treatment. The specific surface area of pristine
ZIF-8 and etched ZIF-8 nanoparticles is calculated from the Ny adsorp-
tion isotherms.

By employing the multi-point Brunauer-Emmett-Teller (B.E.T)
method. The B.E.T. surface area of pristine ZIF-8 is 1615 m? g~1. With
the treatment time increasing to 3 and 30 min, the B.E.T surface area
increases to 1637 and 1774 m? g’l, respectively. Meanwhile, the
external surface area of pristine ZIF-8, 3-min-reacted and 30-min-
reacted ZIF-8 particles are 118.3 m? g7, 122.3 and 125.9 m? g},
respectively. The slight increase in external surface area is due to the
reduction in particle size and increase in surface roughness of ZIF-8
nanoparticles, which is also confirmed by TEM images in Fig. 1. Based
on above analysis, it can be deduced that ZIF-8 nanoparticles decompose
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into 2-methylimidazole and Zn?* in acid condition. Meanwhile, ZIF-8
nanoparticles can maintain the cage structure with reduced particle
size and increased specific surface area.

3.2. Fabrication and characterization of PI-COOH/E-ZIF-8 membranes

A carboxylic polyimide (PI-COOHy() was selected as matrix phase to
mix with ZIF-8 filler to accomplish in-situ etching ZIF-8 in polymer
matrix. The mixing solution of PI-COOHy and ZIF-8 was stirred under
0 °C for 30-60 min and hybrid membranes were then obtained via so-
lution casting method. The in-situ etched ZIF-8 inside polymer matrix
was named after E-ZIF-8. As a control experiment, hybrid membranes
made of polyimide matrix without acid group were also prepared.
Fig. 2a exhibits the optical images of PI-COOHyy/E-ZIF-8 (50 wt%)
mixture and PI/ZIF-8 (50 wt%) mixture in DMF. After stirring for 10 h,
the mixture of PI-COOHy( and ZIF-8 nanoparticles (50 wt%) turns into
insoluble gel which is tightly attached to the bottom of bottle, indicating
the formation of network structure. In contrast, the mixture of PI and
ZIF-8 nanoparticles (50 wt%) remains a homogeneous solution. Solu-
bility tests of PI/ZIF-8 and PI-COOHjyy/E-ZIF-8 membranes with
different ZIF-8 loadings were performed by immersing these membranes
in DMF solvent for 24 h, as shown in Fig. 2b and c. When the ZIF-8
loading contents increase to 3-10 wt%, the PI-COOHy(/E-ZIF-8 mem-
branes are partially soluble. With ZIF-8 loading content further
increasing to 20 wt% or higher, the PI-COOHzo/E-ZIF-8 membranes are
almost completely insoluble. In contrast, all PI/ZIF-8 membranes are
completely dissolved in DMF, and the obtained solutions are milky white
just like the ZIF-8 dispersion, indicating the lack of strong interaction
between ZIF-8 nanoparticles and PI without -COOH group. The corre-
sponding gel contents are calculated and shown in Fig. 2d. Both pristine
PI and PI-COOH3y membranes are completely dissolved in DMF. When
the ZIF-8 loading increases to 10 wt% and above, PI-COOHy(/E-ZIF-8
membranes show negligible weight loss (<10%), while the.

PI/ZIF-8 membranes show great weight loss (>70%). The excellent
solvent resistance of PI-COOHy(/E-ZIF-8 membranes is attributed to the
formation of strong —-COO-Zn?' coordination bond between ZIF-8
nanoparticles and PI-COOH3( polyimide.

To study the microstructure of hybrid membranes, WAXD patterns of
PI-COOH3(/E-ZIF-8 and PI/ZIF-8 membranes are measured as shown in
Fig. 3a and b. A broad peak at 10°-20° is observed in the patterns of PI-
COOHyy and PI membranes, indicating their amorphous structures.
When the ZIF-8 loading increases to 5-10 wt%, the characteristic peak of
ZIF-8 nanocrystal appears in PI/ZIF-8 membranes. However, almost no
characteristic peak of ZIF-8 is observed in PI-COOHy(/E-ZIF-8 mem-
branes, indicating that ZIF-8 nanoparticles have been decomposed by
excess carboxylic groups etching. Besides that, the broad peak of PI-
COOHz0/E-ZIF-8 membrane shows slight right shifts with the increasing
ZIF-8 loading, indicating that the interchain distance is tightened due to
the formation of coordination bonds. When ZIF-8 loading contents
reaches to 30-50 wt%, WAXD patterns of both the PI-COOHy(/E-ZIF-8
and PI/ZIF-8 membranes match well with that of ZIF-8 nanoparticles.
This proves that the crystal structure of ZIF-8 nanoparticles can be well
preserved even after etched by PI-COOHjyy polyimide when the ZIF-8
loading is high enough.

The effects of in-situ etching ZIF-8 on microstructure of hybrid
membranes were also studied by SEM. Fig. 3d, e and 3f show the cross-
sectional SEM images of PI-COOHj/E-ZIF-8 membranes with 10, 40,
and 50 wt% ZIF-8 loading. The ZIF-8 nanoparticles were uniformly
dispersed in the PI-COOHy( polyimide without agglomeration. The EDX
mapping in Fig. S3 demonstrates the uniform distribution of zinc
element, further confirming the homogenous distribution of ZIF-8
nanoparticles within PI-COOH/E-ZIF-8 membranes. Almost no voids
or interfacial defects could be observed in PI-COOHj/E-ZIF-8 mem-
branes even with ZIF-8 loading as high as 50 wt% (Fig. 3f), suggesting
the good interfacial compatibility between ZIF-8 nanoparticles and PI-
COOHy( polyimide. In contrast, all the PI/ZIF-8 membranes show
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Fig. 2. (a) Optical photos of PI-COOHy,/E-ZIF-8 (50 wt%) solution and PI/ZIF-8 (50 wt%) solution. (b) Optical photos of PI-COOH, and PI-COOHy(/E-ZIF-8 (3, 5,
10, 20, 30, 40, and 50 wt%) membranes in DMF. (c) Optical photos of PI and PI/ZIF-8 (3, 5, 10, 20, 30, 40, and 50 wt%) membranes in DMF. (d) Gel contents of PI,

PI-COOHag, PI/ZIF-8 and PI-COOH5,/E-ZIF-8 membranes.

obvious phase separation and particle agglomeration, and it becomes
more serious with the increasing ZIF-8 loading as shown in Fig. 3g, h and
3i. The reasons for the remarkably different interfacial morphologies are
as follows. During the membrane fabrication process, large amounts of
coordinatively unsaturated metal sites are generated on the surface of
ZIF-8 via carboxylic acid etching. Subsequently, the strengthened
interface is constructed by the strong coordination bond between E-ZIF-
8 nanoparticles and carboxylic polyimide. In contrast, the interfacial
interaction of PI/ZIF-8 membrane is only relied on van der Waals forces
which are very weak. The optical images of PI-COOHzo/E-ZIF-8 (50 wt
%) and PI/ZIF-8 (50 wt%) membranes are inserted in Fig. 3f and i.
Apparently, the PI-COOHy0/E-ZIF-8 (50 wt%) membrane remains ho-
mogeneous and integral, while the PI/ZIF-8 (50 wt%) membrane is
fragile and breaks into small pieces, showing the significance of in-situ
etching ZIF-8 for maintaining good mechanical strength of hybrid
membranes. The mechanical strength of PI-COOHzg, PI, PI-COOHy(/E-
ZIF-8 (30 wt%) and PI/ZIF-8 (30 wt%) membranes were further
compared by testing their stress-strain curves (Fig. S4). PI-COOHjy, and
PI membranes show similar mechanical properties with tensile strength
of 93.6 MPa and 96.4 MPa, Young’s modulus of 2.0 GPa and 2.1 GPa,
and break elongation of 9.0% and 7.4%, respectively. After adding filler
material, the mechanical strength of two hybrid membranes decreases.
However, it should be noted that the tensile strength and Young’s
modulus of PI-COOHyo/E-ZIF-8 (30 wt%) membrane are 18.1 MPa and
1.5 GPa much higher than 10.0 MPa and 1.4 GPa of PI/ZIF-8 (30 wt%)
membrane. Correspondingly, the break elongation 13.6% of PI-
COOHy/E-ZIF-8 (30 wt%) membrane is also better than 6.8% of PI/ZIF-
8 (30 wt%) membrane. These results confirm that the formation of

coordination bond between ZIF-8 nanoparticles and PI-COOHy poly-
imide can effectively enhance the mechanical strength of hybrid mem-
branes. The thermal stability of ZIF-8 nanoparticles, PI-COOHy,
membrane, and PI-COOHy(/E-ZIF-8 membranes was characterized by
thermal gravimetric analysis (TGA) under N3 atmosphere. As shown in
Fig. S5, no weight loss is observed at 100-200 °C, indicating the com-
plete removal of residual solvents in PI-COOHy(/E-ZIF-8 membranes.
The thermal decomposition temperature (T4, 10% mass loss) of PI-
COOHgzp membrane is around 550 °C. Notably, the thermal decompo-
sition temperatures of all PI-COOHy/E-ZIF-8 membranes are all around
500 °C, showing negligible effect of ZIF-8 incorporation on the mem-
brane thermal stability.

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
spectra of PI-COOHyy and PI-COOHy/E-ZIF-8 (40 wt%) membranes
were characterized, as shown in Fig. 3c. The two membranes share
similar spectra, where the absorption peaks at 1786 and 1721 cm ™" are
assigned to the C=0 of imide bonds, and the absorption peak at 1624
cm ™! is assigned to the asymmetric stretching vibration of ~-COOH. After
the incorporation of E-ZIF- 8, the intensity of the absorption peak
assigned to -COOH decreases, while a new absorptionpeak at 1583 cm ™!
appears, which is assigned to asymmetric stretching vibration of -COO-.
This is attributed to the coordination interaction between carboxyl and
Zn?*, Besides that, an absorption peak at 690 cm ™" is observed in the
spectrum of PI-COOHy(/E-ZIF-8 (40 wt%) membrane and assigned to
the N-Zn?* coordination bond in ZIF-8 nanoparticles, verifying the ex-
istence of ZIF-8 nanoparticles in the membrane. Fig. S6 shows the X-ray
photoelectron spectra (XPS) of PI-COOHjy, PI-COOHy(/E-ZIF-8 (10 wt
%) and PI-COOHy(/E-ZIF-8 (40 wt%) membranes. Besides C 1s, N 1s, O
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1s, and F 1s signals of PI-COOHyy membrane, the Zn 2p signal was
detected in PI-COOHy(/E-ZIF-8 membranes, indicating the successful
mixing of ZIF-8 with PI-COOHyy. Fig. S7 shows the high-resolution O 1s
spectra of PI-COOHy and PI-COOHy(/E-ZIF-8 (40 wt%) membranes. In
the spectrum of PI-COOHyy membrane, the fitted peaks at 532.1 and
532.8 eV belongs to C=0 and -COO-, respectively. However, the peak
at 532.8 eV shifts to 533.2 eV in the spectrum of PI-COOH3(/E-ZIF-8 (40
wt%) membrane, suggesting the formation of -COO-Zn?" coordination
bond.

Molecular simulation was performed to study the in-situ etching ZIF-
8 in PI-COOHjy( matrix in molecular level (Fig. 4). The obtained ZIF-8
nanoparticles have rhombic dodecahedral shape and thus the (110)
slab of ZIF-8 is the dominantly present facet. Meanwhile, the surface
energy of (100) is only 0.07 J m~2 higher than (110). Thus, both (110)
and (100) of ZIF-8 were considered to perform the simulation. The
substitution energy for substituting an imidazole group by a carboxyl
group of PI-COOHy( polyimide was calculated by the following equation
1):

Esub = EZIF—8 slab—Hmin-+PI + EHmin - EZIF—8 slab ™ EPI (2)

where the Ezjp.g slab-Hmin + p1 iS the energy of ZIF-8, which the slab of one
imidazole linker substituted by PI-COOHyg, Ezr.g is the energy of the
(100) or (110) slab of ZIF-8, Ep; and.

Enmin is the energy of PI-COOHjy and the neutral imidazole linker in
the gas phase, respectively. The energy of substituting imidazole by PI-
COOHy on (100) and (110) slabs of ZIF-8 are —2.28 eV and —4.53 eV,
respectively. Both substitution processes are exothermic and therefore
feasible. The molecular simulation results prove that the carboxyl group
of PI-COOHjyg can substitute 2-methylimidazole ligands of ZIF-8 nano-
particles and form coordination bonds with exposed Zn?" sites.

s50 E-ZIF-8 (50 wt%) and (i) PI/ZIF-8 (50 wt%)
membranes.

1800 1200
Wavenumber (cm™)

3.3. Gas separation performance of PI-COOH,/E-ZIF-8 membranes

PI and PI-COOHy (x = 20, 30, 50) polyimides with 0%, 20%, 30%,
and 50% carboxyl group (molar ratio of DABA) were synthesized to
study the effects of carboxyl content on gas separation performance of
hybrid membranes. The chemical formulas of these polyimides are
shown in Fig. 5a. ZIF-8 loading is fixed at 40 wt% for all the hybrid
membranes. The pure gas permeation properties of pristine polymer
membranes and hybrid membranes were measured using a fixed-volume
pressure increase time-lag apparatus with 3 bar feed gas at 35 °C.
Tables S1 and S2 summarize and compare the gas permeability and
selectivity of these membranes. The gas permeability of PI-COOHy/E-
ZIF-8 (40 wt%) membranes follows the order of kinetic diameter: Hy
(2.89 &) > CO, (3.3 &) > 0, (3.46 A) > N, (3.6 A) > CH, (3.8 A),
showing obvious molecular sieving effect. Comparing with their pristine
PI-COOHy membranes, the Hy permeability enhancement ratio of P1/
ZIF-8 (40 wt%), PI-COOHy(/E-ZIF-8 (40 wt%), PI-COOHjso/E-ZIF-8
(40 wt%), and PI-COOHso/E-ZIF-8 (40 wt%) membranes is 792.3%,
241.6%, 180.5% and 5.8%, respectively (Fig. 5b). WAXD patterns had
been tested to study the structure of those hybrid membranes (Fig. S8).
All of them were well matched with ZIF-8 patterns, confirming the ex-
istence of ZIF-8 crystals in all the membranes. These existed ZIF-8
crystals provide gas channels to contribute to the permeability
enhancement. With the carboxyl content increases from 0% to 50%, the
gas permeability enhancement ratio of PI-COOH,/E-ZIF-8 (40 wt%)
membranes gradually decreases. This may because the increased
carboxyl could etch ZIF-8 more deeply, leaving less gas permeation
channels from ZIF-8 crystals. Notably, although ZIF-8 structure still can
be seen in hybrid membrane, the gas permeability of PI-COOHszo/E-ZIF-
8 (40 wt%) membrane is similar or even lower than that of PI-COOHs
membrane. It is reasonable to infer that the pore blockage caused by
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AE=-235eV

ZIF-8 (110)

Fig. 4. Molecular simulation of PI-COOHy polyimide (one repeat unit) coor-
dinated on the unsaturated metal sites of (100) and (110) slabs of ZIF-8 after
removing a 2-methylimidazole (Hmin) linker. The substitution energy of a 2-
methylimidazole linker (AE) by PI-COOH,, polyimide (one repeat unit) is
noted on the side. Colors codes: C, grey; N, blue; H, orange; Zn, violet. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

excess coordination bonds between ZIF-8 and PI-COOHsg hinders in-
crease of gas permeability.

The ideal selectivity of PI-COOHy/E-ZIF-8 (40 wt%) hybrid mem-
branes are obviously improved in comparison of pristine polymer
membranes. Compared with the pristine PI-COOHy membranes, the Hy/
CHy4 selectivity variation ratio of PI/ZIF-8 (40 wt%), PI-COOHzo/E-ZIF-8
(40 wt%), PI-COOH3/E-ZIF-8 (40 wt%) and PI-COOHs(/E-ZIF-8 (40 wt
%) membranes is —29.9%, 59%, 63.8%, and 176.2%, respectively.
Obviously, the ideal selectivity of PI/ZIF-8 (40 wt%) membrane is even
lower than that of PI membrane, which is mainly attributed to the weak
interfacial interaction between PI matrix and ZIF-8 fillers. In contrast,
the ideal selectivity of hybrid membrane with carboxyl polyimide matrix
is all improved. With the carboxyl content increase, the selectivity
enhancement ratio gradually increases. This is probably because the
interchain distance of polyimides is gradually tightened by the forma-
tion of much more coordination bonds. The simultaneous enhancement
of gas permeability and selectivity for PI-COOH,/E-ZIF-8 (40 wt%)
confirms the significant role of carboxyl groups in ZIF-8 hybrid mem-
branes. However, too many carboxyl groups would result in low
permeability and too few carboxyl groups would lead to low selectivity.
Based on above discussion, the PI-COOHjy polyimide was selected as
matrix for subsequent research.

The different ZIF-8 loading (5, 10, 20, 30, 40, and 50 wt%) effect on
gas separation performance of hybrid membranes was further studied.
The gas permeability and selectivity of PI-COOHyo and PI-COOHy(/E-
ZIF-8 membranes are shown and summarized (Fig. S9 and Table S3).
The Hjy, CO2, Oz, No, and CH4 permeability of pristine PI-COOHy,
membrane is 538.0, 368.0, 102.4, 26.2, and 23.0 Barrer, respectively.
After the addition of 5 wt% ZIF-8, the hybrid membrane shows reduc-
tion in gas permeability and increase in ideal selectivity. This is because
almost all the ZIF-8 nanoparticles decompose after reacting with excess
carboxyl groups, and the coordination bond between Zn?* and PI-
COOHjy tightens the interchain distance and thus hinders the diffusion
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of gases. With the ZIF-8 loading further increases to 50 wt%, the Ha,
COq, O3, Ny, and CH4 permeability of PI-COOHy(/E-ZIF-8 (50 wt%) raise
to 3058.6, 1429.0, 459.0, 99.6, and 81.4 Barrer, increasing by 468.5%,
288.3%, 348.2%, 280.1%, 253.9%, respectively. The increasing ratio of
gas permeability for small-sized gases (Hp, Oz and CO») is larger than
large-sized gases (N3 and CHy4), which can be attributed to the internal
channels of ZIF-8 that promotes fast transport of small-sized gases.

As a result, the gas selectivity for Hy/Ns, Hy/CHy, O2/No, and COy/
CH4 gas pairs are greatly improved from 20.3, 23.4, 3.9 and 16.0 of
pristine PI-COOHy, membrane to 30.7, 37.6, 4.6 and 17.6 of PI-
COOHy(/E-ZIF-8 (50 wt%) membrane (Fig. S9). For Hy/No, Hy/CHg4, and
02/N3 gas pairs, the gas permeability and selectivity of PI-COOHz/E-
ZIF-8 membranes show simultaneous enhancement with the increasing
ZIF-8 loading.

The comprehensive gas separation performance of PI-COOHy(/E-
ZIF-8 membranes for Hy/Nj, Hy/CHg4, O2/No, and CO2/CH4 gas pairs are
summarized in the upper bound plots, as shown in Fig. 5c, 5d, 5e and 5f.
Hj and Oy permeability and Hy/N3, Ho/CH4, and O2/Nj selectivity of PI-
COOHy0/E-ZIF-8 membranes increase simultaneously with the
increasing ZIF-8 loading, surpassing the 2008 upper bound and
approaching the 2015 upper bound gradually [53,54]. However, the
CO9/CHy4 selectivity of PI-COOHyo/E-ZIF-8 membrane reaches the
maximum value at the ZIF-8 loading of 5 wt% and then decreases with
the increase of ZIF-8 loading. At lower ZIF-8 loading, more Zn ions are
exposed on etched ZIF-8 surfaces. These Zn ions are prone to interact
with COj, which enables favorable CO; solubility selectivity and the
improvement of CO2/CH4 permeability selectivity. At higher ZIF-8
loading, less Zn ions are exposed on etched ZIF-8 surfaces due to inad-
equate carboxylic acid groups, which cause the decrease of CO5/CHy
solubility selectivity. The gas separation performance of PI/ZIF-8 (40 wt
%) membranes is also plotted for comparison. Although the PI/ZIF-8
(40 wt%) membrane exhibits high gas permeability (7574.2 Barrer for
Hp, 5581.9 Barrer for CO2 and 2573.4 Barrer for O3), but ideal selectivity
(9.2, 10.1, 3.1, 7.4 for Hy/Ny, Hy/CHy, O2/N5 and COy/CHy, respec-
tively) are much lower than those of PI membranes and PI-COO-
Hyo/E-ZIF-8 membranes, which is due to the formation of rich interfacial
defects between PI and ZIF-8. This also verifies the significance of the
in-situ etching ZIF-8 strategy for preparing high-performance hybrid
membranes.

Gas adsorption tests were performed to understand the gas transport
mechanism of PI-COOH,o/E-ZIF-8 membranes. Fig. S10 shows the Hy,
CO9, and CH4 adsorption isotherms of PI-COOHjy, and PI-COOHyy/E-
ZIF-8 membranes, and Brunauer-Emmett-Teller (BET) surface area and
gas adsorption capacity are summarized in Table S4. The BET surface
area of PI-COOHy(/E-ZIF-8 (10 wt%) membrane is 241.3 m?/ g, which is
almost the same with that of pristine PI-COOHy, membrane (249.9 m?%/
g). With the ZIF-8 loading increasing to 30 and 50 wt%, the B.E.T surface
area of PI-COOHo/E-ZIF-8 (30 wt%) and PI-COOHy,/E-ZIF-8 (50 wt%)
membrane largely increases to 358.6 and 550.8 m?/g, respectively. At
the same time, CO, and CH4 adsorption capacity increases from 29.6 and
5.5 cm3/g of PI-COOHy/E-ZIF-8 (10 wt%) membrane to 31.3 and 8.0
cm3/g of PI-COOH5(/E-ZIF-8 (50 wt%) membrane. The increased B.E.T
surface area and adsorption capacity can be attributed to the introduc-
tion of microporous ZIF-8 nanoparticles. As calculated from gas
adsorption data and permeation data, the solubility coefficient (S),
diffusion coefficient (D) of Hy, CH4 and CO,, the relative solubility
selectivity (ap) and diffusion selectivity (ag) are summarized and illus-
trated (Fig. 6a—d). With the ZIF-8 loading increasing from 0 wt% to 50
wt%, the Hy, diffusion coefficient increases from 1022.2 x 108 cm?/s to
5405.9 x 10~8 cm?/s, the CO,, diffusion coefficient increase from 8.8 x
108 ecm?/s to 34.7 x 1078 em?/s, and the CH, diffusion coefficient
increases from 2.6 x 10~® cm?/s to 7.7 x 10~ cmz/s, which increases
by 428.8%, 294.3%, and 196.2%, respectively. The increasing ratio
follows the order of kinetic diameter: Hy (2.89 10\) > CO, (3.3 Io\) > CHy
(3.8 A), indicating the diffusion selectivity are greatly enhanced from
397.6 and 116.6 of pristine PI-COOHy; membrane to 699.1 and 155.8 of
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Fig. 5. (a) Chemical structures of PI, PI-COOHa, PI-

(a) 0 i&‘ b 750

COOH3sg, and PI-COOHs, polyimides. (b) Enhance-
ment percentage of H, permeability and Hz/CH4
selectivity of PI/ZIF-8 (40 wt%), PI-COOH,o/E-ZIF-8
(40 Wt%), PI-COOHs5o/E-ZIF-8 (40 wt%), and PI-
COOHso/E-ZIF-8 (40 wt%) membranes compared
with corresponding pristine polymer membrane. Re-
lationships between gas permeability and gas pair
selectivity of PI, PI-COOHy, PI/ZIF-8 (40 wt%) and
PI-COOH40/E-ZIF-8 (5, 10, 20, 30, 40 and 50 wt%)
membranes with 2008 and 2015 upper bound for (c)
Ha/Na, (d) Ha/CHs, (e) O2/Na, and (f) CO2/CH,4 gas
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PI-COOHy/E-ZIF-8 (50 wt%) membrane, which increases by 75.8% and
33.6%, respectively. It is probably because the rich microspores and
regular channels inside ZIF-8 nanoparticles promote selective diffusion
of small gases like Hy. The Hy/CH4 and Hy/COq solubility selectivity
slightly change from 0.06 and 0.01 of pristine PI-COOHz membrane to
0.05 and 0.01 of PI-COOH3y/E-ZIF-8 (50 wt%) membrane, showing
negligible effects of ZIF-8 incorporation on solubility selectivity.

When polymer membranes are exposed to high-pressure condensable
gases such as CO,, plasticization usually occurs, which results in gas
permeability increase and serious loss of selectivity [55]. CO2 perme-
ability of PI-COOHyy and PI-COOHy(/E-ZIF-8 membranes as a function
of trans-membrane pressure was tested to evaluate the plasticization
resistance of prepared hybrid membranes. As shown in Fig. 6e, the
pristine PI-COOHyy membrane plasticizes rapidly at 6 bar. However,
PI-COOHyy/E— ZIF-8 (30 wt%) membrane shows no sign of plasticiza-
tion until the pressure increases to 27 bar. The plasticization pressure of
PI-COOHyo/E-ZIF-8 (30 wt%) membrane shows 350% increase
compared with that of pristine PI-COOH5y membrane, which can be
attributed to the limited chain mobility of polyimide by the strong co-
ordination bond between ZIF-8 and PI-COOHjy,. An equimolar CO2/CH4
gas mixture (50:50) was further used to evaluate the stability of
PI-COOHy(/E-ZIF-8 membranes. The CO2/CHjy selectivity as a function
of feed gas pressure is illustrated in Fig. 6f. The CO5/CHy4 selectivity of
pristine PI-COOHy( membrane decreases from 17.3 to 13.6 with the feed
gas pressure increasing from 3 bar to 15 bar, showing a 21.4% decrease.
In contrast, the CO2/CH4 selectivity of PI-COOH(/E-ZIF-8 (30 wt%)

1000 7000

CO, Permeability (Barrer)

membrane slightly increases from 20.2 to 22.4, increasing by 10.9%.
These results demonstrate the improved separation stability of hybrid
membranes with in-situ etched ZIF-8 even under high-pressure mixed
gas, showing the great prospect for practical application.

4. Conclusion

In this work, surface etching of ZIF-8 nanoparticles was engineered
to enhance the interfacial interaction of hybrid membranes. The
decomposition phenomenon of ZIF-8 nanoparticles in acid condition
was first studied in detail. The 2-methylimidazole ligands on outer
surface of ZIF-8 can be substituted by acid molecules without damaging
the cage structure. Based on this mechanism, ZIF-8 nanoparticles were
incorporated into carboxyl-contained polyimide and in-situ etched by
acid groups. The coordination bonds strongly enhance the interfacial
interaction between ZIF-8 nanoparticles and PI-COOHy; matrix, and
thus effectively eliminate interfacial defects in hybrid membranes. In
comparison with pristine PI-COOHy; membrane, PI-COOHyo/E-ZIF-8
hybrid membranes show simultaneously improved gas permeability and
selectivity, surpassing the 2008 upper bound and approaching the 2015
upper bound for Hy/Nj, Hp/CH4, O2/Ny, and CO5/CH4 gas pairs.
Moreover, PI-COOHgy/E-ZIF-8 (30 wt%) hybrid membrane exhibits
excellent anti-plasticization properties with a 350% increase in the
plasticization pressure (6 bar vs 27 bar), and shows highly stable COy/
CHy selectivity under mixed gas. This work provides a new strategy of in-
situ etching ZIF-8 for effectively eliminating interfacial defects and
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breaking the trade-off limit on gas separation performance of hybrid
membranes.
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