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A B S T R A C T   

Polycrystalline zeolitic-imidazolate framework-8 (ZIF-8) membranes have shown very promising for propylene/ 
propane (C3) separation. Though high-performance ZIF-8 membranes have been prepared by various synthesis 
methods, secondary growth method offers unique advantages due to its decoupling of a seeding step and a 
growth step, leading to membranes with better microstructures, thereby not only better separation performances 
but also higher reproducibility. However, there are only a few reports on ZIF-8 membranes with ultra-high C3 
separation factors (i.e., >200) that are made by secondary growth method. Here, we report polycrystalline ZIF-8 
membranes by a secondary growth method modified with an addition of 1,4-butanediol (Bdiol). The membranes 
showed significantly improved C3 separation factors up to ~283 as compared to those prepared without 
modification. It was found that adding Bdiol in the secondary growth solution improved the microstructures of 
the ZIF-8 membranes, thereby enhancing their C3 separation performances. Furthermore, the presence of Bdiol 
in the growth solution enabled formation of well-intergrown ZIF-8 membranes even with a low linker-to-metal 
ratio (~16), otherwise not possible to form ZIF-8 membranes. Interestingly, the resulting membranes showed a 
plate-like morphology with the highest separation factor of ~283 among those prepared. All membranes in this 
work exhibited enhanced C3 separation performances as compared to those synthesized without modification.   

1. Introduction 

ZIF-8, made of zinc ions tetrahedrally coordinated with 2-methylimi
dazolate (mIm), has attracted a great deal of research interest for pro
pylene/propane (C3) separation due to its effective aperture size in the 
range of 4.0–4.2 Å which lies in between the molecular diameters of C3 
molecules, thereby suitable for C3 separation based on the molecular 
sieving effect [1–4]. Ever since the report on the first ZIF-8 poly
crystalline membranes exhibiting promising C3 separation in 2012 [5], 
there have been extensive works for the last decade or so to produce 
highly propylene-selective ZIF-8 membranes. Due to the polycrystalline 
nature of the membranes, however, it is of critical importance to 
improve the grain boundary structures (i.e., microscopic defects) of 
ZIF-8 membranes to achieve their high separation performances and 
reproducibility [6]. 

The grain boundary structures of polycrystalline ZIF-8 membranes, 
consequently their separation performances, are significantly affected 
by how they are processed. As such, various synthesis methods of ZIF-8 
membranes have been developed and can be broadly classified into two 

categories: in-situ growth and secondary (seeded) growth [7,8]. In 
general, secondary growth method is considered better than in-situ 
growth in obtaining thinner membranes with better reproducibility due 
to the fact that nucleation and growth steps are decoupled in the sec
ondary growth [6,9,10]. Furthermore, the decoupling of the nucleation 
and growth steps make it easier to control and improve the micro
structures of ZIF-8 membranes by optimizing seeding and/or growth 
processes. For example, Lai and coworkers [5] reported the first ZIF-8 
polycrystalline membranes for C3 separation by slip-coating ZIF-8 
seed crystals and followed by secondary growth in an aqueous system. It 
was found that using water as a solvent in the secondary growth solution 
was a key to prepare well-intergrown ZIF-8 membranes with the C3 
separation factor of ~35 [11]. Kwon et al. [12] reported a rapid 
microwave-assisted seeding technique, which enabled strong attach
ment and uniform distribution of seed crystals onto an α-alumina sup
port, and subsequent secondary growth resulted in well-intergrown 
ZIF-8 membranes with the C3 separation factor of ~40. The same au
thors also prepared high-quality ZIF-8/ZIF-67 membranes through the 
heteroepitaxial growth of ZIF-67 from ZIF-8 seed layers seeded by the 
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microwave-assisted seeding and the membranes showed impressively 
high C3 separation factor of ~209 [13]. The improved separation per
formance was attributed to enhanced grain boundary structure of het
eroepitaxially grown ZIF layers and reduced effective aperture size of 
ZIF-67. Agrawal et al. [14] developed an electrophoretic nuclei assem
bly method where highly-packed ZIF-8 nuclei were deposited on a 
desired substrate driven by the electric field. The subsequent secondary 
growth of the seeded substrate resulted in the formation of a ZIF-8 
membrane with the C3 separation factor of ~31.6. Recently, Kim 
et al. [15] showed that a silicalite seed layer on an anodic alumina oxide 
(AAO) substrate led to an increase in membrane-substrate bonding and 
enhancement in the C3 separation factor up to ~ 170. Lin et al. [16] 
reported that ZIF-8 seeding on a functionalized γ-alumina-coated 
α-alumina support enhanced bonding of a ZIF-8 seed layer with the 
support, minimizing intercrystalline defects and consequently leading to 
the high C3 separation factor of ~225. 

On the other hand, there have been a few recent advancements in the 
in-situ growth of ZIF-8 membranes that showed impressive C3 separation 
performances. For example, Wang et al. [17] proposed an in-situ method 
based on a contra-diffusion concept where ZIF-8 membranes were syn
thesized on an amine-functionalized polymeric substrate. In the diffu
sion step, Zn ions could form covalent bonds with the amine groups on 
the substrate surface, consequently forming defect-free ZIF-8 mem
branes with the C3 separation factor of ~27.8. Very interestingly, Wang 
et al. [18] reported a current-driven synthesis technique which could 
produce ZIF-8 membranes exhibiting the impressive C3 separation fac
tor of above 300 due to the electric-field-induced lattice distortion. Be
sides, there have been reported several promising unconventional 
approaches other than typical in-situ growth and secondary growth. For 
example, Li et al. [19] developed a gel-vapor deposition (GVD) method 
where a Zn-based gel layer coated on a polymeric hollow fiber was 
transformed to a well-intergrown ultra-thin ZIF-8 film via ligand vapor 
deposition, showing the C3 separation factor of ~70. Tsapatsis et al. 
[20] reported an all-vapor processing method where a ZnO layer was 
first deposited by atomic-layer deposition (ALD) onto a γ-alumina-
coated α-alumina support, then transformed the ZnO layer into a 
ZIF-8-like structure by ligand-vapor treatment. The resulting mem
branes showed the C3 separation factor of ~70. 

Despite its potential to achieve ZIF-8 membranes with better 
microstructure, however, secondary growth rarely led to ZIF-8 

membranes with the C3 separation factors as high as ~300. It is our 
hypothesis that the separation performances of secondarily-grown ZIF-8 
membranes can be further improved by optimizing the microstructures 
of ZIF-8 membranes via modification of secondary growth conditions. 

As mentioned above, the grain boundary structures of ZIF-8 mem
branes determine their separation performances. As such, it is important 
to control the size and morphology of ZIF-8 crystals by adjusting syn
thesis conditions [21–27]. Wiebcke et al. [21] synthesized ZIF-8 nano
crystals by increasing the nucleation rate either via increasing the 
linker-to-metal ratio or introducing a basic modulator to promote the 
deprotonation of the linker. Gianneschi et al. [23] proposed mechanisms 
of ZIF-8 nucleation and growth using liquid cell transmission electron 
microscopy (LCTEM) analysis. According to their studies, ZIF-8 growth 
was limited by a surface process (i.e., movement of metal and ligand to 
edge sites and metal-ligand coordination), rather than the diffusion of 
monomer and ligand to a ZIF nucleus (i.e., transport process) while ZIF-8 
nucleation is limited by local depletion of monomers (i.e., diffusion of 
monomers). More importantly, they confirmed that ZIF-8 size distribu
tion was strongly affected by the nucleation rate, rather than the growth 
rate. Hong et al. [25] reported ZIF-8 with atypical morphologies such as 
flower-like and flake-like crystals by adding two additives: cetyl
trimethylammonium bromide (CTAB) and tris(hydroxymethyl) amino
methane (TRIS). They found that additives preferentially adsorbed on a 
specific facet of ZIF-8 crystal, thereby decreasing its grow rate and 
consequently leading to the formation of atypical ZIF-8 morphologies. 

Herein, we present how a simple addition of an additive, 1,4-butane
diol, in the secondary growth solution significantly improves the 
microstructure of secondarily-grown ZIF-8 membranes, thereby 
enhancing their C3 separation performances. The effects of the additive 
in the secondary growth solution on the microstructures and morphol
ogies of ZIF-8 membranes were systematically studied and thoroughly 
characterized. The C3 separation performances of the resulting mem
branes with different microstructures and morphologies were measured 
and compared with those reported in the literature. 

2. Experimental 

2.1. Materials 

Zinc nitrate hexahydrate (ZnN, 98%), 2-methylimidazole (HmIm, 
99%), sodium formate (SF, 99%), 1,4-butanediol (Bdiol, 99%), meth
anol (MeOH, >99.8%), methanol-d4 (CD3OD-d4, 99.8 atom% D), and 
sulfuric acid-d2 solution (D2SO4-d2, 96–98 wt%) were purchased from 
Sigma Aldrich. All chemicals were used as received without further 
purifications. 

2.2. Fabrication of ZIF-8 membranes using microwave-assisted seeding 
and secondary growth 

Polycrystalline ZIF-8 membranes were fabricated using a rapid 
microwave-assisted seeding and subsequent secondary growth method 
on porous α-alumina disks (2.2 cm in diameter) as previously reported 
[12]. Alumina disks were prepared by following a procedure in our 
previous work [28]. For microwave-assisted seeding, a metal precursor 
solution (2.43 g of ZnN dissolved in 40 ml of MeOH) was prepared. An 
α-alumina disk, vertically fixed in a custom-made Teflon holder, was 
saturated by immersing and stirring it in the metal solution for 1 h using 
an orbital shaker. A ligand solution was prepared by dissolving 2.59 g of 
HmIm and 0.125 g of sodium formate (SF) in 30 ml of MeOH. The 
metal-solution-saturated disk was immersed in the ligand solution inside 
a microwave-inert glass tube, immediately followed by microwave ra
diation with the power of 100 W for 1.5 min in a microwave synthesizer 
(CEM, Discover-SP w/ActiVent®). After the reaction, the obtained 
seeded support was washed in MeOH under gentle shaking for 24 h and 
then dried in a convection oven at 60 ◦C for 4 h. For the secondary 
growth, a metal precursor solution (0.11 g of ZnN and x ml of Bdiol 

Fig. 1. XRD patterns of the membranes secondarily grown with the HmIm-to- 
Zn ratio (HZ) fixed at 74 with varying Bdiol-to-HmIm ratios (BH) (*: 
α-alumina support). 
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Fig. 2. SEM images of the membranes secondarily grown with the HmIm-to-Zn ratio (HZ) fixed at 74 with varying Bdiol-to-HmIm ratios (BH): (a, f) 0BH-74HZ, (b, g) 
0.21BH-74HZ, (c, h) 0.64BH-74HZ, (d, i) 1.5BH-74HZ, and (e, j) 3.0BH-74HZ (t: thickness). 
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dissolved in 20 ml of DI water) and a ligand precursor solution (y g of 
HmIm in 20 ml of DI water) were prepared separately, where x and y 
were varied to adjust the molar ratios of Bdiol to HmIm (hereafter, BH) 
and HmIm to ZnN (hereafter, HZ) in the secondary growth solution. The 
resulting membranes were denoted as aBH-bHZ (a and b are the molar 
ratios) (see Fig. S1 and Table S1 for detailed combination of the molar 
ratios). For example, a 3.0BH-74HZ membrane was prepared in a sec
ondary growth solution containing 3Bdiol: 1HmIm and 74HmIm: 1ZnN. 
The metal precursor solution was then poured into the ligand precursor 
solution and stirred using an orbital shaker for 1 min. The seeded disk 
placed vertically in the Teflon holder was immersed in the mixed pre
cursor solution in a beaker. After covering with an aluminum foil, the 
beaker was placed in a convection oven at 30 ◦C for 16 h. The resulting 
membrane samples were washed in MeOH at room temperature for 2 
d and then dried under a fume hood for 12 h. 

2.3. Characterizations 

X-ray diffraction (XRD) patterns were obtained using an X-ray 
diffractometer (Miniflex II, Rigaku) with Cu-Kα radiation (λ = 1.5406 
Å). Scanning electron microscope (SEM) images were taken with a JEOL 

JSM-7500F operated at 5 keV of acceleration voltage using a lower 
secondary electron image (LEI) detector. N2 physisorption isotherms 
were obtained using an ASAP 2020 plus (Micromeritics) at 77.3 K. So
lution proton nuclear magnetic resonance (1H NMR) measurements 
were conducted using Bruker Avance III. NMR samples were prepared 
by dissolving 14 mg of samples in 1.2 ml of CD3OD-d4 with 0.04 ml of 
D2SO4-d2. 

2.4. C3 gas permeation measurements 

Equimolar C3H6/C3H8 binary gas separation properties of the ZIF-8 
membranes were evaluated using the Wicke-Kallenbach technique at 
room temperature under the atmospheric pressure. The C3 gas mixture 
to a feed side and the argon sweeping gas to a permeate side were flowed 
at 100 cc/min, respectively. The composition of the permeate was 
analyzed by a gas chromatography (GC 7890A, Agilent) equipped with a 
flame ionized detector (FID) and a HP-plot Q column. The steady states 
of the membrane performances were declared after 12 h of measure
ments when changes in the GC peak areas of both propylene and pro
pane were less than 5% over time. Permeation tests were conducted on 
three membranes produced under identical conditions to obtain the 
average and standard deviation of performances. 

3. Results and discussions 

3.1. Effects of Bdiol on the microstructure of ZIF-8 membranes 

For control experiments, we first prepared ZIF-8 membranes with 
varying HmIm/Zn ratios in the secondary growth solution without 
Bdiol. It is noted that aqueous synthesis of ZIF-8 requires a relatively 
high ratio of HmIm to zinc nitrate more than 35 in the absence of 
modulating ligands [22,29]. This is because the excess HmIm is required 
to deprotonate the intermediate complex species, [Zn(Hmim)n]2+, for 
the formation of ZIF-8 crystal [22]. As expected, the XRD patterns (see 
Fig. S2) show that phase-pure ZIF-8 membranes were prepared only 
with relatively high HmIm to zinc ratios (i.e., 0BH-74HZ and 0BH-45HZ 
membranes). With a low HmIm to zinc ratio (i.e., 0BH-16HZ mem
brane), however, ZIF-L patterns were observed. At this low HmIm/Zn 
ratio, the intermediate [Zn(Hmim)n]2+ species are less likely deproto
nated. As such, HmIm persists within the coordination compounds 
during the synthesis, consequently forming ZIF-L [30]. 

To see the effect of Bdiol in the secondary growth solution on the 
microstructure of ZIF-8 membranes, the ratio of Bdiol to HmIm (BH) was 
varied at a fixed HmIm/Zn ratio (HZ). Figs. 1–2 present the XRD patterns 
and SEM images of the membranes prepared at 74HZ in comparison 
with those of a ZIF-8 membrane prepared without Bdiol (0BH-74HZ). 

Fig. 3. XRD patterns of membranes prepared with the HmIm-to-Zn ratio (HZ) 
fixed at 45 with varying Bdiol-to-HmIm ratios (BH) (*: α-alumina support). 

Fig. 4. SEM images of membranes prepared with the HmIm-to-Zn ratio (HZ) fixed at 45 with varying Bdiol-to-HmIm ratios (BH): (a, d) 0BH-45HZ, (b, e) 1.5BH- 
45HZ, and (c, f) 3.0BH-45HZ (t: thickness of ZIF-8 films). 
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The XRD patterns in Fig. 1 show that regardless of the Bdiol/HmIm 
ratios, all samples are phase-pure ZIF-8 membranes. As the BH increases 
from 0 to 3, however, the diffraction peak intensities gradually decrease. 
As shown in the top SEM views (Fig. 2a–e), all membranes show the 
typical rhombic dodecahedron morphology of ZIF-8, but grain size be
comes smaller as the additive concentration increases. At the BH less 
than 0.64, the membranes appear well intergrown (Fig. 2a–c). When the 
BH is further increased to 1.5 and above (Fig. 2d–e), the membranes are 
poorly intergrown, showing grain boundary defects. The cross-sectional 
views (Fig. 2f–j) reveal that the ZIF-8 membranes become thinner as the 
Bdiol concentration increases, which is consistent with the XRD results. 
These observations clearly show that Bdiol in the secondary growth 
solution modifies the growth conditions of ZIF-8 seed crystals, i.e., 
hinders their growth. This is because the basic nature of Bdiol (pKa 
~14.5) facilitates the deprotonation of HmIm in the growth solution, 
thereby promoting the homogenous nucleation of ZIF-8 (Scheme S1) 
[21,26,31]. Consequently, the growth of the ZIF-8 seed crystals is sup
pressed, thereby leading to a decrease in the grain size and the film 
thickness of the ZIF-8 membranes as the concentration of Bdiol increases 
at 74HZ. Figs. S4a–4b presents the SEM images of the ZIF-8 crystals 
obtained from the secondary growth solution (i.e., homogeneously 
nucleated crystals). As can be seen in the figure, the crystals from 1.5BH 
to 74HZ are smaller than those from 0BH to 74HZ in spite of a similar 
yield, suggesting that Bdiol promotes the homogenous nucleation of 
ZIF-8 as a deprotonator (i.e., the greater the homogeneous nucleation, 
the smaller the crystals become) [21,32]. 

We then investigated the effect of the HmIm-to-ZnN ratio (HZ ratio) 
by reducing the HZ ratio from 74 to 45. Figs. 3–4 show the XRD patterns 
and SEM images of the membranes synthesized with the fixed HZ ratio at 
45 (i.e., 45HZ) and varying Bdiol-to-HmIm ratio (BH ratio). Fig. 3 pre
sents the XRDs of the samples, showing all samples are phase-pure ZIF-8 
membranes, regardless of the BH ratio at this HZ ratio of 45. The 
diffraction peak intensities increase as the Bdiol concentration increases, 
which is opposite of the case of 74HZ membranes. The SEM images (see 
Fig. 4a–c) shows that the grain size increases as the BH increases while 
the morphology of the grains maintains the typical rhombic dodecahe
dron of ZIF-8. Unlike the 0BH-45HZ and 1.5BH-45HZ membranes, the 
3.0BH-45HZ membrane exhibits visibly noticeable grain boundary de
fects possibly due to its relatively bigger grains. A similar observation 
can be made in the cross-sectional views (Fig. 4d–f) wherein the mem
brane thickness increases as the additive concentration increases. The 

increased XRD intensities as the Bdiol concentration increases result 
from the increased ZIF-8 grain size and the thickness. Based on these 
observations, it is surmised that Bdiol acted as a promoting agent for the 
growth of ZIF-8 seed crystals under the current conditions. It is noted 
that the pKa of Bdiol (~14.5) is higher than that of HmIm (~14.2), 
thereby facilitating the deprotonation of HmIm. The role of Bdiol in the 
growth of ZIF-8 seed crystals at 45HZ is opposite compared to that at 
74HZ where Bdiol hinders the seed crystal growth as discussed in the 
previous paragraph. This is because the lower concentration of HmIm 
disfavors homogeneous nucleation at 45HZ than at 74HZ, thereby 
leading to the heterogeneous growth of seed crystals [21,23]. Indeed, 
the 0BH-45HZ growth solution led to formation of bigger crystals with 
lower yield than the 0BH-74HZ (Figs. S4a and S4c). Given the negligible 
change in crystal size observed at 45HZ (Figs. S4c and S4d) compared to 
at 74HZ (Figs. S4a and S4b), the addition of Bdiol to the secondary 
growth solution at 45HZ was less likely to promote the homogeneous 
nucleation of ZIF-8 due to the lower linker concentration [21–23]. At 
45HZ, however, the growth of seed crystals is still promoted due to the 
deprotonated HmIm by Bdiol in the secondary growth solution. As a 
result, both grain size and membrane thickness increase as Bdiol con
centration increases. 

To further investigate the effect of the HZ, the HmIm-to-ZnN ratio 
was reduced to 16. Figs. 5–6 show the XRD patterns and SEM images of 
the resulting membranes synthesized with varying Bdiol concentration, 
respectively. As expected, no Bdiol in the secondary growth solution at 
16HZ led to the formation of a ZIF-L membrane. With the Bdiol-to-HmIm 
ratio of 1.5 (i.e., 1.5BH) in the secondary growth solution, the mem
brane shows both ZIF-8 and ZIF-L patterns. Additionally, there is one 
unknown shoulder peak at 2θ ~6.5◦ as marked in Fig. 5, which also 
appears in all membranes synthesized with Bdiol in the secondary 
growth solution. As the BH ratio increased to 3.0 and 4.5, the obtained 
membranes show no ZIF-L peaks. As shown in the SEM images (Fig. 6b 
and f), the 1.5BH-16HZ membrane clearly exhibits a leaf-like 
morphology similar to the 0BH-16HZ membrane (ZIF-L membrane) 
(Fig. 6a and e). On the other hand, the 3.0BH-16HZ membrane shows a 
plate-like morphology with plates stacked along the in-plane direction 
(see Fig. 6c and g), noticeably different from the 1.5BH-16HZ mem
brane. Each plate is estimated approximately 80 nm in thickness (see the 
inset image in Fig. 6b). To confirm the phase change upon varying the 
BH ratio from 1.5 to 3.0, the N2 adsorption isotherms on the membranes 
were taken (see Fig. S5) and the N2 uptakes on the ZIF-8 layers were 
estimated by excluding those on the supports (see Fig. S6). As can be 
seen in Fig. S6, the 1.5BH-16HZ membrane appears similar to a ZIF-L 
membrane while the 3.0BH-16HZ membrane seems close to a ZIF-8 
membrane (0BH-74HZ). Based on the XRD and N2 isotherm analysis, 
therefore, it is confirmed that the 3.0BH-16HZ membrane is a ZIF-8 
membrane exhibiting atypical morphology deviating from the typical 
dodecahedron of ZIF-8. It is known that ZIF-8 with atypical morphol
ogies could be synthesized when additives such as modulating ligands or 
capping agents were used [25–27]. As such, it is our hypothesis that 
Bdiol acts as a capping agent competing with HmIm at the HZ ratio of 
16, thereby resulting in different morphology. When the BH ratio is 
increased further from 3.0 to 4.5, however, a typical ZIF-8 morphology 
is observed (Fig. 6d). Based on these observations, it is speculated that 
the growth of ZIF-8 seed crystals is possible even at the low HmIm/Zn 
ratio of 16 when Bdiol is present in an aqueous growth solution due to 
the Bdiol-assisted deprotonation of HmIm. Since ZIF-L contains 
non-deprotonated HmIm in its structure [30], the low HmIm/Zn ratio of 
16 in an aqueous solution results in low concentration of deprotonated 
HmIm, thereby leading to the formation of ZIF-L. In the presence of 
Bdiol, however, ZIF-8 can form even at the low HZ of 16 since Bdiol 
promotes the deprotonation of HmIm. When the Bdiol concentration is 
further increased (4.5BH-16HZ), a phase-pure ZIF-8 membrane with a 
typical ZIF-8 morphology is formed (Figs. 5, 6d and 6h). It is observed 
that the 3.0BH-16HZ and 4.5BH-16HZ show the noticeably different 
relative intensities of (200) and (110) peaks (see Fig. 5). The 

Fig. 5. XRD patterns of membranes prepared with the HmIm-to-Zn ratio (HZ) 
fixed at 16 with varying Bdiol-to-HmIm ratios (BH) (*: α-alumina support). 
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3.0BH-16HZ membrane exhibits relatively strong preferred orientation 
along the [200] direction than the 4.5BH-16HZ membrane (see 
Table S3). It is hypothesized that at relatively low Bdiol concentrations 
(i.e., 3.0BH), Bdiol adsorbs mostly on the (110) plane than on the (200) 
plane, thus leading to the plate-like morphology with a preferred 
orientation along the <200> direction. At a relatively high BH ratio (i. 
e., 4.5), however, Bdiol may adsorb on both planes, consequently 
forming a typical ZIF-8 morphology with no preferred orientation. To 
check this hypothesis, ZIF-8 powders were collected from the growth 
solutions after membrane synthesis and the Bdiol-to-HmIm ratios 
incorporated into the framework were estimated using solution 1H NMR 
(see Figs. S7a and S7b). As shown in Fig. S7b, the more Bdiol in the 

growth solution led to the more Bdiol incorporated in the ZIF-8 
framework. 

In summary, the observations thus far suggest that Bdiol acted as a 
deprotonator of HmIm in the growth solution (Scheme S1) [21,31] and 
its effect on the growth of seed crystals was, however, dependent on the 
linker-to-metal ratio (HZ). At the higher HZ of 74, as Bdiol concentration 
increased, concentration of deprotonated mIm anions in the grown so
lution increased, resulting in a relatively fast homogenous nucleation as 
compared to the heterogeneous nucleation, consequently thinner 
membranes with smaller grains (Figs. 1–2) [21,24]. In contrast, at the 
lower HZ of 45, the homogenous nucleation was suppressed due to the 
relatively low linker concentration, thereby promoting the 

Fig. 6. SEM images of membranes prepared with the HmIm-to-Zn ratio (HZ) fixed at 16 with varying Bdiol-to-HmIm ratios (BH): (a, e) 0BH-16HZ, (b, f) 1.5BH-16HZ, 
(c, g) 3.0BH-16HZ, and (d, h) 4.5BH-16HZ (t: thickness). 
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heterogeneous growth of seed crystal and resulting in thicker 

membranes (Figs. 3–4) [21–23]. At the lowest HZ of 16, Bdiol enabled 
ZIF-8 formation by deprotonating the linker, while ZIF-L formed in the 
absence of Bdiol [22,26,30]. Furthermore, at the relatively high Bdiol 
concentration of 3.0BH-16HZ, the role of Bdiol as a capping agent 
became more apparent due to the low concentration of HmIm, leading to 
the atypical plate-like morphology possibly due to its preferential 
adsorption on the (110) planes (Figs. 5–6) [25,26,31]. 

3.2. C3 separation performances of membranes 

Fig. 7 presents the C3 separation performances of the membranes 
prepared without Bdiol. The 0BH-74HZ membranes show a decent C3 
separation performance with C3 separation factor of ~36.9 and C3H6 
permeability of ~36.0 Barrer, comparable to those synthesized using 
secondary growth methods [5,12]. It is noted that the 0BH-74HZ 
membranes were prepared by growing ZIF-8 seeds in a typical 
aqueous secondary growth solution [5,11,12,15,33,34]. When the 
HmIm/Zn ratio decreased to 45, however, the membranes (i.e, 
0BH-45HZ membranes) exhibit surprisingly high C3 separation factor of 
~220 and C3H6 permeability of ~13.5 Barrer. As shown in Figs. S2–3, 
the 0BH-45HZ membrane exhibits smaller grains and lower XRD peak 
intensities than the 0BH-74HZ membrane. In general, the smaller the 
grains are, the better the grain boundary structure is, thereby showing 
better separation performances [12,35,36]. As such, the 0BH-45HZ 
membranes are likely to possess better grain boundaries, thereby 
showing increased separation factor and decreased permeability. When 
the HmIm/Zn ratio was further reduced to 16, however, ZIF-L mem
branes were formed, showing no C3 separation performance [30]. 

Fig. 8 and S8 present the separation performances of the membranes 
prepared at a HmIm-to-Zn ratio of 74 with varying Biol concentration. 
The performance can be divided into three regions: 1) 0–0.21BH, 2) 
0.21–0.64BH and 3) 0.64 – 3BH. In the first region (0–0.21BH), as the 
BH increased, the C3 separation factor increased to ~ 145 while the 
C3H6 permeability decreased to ~ 27.7 Barrer. The 0.21BH-74HZ 
membranes show smaller grains than the 0BH-74HZ membranes (see 
Fig. 2a and b), thereby leading to better grain boundary structure and 
consequently enhanced C3 separation factor. In the second region 
(0.21–0.64BH), however, both C3H6 permeability and C3 separation 
factor decreased. It is hypothesized that the decreased separation per
formance might have to do with the incorporation of Bdiol in ZIF-8 
frameworks. To investigate this, ZIF-8 powder samples were synthe
sized from the same secondary growth solutions for membranes. The 
powder samples were then characterized by solution 1H NMR to inves
tigate the Bdiol/HmIm ratios incorporated in the ZIF-8 frameworks. 

Fig. 7. C3 Separation performance of membranes synthesized without Bdiol.  

Fig. 8. C3 separation performances of ZIF-8 membranes synthesized with the 
HmIm-to-Zn ratio (HZ) fixed at 74 with varying Bdiol-to-HmIm ratios (BH). 

Fig. 9. C3 separation performances of ZIF-8 membranes synthesized with the 
HmIm-to-Zn ratio (HZ) fixed at 45 with varying Bdiol-to-HmIm ratios (BH). 

Fig. 10. C3 separation performances of ZIF-8 membranes synthesized with the 
HmIm-to-zinc ratio (HZ) fixed at 16 with varying Bdiol-to-HmIm ratios (BH). 
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Fig. S9a presents the 1H NMR results and the Bdiol/HmIm ratio of the 
framework estimated from the NMR is plotted as a function of the Bdiol/ 
HmIm ratio in the secondary growth solution (Fig. S9b). As more Bdiol is 
added in the secondary growth solution, more Bdiol was incorporated in 
the ZIF-8 powders. As can be seen in the figure, however, the Bdiol/ 
HmIm ratio in the framework is three orders of magnitudes smaller than 
that in the growth solution. It is, therefore, likely that incorporation of 
the bulky Bdiol molecules is limited mostly to the ZIF-8 external surfaces 
via coordination with undersaturated zinc centers. Based on this 
observation, it is surmised that Bdiol coordinates with the undersatu
rated zinc centers of the surfaces of ZIF-8 grains (i.e., external and grain 
boundary surfaces) of the membranes, thereby reducing the grain 
boundary defects and consequently improving C3 separation perfor
mances (see the illustration presented in Fig. S10). If too many Bdiol 
molecules are incorporated, however, it could effectively block the se
lective intracrystalline pathways (i.e., 6-membered rings) of ZIF-8, 
leading to the decrease in both selectivity and permeability. In the 
third region (0.64BH – 3.0BH), the membranes showed little C3 

separation performances with high C3H6 permeability. As shown in 
Fig. 2d and e, the 1.5BH-74HZ and 3.0BH-74HZ membranes exhibited 
poor grain boundary structure, resulting in poor separation perfor
mances as mentioned above. 

Fig. 9 and S11 show the C3 separation performances of the mem
branes synthesized at a fixed HmIm-to-Zn ratio of 45 with varying Biol 
concentration. Unlike the 74HZ membranes, the 45HZ membranes 
showed increased permeability and decreased separation factor as the 
Bdiol concentration increased possibly due to poor grain boundaries 
with increasing size of grains as shown in Fig. 4a–c. In particular, there is 
a considerable drop in the separation factor going from 1.5BH (~181) to 
3.0BH (~61.4) indicating the relatively poor grain boundary structure 
of the 3.0BH-45HZ membrane (see Fig. 4c). Compared to the 0BH-45HZ 
membrane, the 1.5BH-45HZ membrane showed 69.5% increase in C3H6 

Fig. 11. The membranes prepared at the molar ratios of Bdiol to HmIm and HmIm to Zn fixed at 3.0 and 16, respectively, for different secondary growth time: (a) 
XRD patterns (*: α-alumina support) and top-view SEM images: (b) 0 h (seeded support), (c) 3 h, (d) 6 h, (e) 16 h, and (f) 24 h. 

Fig. 12. C3 separation performances of ZIF-8 membranes synthesized at 3.0BH 
and 16HZ for varying secondary growth time. 

Fig. 13. C3H6/C3H8 separation performances of the ZIF-8 membranes in 
comparison with other membranes reported in the literature. The area marked 
in yellow is a so-called commercially attractive region [5,13,18,33,39–46]. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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permeability (~22.4 Barrer) and 17.5% decrease in C3 separation factor 
(~181.7). 

Fig. 10 and S12 present the C3 separation performances of the 
membranes prepared at a fixed HmIm-to-Zn ratio of 16 with varying Biol 
concentration. As discussed above, the 0BH-16HZ membranes (ZIF-L 
membranes) show no C3 separation performance. The 1.5BH-16HZ 
membranes show the C3 separation factor of ~32.0 with the low C3H6 
permeability of ~3 Barrer. It is reminded that the 1.5BH-16HZ mem
brane contains ZIF-L as a major phase. Because of the presence of the 
non-permeable ZIF-L, the membrane shows low C3H6 permeability. With 
3.0BH, the membranes (3.0BH-16HZ) show surprisingly high C3 sepa
ration factor of ~283, the highest among those prepared in this work, 
while with 4.5BH, the C3 separation factor dropped to ~ 40.1. It is noted 
that the 3.0BH-16HZ membranes show plate-like morphology, some
what similar but different from the leaf-like morphology of ZIF-L. It is 
our hypothesis that the unexpectedly high C3 separation performance of 
the 3.0BH-16HZ membranes might have to do with this unique ZIF-8 
morphology. As shown in Fig. 5 and discussed above, the 3.0BH-16HZ 
membranes exhibit relatively strong preferred orientation along the 
[200] direction as compared to the 4.5BH-16HZ membrane (see 
Table S3) [37,38]. It is noted that the 1.5BH-16HZ membrane was 
excluded since the membrane showed distinct ZIF-L diffraction peaks 
overlapping with ZIF-8 peaks (e.g., (020) of ZIF-L overlaps with (200) of 
ZIF-8). The (200)-oriented 3.0BH-16HZ membranes, likely due to the 
plate-like morphology, possess much improved grain boundary struc
ture, thereby significantly enhanced C3 separation capability. 

Given the interesting morphology and outstanding C3 separation 
performance exhibited by the 3.0BH-16HZ membranes with a secondary 
growth time of 16 h, the evolution of both morphology and performance 
was further investigated as a function of the growth time. Fig. 11 pre
sents the XRD patterns and SEM images of the resulting membranes (see 
Fig. S13 for cross-sectional views). As growth time increases, the 
diffraction intensities of the membranes were increased due to the 
increased thickness of the membranes. When the growth time was 3 h, 
the membrane showed phase-pure ZIF-8 pattern (Fig. 11a) and poorly 
defined polyhedron grain morphology (Fig. 11c). At 6 h of growth time, 
however, plate-like morphologies were locally observed as marked 
(Fig. 11d). With the growth time longer than 16 h, plate-like 
morphology was observed (Fig. 11e and f) and the unknown shoulder 
peak appeared at 2θ ~6.5◦ as previously discussed (Fig. 11a). For 24 h of 
growth time, another unknown peak at 2θ ~13.7◦ was observed with 
more plate-like morphology. Fig. S14 presents the crystallographic 
preferred orientation (CPO) of (200)/(110) of the membranes as sec
ondary growth time increases. The membranes with plate-like 
morphology exhibit much higher CPO values (i.e., preferred out-of- 
plane orientation along the [200] direction). Fig. 12 and S15 shows 
the C3 separation performance of the 3.0BH-16HZ membranes prepared 
for different secondary growth time. Up to 6 h of growth, the membranes 
showed gradual increase and decrease in C3 separation factor and 
permeability, respectively. This can be attributed to improved grain 
boundary structure of the membranes. However, at 16 h of growth time 
when the membrane shows plate-like morphology, the membrane 
exhibited a drastic increase in C3 separation factor while there is little 
change in C3 permeability. Additional growth for 24 h resulted in no 
further change in both permeability and separation factor. 

Fig. 13 and Table S4 compare the C3 separation performances of the 
membranes in this work with other high-performance polycrystalline 
ZIF-8 membranes reported in the literature. To the best of our knowl
edge, the 3.0BH-16HZ membranes with the C3 separation factor of 
~283 are among the most C3-selective ZIF-8 membranes, outperforming 
most of the previously reported membranes. 

4. Conclusion 

In conclusion, we investigated the effects of Bdiol as an additive on 
the structure and microstructure of ZIF-8 membranes by the secondary 

growth method. With Bdiol, high-quality ZIF-8 membranes were syn
thesized even at the low HmIm/Zn ratio of 16, while ZIF-L membranes 
were formed at this HmIm/Zn ratio without the additive. This is 
attributed to the basic nature of Bdiol facilitating the deprotonation of 
HmIm. It was found that the effects of Bdiol depended upon the HmIm/ 
Zn ratios of the secondary growth solutions: at relatively high HmIm 
concentration (i.e., 74HZ), Bdiol promotes homogenous ZIF-8 nucle
ation, thereby suppressing the growth of ZIF-8 seed crystals. On the 
other hand, at lower HZ conditions (45HZ and 16HZ), Bdiol facilitates 
the growth of seed crystals since homogeneous nucleation is restrained 
due to the lower concentration of HmIm. At 16HZ, Bdiol acts as a 
capping agent as well, forming the atypical ZIF-8 morphology. The 
3.0BH-16HZ membrane exhibited the plate-like morphology and 
showed ultra-high C3 separation factor of ~283, which is one of the 
highest among those reported so far. It was hypothesized that the unique 
morphology and unexpectedly high C3 separation performance of the 
3.0BH-16HZ membranes might be due to the preferentially-oriented 
growth of ZIF-8 along the [200] direction, leading to significantly 
improved grain boundary structure and consequently enhancing C3 
separation performance. 
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