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M A T E R I A L S  S C I E N C E

High–aspect ratio zeolitic imidazolate framework (ZIF) 
nanoplates for hydrocarbon separation membranes
Ohchan Kwon1†, Minsu Kim1†, Eunji Choi1, Jun Hyuk Bae1, Sungmi Yoo2, Jong Chan Won2,3,  
Yun Ho Kim2,3, Ju Ho Shin4, Jong Suk Lee4, Dae Woo Kim1*

Metal-organic frameworks with high aspect ratios have the potential to yield high-performance gas separation 
membranes. We demonstrate the scalable synthesis of high–aspect ratio zeolitic imidazolate framework (ZIF)–8 
nanoplates via a direct template conversion method in which high aspect ratio–layered Zn hydroxide sheets 
[Zn5(NO3)2(OH)8] were used as the sacrificial precursor. Successful phase conversion occurs as a result of the col-
laboration of low template stability and delayed delivery of 2-methylimidazole in weakly interacting solvents, 
particularly using acetone. When the ZIF-8 nanoplates with an average aspect ratio of 20 were shear aligned in the 
6FDA-DAM polymer matrix by bar coating, the separation performance for propylene/propane far surpassed that 
of the previously reported mixed matrix and polymeric membranes, showing a propylene permeability of 164 Barrer 
and selectivity of 33.4 at 40 weight % loadings.

INTRODUCTION
Realizing high–aspect ratio morphologies in selective materials for 
gas separation has well-known benefits. Their planar structure al-
lows for the deposition of ultrathin selective layers on permeable 
substrates, where molecular sieving is achieved either by the atomic 
pores in the sheet basal planes or by the interlayer spacing between 
the plates (1). Likewise, the incorporation of selective flakes in poly-
meric membranes also grants additional values. Arising from the 
alignment of the filler and its improved integration to the polymer 
phase, these mixed matrix membranes (MMMs) exhibit enhanced 
selectivity, higher filler loadings, and strengthened mechanical 
stability (2, 3).

Previously, the aforementioned effects have been best demon-
strated by two-dimensional (2D) porous materials, including zeolites, 
metal-organic frameworks (MOF), graphene, and carbon nitride (4–7). 
Among these, MOFs and zeolites effectively achieve high selectivity 
of various gases owing to their densely populated crystalline pores 
that can be tuned according to the target molecules (8). However, 
only a limited number of intrinsically 2D MOFs and zeolite variants 
have been reported (9, 10), where the synthesis procedure requires 
multistep approaches to remove non–ideal-shaped particles, result-
ing in low yields (11). When the separation targets hydrocarbons, 
such as paraffin/olefin and xylene isomers, only a few 2D materials 
are available (7, 12). To the best of our knowledge, hydrocarbon-
selective MOF nanosheets are yet to be realized, although currently 
reported 2D MOFs are effective for relatively large–molecular size 
variances, such as H2/CO2 separation [Zn2(bim)4 and Zn2(bim)3] 
and CO2/CH4 separation (CuBDC) (2, 4, 13, 14).

As an alternative to the direct synthesis of MOF nanosheets, the 
template-based conversion method offers a practical pathway for 
preparing hydrocarbon-separating shape-controlled MOFs, includ-
ing zeolitic imidazolate frameworks (ZIF). The strategy allows the 
realization of various shapes (nanowire, plate, and spherical parti-
cles) in polycrystalline MOF particles resembling the mother template 
(15–18). However, high aspect ratio, planar morphologies have not 
been demonstrated in these instances and are rarely applied for 
membrane fabrications. Commonly, previous shape-controlled MOF 
particles had small aspect ratios, which did not translate into nota-
ble performance enhancements (19) or failed to maintain their 
unique pore structures (20, 21). In addition, traditional template 
conversion uses relatively stable or unreactive templates such as metal 
oxides, which are known to remain as a barrier layer hindering mo-
lecular transport (22, 23).

Herein, we demonstrate the scalable synthesis of high–aspect ratio 
ZIF-8 nanoplates via direct conversion of layered hydroxide nano
sheets with a Zn5(NO3)2(OH)8 crystal type. Because of the exploited 
template’s chemistry, the resulting planar ZIF-8 particles had attrac-
tive properties for separative applications. Although the structure of 
the prepared nanoplates is polycrystalline and differs from conven-
tional 2D materials with atomic thickness, they share similar struc-
tural benefits with sufficiently high aspect ratios. The produced 
ZIF-8 nanoplates have an average lateral size of 4 m and thickness 
of approximately 200 nm, resulting in an aspect ratio of 20. These 
were further incorporated into the 6FDA-DAM polymer to fabri-
cate MMMs and were tested for propylene/propane separation. The 
measured propylene/propane separation performances with the 
ZIF-8 nanoplate/6FDA-DAM membrane surpassed previously re-
ported MMM results for propylene/propane separation.

RESULTS
Synthesis of ZIF-8 nanoplate via conversion method
Figure 1A provides a schematic of ZIF-8 nanoplate synthesis. Among 
the various MOF crystals, ZIF-8 was selected owing to its effective 
aperture size of approximately 4 Å, which is ideal for separating 
propylene/propane molecules and is the most widely studied MOF 
for gas separation (24–26). The ZIF-8 nanoplates are developed by 
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first synthesizing a high–aspect ratio Zn template in the form of 
Zn5(NO3)2(OH)8. Thereafter, the phase conversion is completed by 
introducing 2-methylimidazole (2-MeIm) linkers solvated in ace-
tone. Syringe pumps were used to control the injection rate of the 
reactants, which was critical for maintaining the nanoplate’s shape 
throughout the conversion (fig. S1). Because the aspect ratio of the 
template determines that of the final ZIF-8 nanoplate, the shape of 

Zn5(NO3)2(OH)8 was controlled by selecting alkaline ions added 
during synthesis (fig. S2 and Materials and Methods section). When 
LiOH was used as the reactant, the Zn5(NO3)2(OH)8 nanosheet 
yielded the highest lateral length of up to 8 m.

We emphasize that reported ZnO-based conversion is unsuitable 
for membrane applications because the conversion only partially 
occurs on surfaces, and the underlying unconverted ZnO layer hinders 

Fig. 1. Synthesis and characterizations of ZIF-8 nanoplates. (A) Schematic illustration of ZIF-8 nanoplate synthesis from Zn5(NO3)2(OH)8 nanosheet. 2-MeIm, 
2-methylimidazole. (B and E) Scanning electron microscopy (SEM) images of Zn5(NO3)2(OH)8 and ZIF-8 nanoplate. (C and F) Scanning transmission electron microscopy 
(STEM) images of Zn5(NO3)2(OH)8 and ZIF-8 nanoplate and corresponding energy-dispersive spectroscopy (EDS) mapping images. (D and G) High-resolution TEM images 
of basal plane of Zn5(NO3)2(OH)8 and ZIF-8 nanoplate. Insets: Selected-area electron diffraction patterns obtained from the location of the TEM images. (H) XRD patterns 
of Zn5(NO3)2(OH)8 and ZIF-8 nanoplate. A.U., arbitrary unit. (I) N2 adsorption-desorption isotherms measured at 77 K. STP, Standard temperature and pressure. (J) C3H6/C3H8 
adsorption isotherms of ZIF-8 nanoparticle and nanoplate measured at room temperature (301 K).
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gas permeation (15, 16, 27). Figure S3 confirms that Zn5(NO3)2(OH)8 
has a greater conversion extent than the ZnO template under iden-
tical conditions because Zn5(NO3)2(OH)8 has weaker chemical sta-
bility than ZnO. Because the phase transition is complete, resulting 
in a 100% yield, further purification is not required, suggesting the 
feasibility of scalable synthesis (fig. S4).

Another critical feature of the conversion step is related to the 
selection of the optimal solvent for 2-MeIm delivery and its injec-
tion rate. Because acetone has a weak solvent-template interaction, 
it minimizes unnecessary template dissolution and aids in the re-
tention of the original morphology (fig. S5). In addition, the ligand 
injection rate and concentration must be sufficiently controlled to 
incur a complete phase transition; otherwise, a passivation ZIF-8 
layer forms on the surface of Zn5(NO3)2(OH)8 nanosheets and ter-
minates the conversion reaction (fig. S6). To confirm this hypothe-
sis, the morphology of the nanoplates during the conversion process 
was investigated under selected time intervals (fig. S7). Initially, the 
ZIF-8 crystals form in localized islands on the surface of the tem-
plates, suggesting that slower injection delays the rapid formation 
of a protective ZIF-8 layer. This behavior is also consistent with the 
results observed with varying ligand concentrations (fig. S8), where 
higher 2-MeIm presence allows more extensive coverage of ZIF-8 
particles with reduced intercrystallite distances. Therefore, the con-
version likely proceeds at the defects between the crystals with ex-
posed template surfaces. Extending the reaction time further facilitates 
phase transformation by increasing the potential of ligand exposure 
to the unconverted inner cores.

The scanning electron microscopy (SEM) image and the inset of 
Fig. 1B show that the synthesized Zn5(NO3)2(OH)8 sheets have an 
average thickness of 70 nm with an average aspect ratio of 60. The 
dimensions of the templates were uniform, and single-layer sheets 
were mainly obtained, while stacked nanosheets with a thickness 
around 100 nm were occasionally observed. The scanning transmis-
sion electron microscopy (STEM) and energy-dispersive spectroscopy 
(EDS) mapping images in Fig. 1C demonstrate that the template is 
composed of Zn without C species. The high-resolution TEM (HR-
TEM) image depicted in Fig. 1D shows hexagonal lattices intrinsic 
to the basal planes of Zn5(NO3)2(OH)8, which were further confirmed 
by the hexagonal selected-area electron diffraction (SAED) pattern 
obtained from the [100] zone axis.

Figure 1E demonstrates the SEM image of the prepared ZIF-8 
nanoplates with a nominal thickness of approximately 275 nm. 
During the SEM observation at high magnification, we observed 
thickening of the nanoplate due to electron beam exposure. There-
fore, the actual thickness is expected to be in the range of 200 nm, 
given from the atomic force microscopy measurements (fig. S9), 
yielding an aspect ratio of approximately 20 (fig. S10). Apart from 
smaller aspect ratio residues, no isotropic ZIF-8 single crystals were 
observed, and further processing was not required to separate the 
nanoplates and undesirable particles. The STEM image presented 
in Fig. 1F shows that the nanoplate shape was well maintained after 
the ligand treatment. EDS mapping images depict an even distribu-
tion of Zn and C species arising from the organic linkers, indicating 
the successful and uniform conversion of the template. The high-
magnification HR-TEM image shown in Fig. 1G does not reveal any 
crystalline lattice structures of Zn5(NO3)2(OH)8. Instead, tightly 
bound individual crystallites with sizes of tens of nanometers can be 
observed, implying the polycrystalline nature of the ZIF-8 nano-
plates. Moreover, the loss of the hexagonal SAED pattern indicates 

that no precursor phase remained in the through-plane of the nano-
plates. The bulk crystalline structures of the Zn5(NO3)2(OH)8 and 
ZIF-8 nanoplates were confirmed by x-ray diffraction (XRD) (Fig. 1H). 
The peaks of Zn5(NO3)2(OH)8, including the strongest (200) peak 
attributed to the layered Zn and OH brucite sheets, are in good 
agreement with the patterns simulated by JCPDS 24-2460 (28, 29). 
After the conversion, no peaks related to the template were observed 
within the product, and only characteristic ZIF-8 patterns were de-
tected, suggesting complete conversion, as confirmed by the TEM 
images presented in Fig. 1G.

Gas adsorption experiments were performed to investigate the 
pore structure of the prepared ZIF-8 nanoplates. ZIF-8 nanoparticles 
were synthesized as references. Figure 1I shows the N2 isotherms 
measured at 77 K. Compared to the Zn5(NO3)2(OH)8 template, 
both ZIF-8 samples display type 1 hysteresis, with an initial sharp 
increase in the region of low relative pressures (P/P0 < 0.1), indicating 
micropore formation after phase conversion (30). Conversely, in 
the higher-pressure region (P/P0 > 0.8), a hysteresis corresponding 
to the interparticle meso/microporosity is apparent in the ZIF-8 
nanoparticle sample (31). These behaviors are not observed for the 
ZIF-8 nanoplate sample, implying that crystallites are tightly con-
strained in the polycrystal matrix without grain-boundary voids, which 
may allow nonselective permeation. Owing to the nanoplate shape 
with a lower external surface area, the Brunauer-Emmett-Teller surface 
area of the ZIF-8 nanoplates was 1244 m2/g, which is lower than the 
1518 m2/g of ZIF-8 particles. Figure 1J illustrates the propylene/
propane adsorption isotherms of the ZIF-8 nanoparticle/plate taken 
at room temperature conditions. The measured results indicate 
similar adsorption characteristics between the nanoplates and par-
ticles, suggesting that the pore structure and adsorption properties 
of the ZIF-8 nanoplates were identical to those of the nanoparticles, 
and the conversion process did not alter the crystal structure.

Fabrication of the ZIF-8 nanoplates/6FDA-DAM MMMs
To demonstrate the benefits of the ZIF-8 nanoplate in enhancing 
the gas separation performance, we fabricated MMMs by hybridiz-
ing with the 6FDA-DAM polymer via bar coating. The selected pair 
is well known for its propylene/propane separation properties and 
has been thoroughly studied (32–35). Furthermore, the vast num-
ber of studies using isotropic ZIF-8 particles are advantageous for 
visualizing the effect of a high aspect ratio on the separation perform
ance. Figure 2A depicts the cross-sectional configurations of the 
nanoplates incorporated in the polymer matrix with increasing con-
tent. The ZIF-8 nanoplates were well dispersed and aligned throughout 
the polymer phase with decreased interfiller spacing at higher con-
centrations. Unlike previous isotropic particles, additional surface 
treatment of the filler was not necessary to ensure the uniform dis-
persion of the nanoplates in the polymer matrix. Considering that 
the normal-plane orientation of selective fillers is critical in deter-
mining the selectivity of 2D material–based MMMs, bar coating 
offers a scalable pathway for membrane fabrication with highly aligned 
fillers owing to the induced shear force (Fig. 2B) (36, 37). The distri-
bution of ZIF-8 nanoplates in the polymer matrix was better portrayed 
in the EDS mapping analysis of the 40 weight % (wt %) membrane 
(Fig. 2C). C species were evenly detected throughout the membrane 
because the element exists in both the ZIF-8 and polymeric phases. 
On the other hand, Zn species are primarily observed as horizontal 
filaments coinciding with the location of nanoplates, representing 
the fillers’ generally aligned states. Aggregation of the nanoplates 
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was not observed, indicating the homogeneous distribution. Specif-
ically, we emphasize that the as-prepared ZIF-8 nanoplate can be 
directly used without further purification and exfoliation processes, 
commonly required in other 2D MOF and zeolite preparation 
methods (9, 11).

Figure  2D shows the corresponding XRD patterns of the pre-
pared MMMs. The pristine 6FDA-DAM membrane exhibits a broad, 
amorphous peak in the region of 10° to 20°. As the ZIF-8 content 
increases, the peak attributed to the polymer phase is diminished, 
and the characteristic ZIF-8 peaks are evolved. This sharp increase 
in the filler peaks indicates that the diffraction occurs primarily be-
cause of the ZIF-8 phase, and the coating process does not cause any 
structural modification of the crystals. Furthermore, we report no 
evidence of the orientation of the crystallites, which has been previ-
ously reported for 2D zeolites and MOFs, suggesting that the nano-
plate consists of randomly oriented ZIF-8 polycrystals (7). Another 
aspect to emphasize is the high mechanical durability of the pre-
pared MMMs. Even under severe bending regiments (30° to 180°), 
the 40 wt % loaded MMM showed fair handleability (Fig. 2, E and F), 
which is in contrast to the brittle isotropic ZIF-8–loaded MMMs 
with relatively lower concentrations (30 wt %; fig. S11). This obser-
vation reveals that incorporating fillers with high aspect ratios can 
improve both the mechanical properties of MMMs and the gas sep-
aration performances. The actual separation properties of the mem-
brane after the bending tests are discussed in the following section.

C3H6/C3H8 separation performance
The propylene/propane separation performance of the membrane 
was measured under both single-gas and mixed-gas conditions. 
Figure 3A and fig. S12 show the selectivity and permeability of MMMs 

with an increasing amount of ZIF-8 nanoplates up to 40 wt %, plotted 
against previously reported mixed-gas, single-gas, and MMM upper 
bounds (34, 38–41). The average thickness of the freestanding MMM 
was approximately 45 m and was tested without using a support 
layer. The single-gas propylene permeability and propylene/propane 
selectivity of the pristine 6FDA-DAM membrane were measured at 
44.8 Barrer and 9.3, respectively, which is consistent with previous 
studies (41–43). The addition of 5 wt % ZIF-8 nanoplates increased 
the permeability and selectivity to 77.0 Barrer and 11.4, respectively, 
which can ultimately be increased to 164.0 Barrer and 33.4 at 40 wt % 
filler content. For the mixed-gas separation test, the pristine poly-
mer membrane initially exhibited a propylene permeability and 
propylene/propane selectivity of 25.0 Barrer and 6.5, respectively. At 
5 wt % filler content, the permeability and selectivity were enhanced 
to 40.2 Barrer and 8.1, respectively, which were eventually elevated 
to 118.2 Barrer and 26.2 with the 40 wt % membrane.

The mixed-gas separation performance was slightly lower than 
the single-gas test results, which could be attributed to the competitive 
adsorption of propylene and propane and the plasticization effect 
(44). Despite this minor decrease, the performance of the membrane 
was the highest among all reported examples (Fig. 3A and table S1). 
Compared to studies using isotropic ZIF-8 particles (32, 40), our 
membrane shows superior performances, even with lower filler con-
centrations, advocating the high–aspect ratio effect of the nanoplates. 
Moreover, the trend lines of both single- and mixed-gas separation 
data converge toward the intrinsic separation performance of neat 
ZIF-8 membranes, denoted by the upper-right purple region in 
Fig. 3A (27, 45–49). This indicates that the performance enhance-
ment is primarily related to the aligned nanoplates providing suffi-
cient selective-layer coverage inside the polymer matrix. MMMs 

Fig. 2. Structure of ZIF-8 nanoplate/6FDA-DAM membranes. (A) Cross-sectional SEM images of the membranes by increasing ZIF-8 nanoplate content. The samples 
were prepared by using a cross-sectional polisher. The ZIF-8 nanoplates are marked with white arrows. (B) Shear-induced alignment mechanism of the ZIF-8 nanoplates 
during the bar-coating process. (C) Cross-sectional SEM image of 40 weight % (wt %) samples with EDS mapping images. (D) XRD patterns of the membranes with increasing 
weight percent of ZIF-8 nanoplates. (E) Photographic top-view image of a 40 wt % MMM and (F) the corresponding bending images of the membrane under differing 
angles (30° to 180°) (photo credit: Ohchan Kwon, Yonsei University).
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above 40 wt % were not reproducible under our experimental con-
ditions, suggesting that an advanced coating method is required for 
higher loadings, which may enhance the separative characteristics.

The separation performance of the 40 wt % membrane was fur-
ther tested at various temperatures with binary gas (Fig. 3B). The 
initial operating temperature was 25°C, and the sample was heated 
to 100°C. The propylene permeability increased from 100.0 Barrer 
to 125.0 Barrer, while the propylene/propane selectivity slightly de-
creased from 28.5 to 26.8. This reduction can be attributed to the 
increase in the diffusivity of gas molecules at higher temperatures, 
particularly for propane (50). After the heating step, the membrane 
was restored to its original temperature of 25°C. The measured propylene 
permeability and selectivity were 109.8 Barrer and 28.1, respectively, 
which is within a 10% variance from the initial data. In addition, 24-hour 
continuous separation performance tests were conducted with a 
40 wt % membrane under 1 bar, room temperature, and binary gas 
conditions (Fig. 3C). The membrane showed no evident performance 
degradation even after 24 hours of continuous operation. A collec-
tive assessment of both results indicated the stable nature of the 
ZIF-8 nanoplate/6FDA-DAM membranes in practical situations.

The MMMs were further tested at 2 bar, binary mixed-gas con-
ditions (fig. S13). The propylene permeability of the 40 wt % MMM 
decreased to 116.2 Barrer, and the selectivity had slightly reduced to 
24.6. However, no marked changes in permeability and selectivity 
were observed regardless of the nanoplate concentration. Thus, the 

membranes’ overall performance was maintained even under 
pressure-driven conditions. We note that the tested pressure is lower 
than practical propylene/propane separations, and additional studies 
are needed. In addition, the 40 wt % MMM’s separation perform
ance after aging (in air, room temperature, 10 days) was observed to 
be moderately stable with a slight reduction in permeability (fig. S14). 
We further examined the mechanical durability of the 40 wt % MMM 
by performing gas separation tests (fig. S15) with the bend-stressed 
membrane (Fig. 2E). Even after severe flexing cycles, SEM images 
reveal no discernable difference, and only a slight selectivity decrease 
was seen because of the physical robustness of the ZIF-8 nanoplate/ 
6FDA-DAM membrane (26.2 to 21.7).

Figure 3D is a model representation depicting the influence of 
the ZIF-8 fillers on the transport pathway of the 6FDA-DAM poly-
meric membrane. The sieving properties of ZIF-8 arise because of 
the varying transport resistance of the gases, where fast-passage 
propylene molecules are permitted through the crystals, while pro-
pane permeation is hindered because of the 4 Å aperture size, which 
is smaller than the kinetic diameter of propane (4.3 Å) (24, 51, 52). 
Therefore, ZIF-8–containing MMMs show better separation per-
formance than pristine 6FDA-DAM membranes. These effects are 
maximized with horizontally oriented, high–aspect ratio ZIF-8 nano
plates because they provide faster through-plane propylene pathways, 
while the propane transport resistances are severed because of the 
increased in-plane tortuosity.

Fig. 3. C3H6/C3H8 separation performance of the ZIF-8 nanoplate/6FDA-DAM membranes. (A) C3H6/C3H8 separation performance of ZIF-8 nanoplate/6FDA-DAM 
membranes compared with reported MMMs. Open and closed symbols denote mixed-gas separation and ideal separation values, respectively. (B) Separation perform
ance of 40 wt % membrane with varying temperature. (C) Twenty-four-hour continuous separation performance tested with the 40 wt % membrane. For both (B) and (C), 
membranes were tested at 1 bar with a binary mixture. (D) Gas permeation mechanism of membranes depending on the filler shape.
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For the theoretical validation of the ZIF-8 filler shape effects, the 
modified Cussler model was used, which is a mathematical approach 
describing the transport behaviors in 2D-filler–incorporated MMMs 
(53–56). The model is based on the assumption that the selective 
fillers are perfectly aligned normal to the permeation direction 
without any interfacial voids inside the polymeric phase. Further 
details of the calculation and the model are provided in the Materials 
and Methods section. Here, 20 was selected as the aspect ratio of 
interest, given that the prepared nanoplate’s aspect ratio was ap-
proximately 20 (fig. S10).

The Cussler model predicts that increasing the aspect ratio from 
1 to 20 results in a substantial propylene/propane selectivity im-
provement, primarily due to decreased propane flux (fig. S16). This 
assumption is confirmed by the gas permeation of MMMs with re-
sults with varying ZIF-8 aspect ratios. The separation performances 
are greatly enhanced with higher–aspect ratio fillers (fig. S17), 
where the selectivity of MMMs with aspect ratio 20 is more than 
50% higher than the isotropic particle MMMs. The Cussler model 
also expects no notable improvement in 6FDA-DAM’s selectivity 
would be seen, even with higher aspect ratios, due to the enhance-
ment being saturated (fig. S18). However, it should be noted that 
fillers with greater aspect ratios are desirable for preparing ultrathin 
selective layers and warrant future investigations.

Figure 4 displays the fitting of the simulated data given from the 
modified Cussler model with both single- and mixed-gas experi-
mental values in Fig. 3A. The blue/red lines of Fig. 4A (single gas) 
and Fig.  4B (mixed gas) show the theoretical propylene/propane 

permeability, and the square symbols denote the experimentally 
measured data. Within the tested MMMs, the propylene permeabil-
ity was markedly enhanced with higher ZIF-8 nanoplate loading, 
while the propane permeability was suppressed. The gas permeabil-
ities of both propylene and propane are higher than the calculated 
expectations, while the enhancement is more pronounced with pro-
pylene. Taking the 40 wt % MMM as an example, which had the 
highest degree of divergence, propylene/propane permeabilities are 
109 and 37% higher than the calculated estimates for the single-gas 
results (Fig. 4A) and 178 and 86% higher in mixed-gas conditions 
(Fig. 4B). Despite the variances, as the filler concentration increases 
from 5 to 40 wt %, the propane permeability of both single/mixed-gas 
experimental results exhibits a reducing trend (32 and 9% reduction 
for single- and mixed-gas results, respectively). This decreasing 
tendency is consistent with the Cussler model, indicating the hindered 
transport of propane due to the planar and selective fillers.

The experimental selectivity of MMMs depending on the ZIF-8 
nanoplate concentration was also fitted (Fig. 4, C and D). Calculated 
selectivity from the model was obtained by the permeability ratio 
in Fig. 4 (A and B). For both single- and mixed-gas conditions, the 
selectivity increase was proportional to the ZIF-8 nanoplate con-
centrations. The values were particularly enhanced with higher filler 
loadings, which surpassed the expected values calculated by the 
model (55% higher for both single- and mixed-gas results, 40 wt % 
MMM). When analyzing the gas permeabilities in Fig. 4 (A and B), 
the selectivity enhancement is mainly attributed to the promoted 
propylene permeability collaborating with the slightly reduced 

Fig. 4. Comparison of the experimental C3H6/C3H8 single- and mixed-gas separation results with the modified Cussler model. Comparison of C3H6 and C3H8 per-
meability for single gas (A) and for mixed gas (B). C3H6/C3H8 selectivity for single gas (C) and for mixed gas (D). Closed/open squares, respectively, denote single/mixed 
experimental data points, and the line represents the calculated data from the model. The aspect ratio of the filler used in the model calculation is 20.
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propane permeability. This aspect is further demonstrated with the 
high diffusivity selectivity of the presented 40 wt % ZIF-8 nanoplate/​
6FDA-DAM membrane where the diffusivity for propylene is in-
creased, while the propane diffusivity is decreased when comparing 
with reported works (fig. S19).

The exact reasons for the discrepancy between the experimental 
and simulated values are not well defined. However, the structure of 
the ZIF-8 nanoplate/6FDA-DAM membrane deviating from the Cussler 
model assumptions could be one of the possible factors. In the pre-
pared MMMs, despite having an overall horizontal orientation, the 
nanoplates are not perfectly aligned with some angular variations 
for individual plates (Fig. 2B). Therefore, the “in-plane” propylene 
permeation through the loosely aligned fillers may increase the “through-
plane” membrane propylene permeation. In addition, nonselective 
defective voids (57–60), known to be inherent with MMMs, may 
exist because no additional surface treatment increasing the filler-
polymer interaction was conducted.

DISCUSSION
The current work reports the synthesis of high–aspect ratio ZIF-8 
nanoplates for fabricating propylene/propane separation membranes. 
The phase conversion of the high–aspect ratio Zn5(NO3)2(OH)8 
templates determined the sheet-like morphology of the ZIF-8 flakes, 
and the low stability of the template phase was exploited to enhance 
the extent of conversion. For the phase conversion, the weak inter-
action of acetone with the template phase suppresses unnecessary 
template leaching, which is critical in maintaining the template 
structure. The produced ZIF-8 nanoplates were molded into MMMs 
with the 6FDA-DAM polymer by a facile bar–coating method. The 
induced shear force of the fabrication process achieved in-plane 
alignment of the nanoplates, which improved the separation perform
ance. The obtained data were further confirmed by mathematical 
analysis using the modified Cussler model. To the best of our 
knowledge, the 40 wt % sample is the highest-functioning MMM 
for propylene/propane separation reported to date. We believe that 
our approach can be extended to the preparation of various high–
aspect ratio ZIF-type MOF nanoplates for attaining high-performance 
MMMs for gas separation.

MATERIALS AND METHODS
Synthesis of Zn5(NO3)2(OH)8 nanosheets
A total of 0.02 mol (5.9498 g) of zinc nitrate hexahydrate [Zn(NO3)2·6H2O, 
98%; Sigma-Aldrich] and 0.01 mol (0.4198 g) of lithium hydroxide 
monohydrate (LiOH·H2O, ≥98%; Sigma-Aldrich] were dissolved 
in 100 and 50 ml of deionized (DI) water. The LiOH DI water solu-
tion was slowly injected into the Zn(NO3)2 solution for 4 hours 
(12.5 ml/hour) and further stirred for 4 hours. The white precipi-
tates were collected from the mixed solution through vacuum filtra-
tion on a polyethersulfone substrate (0.2-m pore diameter; GVS). 
The collected precipitates were washed with DI water three times 
and dried at 20°C in a vacuum oven overnight. Last, Zn5(NO3)2(OH)8 
nanosheets were synthesized.

Conversion of Zn5(NO3)2(OH)8 nanosheets to  
ZIF-8 nanoplates
Zn5(NO3)2(OH)8 nanosheets (0.12 g) were dispersed in 50 ml of ac-
etone (CH3COCH3, extra pure, Duksan). A total of 0.02 mol (1.8 g) 

of 2-MeIm (CH3C3H2N2H, 99.0%; Sigma-Aldrich) was dissolved in 
100 ml of acetone. The 2-MeIm acetone solution was slowly in-
jected into the Zn5(NO3)2(OH)8 nanosheet dispersion for 12 hours 
(8.33 ml/hour) and stirred for 20 hours. The white precipitate was 
collected from the mixed dispersion through vacuum filtration on a 
nylon substrate (0.2-m pore diameter, Sterlitech). The collected 
precipitates were washed with acetone three times and dried at room 
temperature in a vacuum oven overnight.

Synthesis of isotropic ZIF-8 particles
Isotropic ZIF-8 particles were synthesized using conventional 
solvent-based methods. First, 1.4 g of zinc nitrate hexahydrate was 
dissolved in 100 ml of methanol (CH3OH, GR, Duksan), and in a 
separate batch, 1.4 g of 2-MeIm was also dissolved in 100  ml of 
methanol. Two reactants were immediately mixed under heavy stir-
ring for 1 hour at 25°C. The yielded white precipitate was collected 
using a centrifuge and washed with methanol several times. Last, 
the collected ZIF-8 powder was dried in a 60°C vacuum for at 
least 24 hours.

Fabrication of pristine 6FDA-DAM membranes
6FDA-DAM was dissolved in N-methyl-2-pyrrolidone (NMP) to 
form a 15 wt % solution. The solution was stirred for 24 hours to 
dissolve the polymer fully. A pure 6FDA-DAM dense film was formed 
on a clean glass plate by casting the solution with a bar coater 
(Yoshimitsu, YBA-7). The cast membrane was immediately moved 
to a vacuum oven and dried at 80°C for 1 hour, 100°C for 1 hour, 
120°C for 1 hour, and 200°C for 16 hour under vacuum. The film 
was peeled off from the glass plate and further dried in a vacuum 
oven at 60°C overnight prior to the gas permeation test to remove 
any residual solvent.

Fabrication of ZIF-8 nanoplate/6FDA-DAM membranes
A dope solution was prepared separately to prevent agglomeration 
of the powder. 6FDA-DAM polymer with a molecular weight of 
240,000 Da, obtained from the Korea Research Institute of Chemical 
Technology, was dissolved in NMP (extra pure, Daejung) to form a 
20 wt % solution. In a separate vial, ZIF-8 nanoplates with different 
loadings and small amounts of 6FDA-DAM were dissolved in NMP 
to fit a 15 wt % solution. Each solution was stirred for 24 hours to 
dissolve the polymer. The two solutions were then mixed and stirred 
for another 24 hours. ZIF-8 nanoplate/6FDA-DAM membrane was 
formed on a clean glass plate by casting the solution with a bar coater. 
The casted membrane was immediately moved to a vacuum oven 
and dried at 80°C for 1 hour, 100°C for 1 hour, 120°C for 1 hour, 
and 200°C for 16 hour under vacuum. The film was peeled off from 
the glass plate and further dried in a vacuum oven at 60°C overnight 
before the gas permeation test to remove any residual solvent. The 
fabricated membranes had thicknesses in the range of 32 to 61 m.

Gas permeation measurements
For the gas permeation tests, membranes were mounted on a stain-
less steel plain washer. Ni mesh (50 mesh) was used as a supporting 
layer, which was securely anchored on the washer with an imper-
meable cellophane tape. Then, the membrane was placed above the 
mesh, and the edges were sealed with epoxy resin. The area of the 
tested membranes was approximately 1.4 cm2. Gas permeation tests 
were performed using the Wicke-Kallenbach technique. For single-
gas measurements, mass flow controllers were used to fix the total 
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feed flow at 20 ml/min. On the permeate side of the membrane, N2 
was used as a sweep gas flowing at 40 ml/min and was directly in-
jected into the gas chromatograph. For the mixed-gas measurements, 
a binary gas mixture (50:50) of C3H6/C3H8 was used. The N2 sweep 
gas also flowed at 40 ml/min, while the component gas flowed at 
20 ml/min. The composition of the mixed gas on the sweep side of 
the membrane was analyzed using gas chromatography (YL 6500 GC, 
YoungIn Chromass). Before the gas concentration on the permeate 
side was measured by gas chromatography, a minimum equilibra-
tion time of 1 hour was applied. The permeability and selectivity 
were calculated using Eqs. 1 and 2, respectively

	​​ P​ i​​ = ​  ​N​ i​​ × l ─ A × ∆ P ​​	 (1)

where Pi is the permeability of the penetrant i, Ni is the molar flow 
rate of the gas (mol/s), l is the thickness of the membrane, A is the 
effective area of the membrane (m2), and ∆P is the pressure differ-
ence between the feed and sweep sides (Pa)

	​​ ​ i/j​​ = ​ ​P​ i​​ ─ ​P​ j​​
 ​​	 (2)

where Pi and Pj denote the permeabilities of penetrants i and j. The 
ideal selectivity was calculated from the single-gas permeabilities, 
and the mixture selectivity was calculated from the permeabilities of 
the binary mixture. The reproducibility of the gas permeation per-
formance data was tested with several batches of parallelly fabricated 
membranes, and the error-bar spread is calculated by the SD from 
more than three samples.

Membrane performance estimation by modified 
Cussler model
Several models have been suggested to explain the transport mech-
anisms of membranes filled with semipermeable flakes. The modi-
fied Cussler model is a mathematical model that considers diffusion 
through an oriented, staggered array of 2D flakes embedded in a 
continuous polymer matrix (56). This model describes 2D transport 
in mixed-matrix membranes with an aspect ratio  and volume 
fraction  of the filler, as shown in Eq. 3

	​​ ​P​ i​​​​ C​  = ​   ​​P​ i​​​​ M​  ───────────────  
(1 −  ) + ​  1 _____________  

​[​​​(​​ ​ 1 _ ​​)​​​(​​ ​ ​​P​ i​​​​ F​ _ 
​​P​ i​​​​ M​

​​)​​ + ​(​​ ​(1 − ) _ 
​​​ 2​ ​​​ 2​

 ​​)​​​]​​
​ 
 ​​	 (3)

Pi
C represents the permeability of component i in a mixed-matrix 

membrane; Pi
M is the permeability of component i in the polymer 

matrix; and Pi
F is the permeability of component i in the filler material, 

which is the incorporated ZIF-8 nanoplates in this work. The 
single-gas permeability values of ZIF-8 used for the model calcula-
tion were 390 Barrer for propylene and 2.9 Barrer for propane (45). 
For the mixed-gas propylene and propane permeability values, 166.3 
and 1.92 Barrer were used (61). The propylene/propane permeabilities 
of 6FDA-DAM were experimentally obtained as 44.8/4.76 Barrer for 
single-gas measurement and 25.0/3.32 Barrer for mixed-gas mea-
surement, respectively. To calculate the volume fraction of the 
ZIF-8 nanoplates, 0.95 and 1.3342 g/cm3 were used as the densities 
of ZIF-8 and 6FDA-DAM, respectively (62, 63).

Characterization
SEM images and the corresponding elemental mapping images were 
obtained using a field emission SEM (JEOL, 7800F) equipped with 
an EDS probe and AZtecEnergy analysis software (Oxford Instru-
ments). All HR-TEM, SAED, STEM, and EDS images were obtained 
using Cs-corrected JEM-ARM200F equipment. XRD patterns were 
obtained using a high-resolution diffractometer (SmartLab, Rigaku, 
Cu K radiation,  = 1.54 Å). N2 adsorption-desorption isotherms 
(77 K) were measured using a BELSORP-mini II instrument (BEL 
Japan). Equilibrium sorption isotherms of C3H6 and C3H8 for the 
ZIF-8 nanoparticles/plate were evaluated using the pressure decay 
method at 301 K. Diffusivity and the solubility coefficients of the 
40 wt % membrane were also derived from the similarly measured 
sorption isotherms (64).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl6841
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