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A B S T R A C T   

Concurrent manipulation of orientation and thickness of MOF membranes has become a reliable approach for 
improving their separation performances. In terms of oriented seeded growth, oriented deposition of MOF 
nanosheets during seeding process and sealing all intergranular gaps with no discernible increase in membrane 
thickness during secondary growth have become indispensable. In this study, we pioneered the fabrication of 
uniform hexagonal-shaped, 20–40 nm thick MIL-96 nanosheets through solvent composition optimization (VH2O/ 
VFA = 1/2). Subsequently, spin coating was employed for c-oriented deposition of uniform MIL-96 seed layer, 
during which the addition of PVP in the suspension was found to be critical for obtaining qualified seed layer. 
Finally, well-intergrown, highly c-oriented ultrathin MIL-96 membrane was prepared upon employing NMF as 
the solvent during secondary growth. Gas permeation results implied that prepared MIL-96 membrane exhibited 
superior gas separation performance compared with that of a-&b-oriented counterpart.   

1. Introduction 

In recent decades, fabrication of highly oriented ultrathin MOF 
membranes has become a reliable approach for improving their sepa
ration performances due to highly ordered pore arrangement and 
reduced gas diffusion path length [1–9]. Lai et al. pioneered the fabri
cation of dense and continuous (102)-oriented MOF-5 membranes 
through oriented seeded growth [10]. Through controlled epitaxial 
growth of randomly oriented seed layers, Caro et al. prepared prefer
entially c-oriented ZIF-7 membrane and (100)-oriented ZIF-8 membrane 
exhibiting superior H2/N2 and H2/C3H8 selectivity, respectively [11, 
12]. Huang et al. prepared highly c-oriented ZIF-95 membrane with 
superior H2/CH4 separation performance through vapor-assisted 
in-plane epitaxial growth of the oriented ZIF-95 seed layer [13]. We 
recently reported the fabrication of highly c-oriented NH2-MIL-125 
membrane with superior H2/CO2 selectivity through combining 
dynamically oriented seeding and single-mode microwave 
heating-assisted in-plane epitaxial growth [14]. In the same manner, 
highly (111)-oriented NH2-UiO-66 membrane exhibiting superior 

H2/CO2 separation permeance was prepared with ZrS2 as zirconium 
source during epitaxial growth [15]. Nevertheless, it remained a great 
challenge in terms of oriented ultrathin 3D MOF membrane preparation 
due to the difficulty in preparation of ultrathin MOF nanosheet (NS) 
seeds, oriented deposition of qualified seed layer, and effective patching 
of intergranular gaps with no discernible increase in membrane thick
ness during secondary growth [16–22]. 

MIL-96 (Al), a porous aluminum trimesate 3D MOF material 
composed of aluminium clusters [Al3(μ3-O) (BTC)6] and infinite chains 
of AlO4(OH)2 and AlO2(OH)4 octahedra [23–28], has shown great 
promise in catalysis [29], sensing [30], gas adsorption/separation [28, 
31], and water purification [32]. Simultaneously, MIL-96(Al) was 
considered as a promising membrane material due to its high CO2 
adsorption capacity and excellent hydrothermal stability [33]. Caro 
et al. prepared a-&b-oriented MIL-96 membrane showing decent 
H2/CO2 selectivity [34]. Further analysis on the pore structure of MIL-96 
crystals in different directions implied that MIL-96 membrane exhibiting 
c-axis preferred orientation should be more conducive to the separation 
of H2 from other gas molecules since the pore size along the c-axis was 
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the smallest (Fig. S1). In this study, we pioneered the fabrication of 
well-intergrown, highly c-oriented ultrathin MIL-96 membrane via ori
ented seeded growth (shown in Fig. 1). Our study indicated that among 
various synthetic factors, the fabrication of uniform MIL-96 NS seeds, 
the addition of trace amount of PVP in the seed suspension for spin 
coating, and the use of NMF as solvent during secondary growth played 
vital roles in the preparation of MIL-96 membrane with desired micro
structure. Gas permeation results indicated that both H2 permeance and 
H2/CO2 selectivity of prepared MIL-96 membrane was much higher than 
that of a-&b-oriented counterpart, thereby confirming the significance 
of concurrent orientation and thickness control in separation perfor
mance enhancement of relevant MOF membranes. 

2. Experimental section 

2.1. Chemicals 

Aluminum nitrate nonahydrate (Al(NO3)3⋅9H2O, 98%) and 1,3,5- 
benzenetricarboxylic (H3BTC, 98%) were purchased from ALADDIN 
Reagent, Shanghai; N, N-dimethylformamide (DMF, 99.8%) and acetic 
acid (HAc, 99.8%) were purchased from Kermel, Tianjin; N-methyl
formamide (NMF, 99%), formamide (FA, 99%) and poly
vinylpyrrolidone (PVP, average MW: ~58000) were purchased from 
Macklin, Shanghai; porous α-Al2O3 ceramic discs with ~70 nm pore size 
were purchased from Fraunhofer IKTS (Germany). 

2.2. Preparation of MIL-96 crystals with varying morphology 

MIL-96 NSs were prepared as follows: Initially, 1.26 g Al 
(NO3)3⋅9H2O was dissolved in 8 mL deionized water, and 0.63 g H3BTC 
was dissolved in 16 mL FA, respectively. Subsequently, the above clear 
solutions were mixed in an 80 ◦C ultrasonic bath for 15 min, during 
which 1 mL of 10 mM HAc was added. In the next step, the above so
lution was poured in a Teflon-lined autoclave and placed in an oven 
preheated to 210 ◦C. After an elapse of 2 h, the autoclave was taken out 
from the oven. Solid products were obtained by repeated centrifugation 
and washing with water and methanol three times, respectively. 

MIL-96 powders with other morphologies were prepared with 8 mL 
DMF, 8 mL NMF and 8 mL FA as solvents instead of 16 mL FA while 
keeping other reaction conditions unchanged. 

2.3. Preparation of c-oriented MIL-96 seed layer 

The MIL-96 seed suspension was prepared by adding 125 mg MIL-96 
powders in 5 mL methanol. Subsequently, 10 μL of 0.01 mM PVP 
aqueous solution was added in the above suspension and vigorously 
stirred for 24 h before use. In the next step, 0.1 mL seed suspension was 
dropped onto the α-Al2O3 plate surface, and then spin coating was 
conducted at 3000 rpm for 60 s. Finally, obtained seed layer was dried at 
70 ◦C overnight. 

2.4. Preparation of c-oriented ultrathin MIL-96 membrane 

1.26 g Al(NO3)3⋅9H2O was dissolved in 8 mL deionized water, and 
0.63 g H3BTC was dissolved in 16 mL NMF, respectively. Subsequently, 
the above solutions were mixed in an 80 ◦C ultrasonic bath for 15 min, 
during which 1 mL of 10 mM HAc was added. In the next step, the 
precursor solution was poured into a 50 mL Teflon-lined autoclave in 
which the MIL-96 NS seed layer-modified α-Al2O3 substrate was verti
cally placed. Solvothermal reaction was conducted at 210 ◦C for 2 h. 
After cooling to room temperature, the membrane was taken out, 
thoroughly washed with methanol, and finally dried at 70 ◦C overnight. 

2.5. Preparation of a-&b-oriented MIL-96 membrane 

As a comparative experiment, a-&b-oriented MIL-96 membrane was 
prepared with 16 mL FA as solvent instead of 16 mL NMF while keeping 
other reaction conditions unchanged. 

2.6. Characterization 

Morphology of prepared samples was measured by SEM (Hitachi 
FlexSEM 1000), TEM (JEOL JEM 2100) and AFM (MI PicoScan 2500). 
XRD patterns were measured on a Rigaku SmartLab diffractometer with 
Cu Kα radiation (λ = 0.15418 nm). 

2.7. Gas permeation test 

Prepared MIL-96 membrane was fixed in a module sealed with sili
cone O-rings, and the permeation properties were evaluated by both 
single gas permeation and mixed gas separation. Ar (50 mL min− 1) was 
used as sweep gas. In mixed gas permeation measurement, 1:1 binary 
gas mixture was applied to the feed side of the MIL-96 membrane, and 

Fig. 1. Schematic illustration of the preparation of MIL-96 membrane. Step 1 illustrated the preparation of hexagonal-shaped ultrathin MIL-96 nanosheets through 
solvent optimization. Step 2 illustrated the preparation of highly c-oriented ultrathin MIL-96 membrane preparation via oriented seeded growth. 
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the permeate gas was removed from the permeate side by sweep gas. 
Both flow rates of the feed side and the sweep side were set to 50 mL 
min− 1 and the pressure difference was kept at 1 bar. In single gas 
permeation measurement, the flow rates were set to 50 mL min− 1, the 
permeate gas was removed from the permeate side by sweep gas, and the 
pressure difference on two sides was kept at 1 bar. The concentration of 
mixed gases in the permeate side was detected by using a gas chro
matograph (GC7900, Tencomp). The permeance (P) was described by 
division of the flux by the transmembrane pressure difference, as shown 
in Eq. (1), where n was the amount of gas in mol, A was the membrane 
area, t was the permeation time, and Δp was the pressure difference. The 
ideal selectivity αideal was defined as the ratio of the single component 
permeance (i, j) as shown in Eq (2). The separation factor (SF) αi/j for the 
permeation of binary gas mixture was described as the quotient of the 
molar ratio of the permeate side components (i, j) divided by that of the 
feed side components (i, j) as shown in Eq. (3). 

P=
n

A × t × Δp
(1)  

αideal =
Pi,single

Pj,single
(2)  

αi/j =
Xi,perm

/
Xj, perm

Xi,feed
/

Xj,feed
(3)  

3. Results and discussion 

3.1. Preparation of MIL-96 NSs 

The first step involved preparation of ultrathin MIL-96 NSs. At pre
sent, several methods, including the use of dual Al sources, the intro
duction of competitive ligands, and the addition of surfactants/alkaline 
modulators, have been developed to regulate the morphology of MIL-96 
powders [35–38]. Nonetheless, a reliable method for preparation of 
ultrathin NS seeds, which was indispensable for the fabrication of ul
trathin MIL-96 membrane, remained unexplored to date. Herein we 
attempted to solve this issue by optimizing the solvent composition. As 
shown in Fig. 2a, the use of DMF solvent led to the formation of MIL-96 
crystals exhibiting a truncated hexagonal bipyramidal morphology; 
nevertheless, a large thickness in the c-axis direction (1.7 μm) as well as 
relatively low aspect ratio (ca. 1.4) made them unsuitable for use as 
seeds. Alternatively, NMF and FA were further used as solvents. It was 
observed that the morphology of MIL-96 crystals gradually evolved from 
truncated hexagonal bipyramidal to hexagonal prismatic shape (Fig. 2b 
and c). In particular, using FA as solvent led to the formation of MIL-96 
crystals with remarkably reduced thickness along the c-axis (150 nm) 
and considerably higher aspect ratio (ca. 4.7). The discrepancy in 
morphology may be attributed to different hydrolysis rates of the above 
amide solvents (FA > NMF > DMF) [39,40], resulting in different gen
eration rates of dimethylamine (DMA) and formic acid. Because of its 
strong basicity, a higher DMA concentration increased the deprotona
tion rate of H3BTC ligands, resulting in a higher nucleation rate in the 
bulk solution and therefore, reduced crystal size; while formic acid, 
which commonly served as a modulator, may preferentially adsorb on 

Fig. 2. SEM images of MIL-96 crystals prepared with different solvent composition. (a) VH2O/VDMF = 1/1; (b) VH2O/VNMF = 1/1; (c) VH2O/VFA = 1/1; and (d) VH2O/ 
VFA = 1/2. (e, f) TEM images of MIL-96 NSs. (g, h) AFM height image with a height profile along the indicated trace. (i) XRD patterns of MIL-96 crystals prepared 
with different solvent composition. 
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the {00l} facet and regulate its growth to form hexagonal prismatic 
MIL-96 crystals with higher aspect ratio [41]. 

In the next step, FA/H2O volume ratio (VFA/VH2O) of the precursor 
solution was tuned to further optimize the morphology of MIL-96 
crystals [37]. SEM and TEM images (Fig. 2d–f) showed that in the 
case that the value of VFA/VH2O increased to 2, uniform 
hexagonal-shaped MIL-96 NSs could be readily prepared. AFM height 
image (Fig. 2g and h) indicated that the average thickness of MIL-96 NSs 
was 20–40 nm along the c-axis with much higher aspect ratio 
(36.5–73.0). To the best of our knowledge, this represented the thinnest 
MIL-96 NSs ever prepared to date. Corresponding XRD results (Figs. 2i 
and 3a) confirmed that prepared NSs indeed belonged to pure MIL-96 
phase. The superior morphology of MIL-96 NSs obtained made them 
suitable for use as seeds. 

3.2. Oriented deposition of MIL-96 seed layer 

Subsequently, spin coating technique was employed to evenly spread 
ultrathin MIL-96 NS seeds on porous α-Al2O3 substrate (Fig. S2). SEM 
results indicated that the seed layer obtained under optimized condi
tions was uniform and ca. 170 nm thick (shown in Fig. 4a and b). 
Relevant XRD pattern (shown in Fig. 3b) further showed that only two 
conspicuous diffraction peaks located at 2θ values of 5.6◦ and 17.0◦, 
which corresponded to (002) and (006) crystal planes, appeared, 
thereby confirming that prepared MIL-96 seed layer was highly c-ori
ented. It is worth noting that addition of PVP in the seed suspension 
prior to spin coating was indispensable to obtain the seed layer with 
desired morphology [15]; or else, severe aggregation and curling of 
MIL-96 seeds would inevitably occur, resulting in the formation of seed 
layers with uneven seed distribution and excessive intergranular voids 
(shown in Fig. S3). This can be ascribed to preferential adsorption of PVP 
molecules to the surface of MIL-96 NSs, which significantly increased 
their repulsion interactions for better monodispersity in the suspension. 
As a result, uniform c-oriented ultrathin MIL-96 seed layer could be 
successfully obtained. 

3.3. Preparation of c-oriented ultrathin MIL-96 membrane 

It is of vital importance to concurrently seal all intergranular gaps, 
avoid excessive epitaxial growth in the c-axis direction, and suppress 
twin growth of the MIL-96 seed layer during membrane processing. 
Nevertheless, our study indicated that using FA as solvent inevitably led 

to severe twinning. As shown in Fig. 4c and d, after secondary growth, 
the MIL-96 membrane surface had been fully covered with vertically 
aligned MIL-96 NSs, which could be ascribed to the formation of 
excessive MIL-96 nuclei in bulk solution and their subsequent sedi
mentation on the membrane surface, resulting in preferential arrange
ment of newly formed MIL-96 NSs with their largest faces perpendicular 
to the substrate (shown in Fig. S4) following the “evolution selection” 
growth mechanism developed by van der Drift [42]. Relevant XRD 
pattern further confirmed that prepared MIL-96 membrane was prefer
entially a-&b-oriented (shown in Fig. 3c). 

Fortunately, undesired twin growth could be effective suppressed by 
using NMF instead of FA as solvent. SEM results (shown in Fig. 4e and f) 
showed that after secondary growth under optimized conditions, a well- 
intergrown 230 nm-thick MIL-96 membrane was obtained. Corre
sponding XRD pattern (shown in Fig. 3d) showed that prepared mem
brane remained dominantly c-oriented. Moreover, the prepared c- 
oriented ultrathin MIL-96 membrane was ultrasonically treated for 30 
min to verify the mechanical stability. Relevant SEM image (Fig. S5a) 
indicated that not only the surface morphology of ultrasonically treated 
MIL-96 membrane remained intact but also the XRD pattern (Fig. S5b) 
was unchanged, implying that strong interaction existed between the 
membrane and the substrate. The reason for effective twin suppression 
can be attributed to a relatively poor solubility of BTC ligands in NMF 
solvent (33 mg/mL at 20 ◦C) in comparison with FA solvent (46 mg/ml 
at 20 ◦C), resulting in effective suppression of nucleation of MIL-96 
crystals in the bulk solution so that only epitaxial growth along the 
crystallographic orientation inherited from the seed layer was main
tained during secondary growth. In addition to twin suppression, the use 
of NMF solvent also significantly promoted the growth rate in the lateral 
direction. According to calculation, the relative lateral epitaxial growth 
rate (defined as the ratio of lateral increasing length to vertical 
increasing length of membrane (vlateral/vvertical)) of the seed layer during 
secondary growth reached 31.2 (Table S1), which was comparable with 
the aspect ratio of ultrathin MIL-96 NS seeds. As a result, the increase of 
MIL-96 seed layer thickness in the direction of c-axis orientation after 
secondary growth was negligible. 

3.4. Gas permeation properties of prepared MIL-96 membranes 

Finally, gas permeation properties of both c-oriented ultrathin and a- 
&b-oriented MIL-96 membranes were investigated. Our results indicated 
that ideal H2/CO2, H2/N2 and H2/CH4 selectivity of prepared a-&b- 
oriented MIL-96 membrane reached 6.6, 5.9 and 4.9, respectively, 
which was close to the values reported by Caro et al. (shown in Fig. 5a 
and b) [34]. In contrast, the ideal H2/CO2 selectivity of c-oriented ul
trathin MIL-96 membrane reached 16.9, which was almost 2.6 times 
higher than that of a-&b-oriented counterpart (shown in Fig. 5c and d). 
Moreover, the H2 permeance (4.4 × 10− 7 mol m− 2s− 1Pa− 1) of the former 
MIL-96 membrane was considerably increased (shown in Table S2), 
leading to well exceedance of the 2008 Robeson upper bound of polymer 
membranes for H2/CO2 separation (shown in Fig. S6). The superior 
H2/CO2 separation performance of prepared c-oriented ultrathin MIL-96 
membrane can be ascribed to 1) smaller channels along the c-axis, which 
is more suitable for accurate screening of H2 and CO2 on a microscopic 
scale, 2) preferred c-orientation of the membrane, which results in sig
nificant reduction in grain boundary defect density on a mesoscopic 
scale, and 3) ultrathin thickness, which leads to reduced diffusion path 
length and therefore, higher H2 permeance. In addition, both H2/N2 and 
H2/CH4 selectivity of c-oriented ultrathin MIL-96 membrane was supe
rior to a-&b-oriented counterpart. The reason why the permeances of N2 
and CH4 were higher than CO2 could be attributed to preferential 
adsorption of CO2 in MIL-96 framework than N2 and CH4 as evidenced 
by adsorption isotherms of CO2, N2 and CH4 on MIL-96 powders (shown 
in Fig. S7), resulting in retarded diffusion of CO2 through the MIL-96 
membrane. It was further noticed that both H2 permeance and SF of 
equimolar H2/CO2 gas mixture was constant within 24 h under ambient 

Fig. 3. XRD patterns of a) MIL-96 NSs; b) c-oriented MIL-96 seed layer; c) a-&b- 
oriented MIL-96 membrane and d) c-oriented ultrathin MIL-96 membrane. 
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conditions (shown in Fig. S8) and elevated pressure (shown in Fig. S9), 
implying that prepared MIL-96 membrane possessed excellent long-term 
stability, which was indispensable for practical application in chemical 
industry. 

4. Conclusions 

To summarize, in this study we pioneered to prepare highly c-ori
ented ultrathin MIL-96 membrane by oriented seeded growth. Among 

various synthetic parameters, the preparation of ultrathin MIL-96 NS 
seeds through solvent optimization, the addition of trace amount of PVP 
in the seed suspension for spin coating, and the use of NMF as solvent 
during secondary growth were found to be crucial for obtaining the MIL- 
96 membrane with desired microstructure. Since the pore size of MIL-96 
crystal structure along the c-axis was the smallest, prepared c-oriented 
ultrathin MIL-96 membrane exhibited better H2/CO2, H2/N2 and H2/ 
CH4 selectivity compared with that of a-&b-orientation counterpart. Our 
research highlighted the importance of solvent composition 

Fig. 4. SEM images of (a, b) c-oriented MIL-96 seed layer; (c, d) a-&b-oriented MIL-96 membrane; and (e, f) highly c-oriented ultrathin MIL-96 membrane. Scale bar: 
2 μm. 

Fig. 5. Single-gas and equimolar binary gas mixture permeation results of a) a-&b-oriented MIL-96 membrane and b) c-oriented MIL-96 membrane under 
ambient conditions. 
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optimization in obtaining high-aspect-ratio MIL-96 NS seeds and rele
vant c-oriented ultrathin membrane as well as the significance of con
current orientation and thickness control in separation performance 
enhancement of MOF membranes. 
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