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

Uniform hierarchical MFI nanosheets prepared via 
anisotropic etching for solution-based sub–100-nm-thick 
oriented MFI layer fabrication
Yi Liu1, Weili Qiang1, Taotao Ji1, Mu Zhang1, Mingrun Li2, Jinming Lu1, Yi Liu1*

Zeolite nanosheets have shown unprecedented opportunities for a wide range of applications, yet developing 
facile methods for fabrication of uniform zeolite nanosheets remains a great challenge. Here, a facile approach 
involving anisotropic etching with an aqueous solution of tetrapropylammonium hydroxide (TPAOH) was devel-
oped for preparing uniform high–aspect ratio hierarchical MFI nanosheets. In addition, the mechanism associated 
with the formation of MFI nanosheets was proposed. In the next step, a dynamic air-liquid interface–assisted 
self-assembly method and single-mode microwave heating were used for b-oriented MFI nanosheets monolayer 
deposition and controlled in-plane solution-based epitaxial growth, respectively, ensuring the formation of 
well-intergrown b-oriented MFI layers with sub–100-nm thickness. Moreover, our study indicated that b-oriented 
ultrathin MFI layers could be fabricated on diverse substrates demonstrating excellent anticorrosion capacity, 
ionic sieving properties, and n-/i-butane isomer separation performance.

INTRODUCTION
The emergence of two-dimensional zeolite nanosheets (NSs) opens 
up unprecedented opportunities for promoting their adsorption, 
catalytic, and separation performances due to the reduced diffu-
sion path lengths, increased surface areas, and enhanced surface 
activity compared with their bulky counterparts (1–4). Among 
these applications, the use of zeolite NSs as building blocks for the 
fabrication of oriented ultrathin zeolite layers represents an 
important research direction demonstrating the microstructural 
benefits of zeolite NSs (5–10). As far as MFI-type zeolites are con-
cerned, fabrication of b-oriented MFI zeolite layers, which has 
proven effective in reducing internal diffusion barriers and grain 
boundary defects (11), generally involves preparation of regularly 
shaped MFI seeds (12), b-oriented deposition of MFI seeds on sub-
strates (13–15), and subsequent in-plane epitaxial growth (16, 17). 
In comparison with conventional coffin-shaped MFI crystals, 
microstructural benefits derived from MFI NSs seeds such as the high 
aspect ratio and short diffusion path length along the b axis greatly 
facilitated precise control over both orientation and thickness of 
MFI layers (7, 18).

Diverse methods have recently been developed for the prepara-
tion of MFI NSs with varying microstructures (1, 6, 7). For instance, 
Tsapatsis prepared 3- to 5-nm-thick high–aspect ratio MFI NSs by 
top-down exfoliation of multilamellar MFI precursors or bottom-up 
single rotational intergrowth-triggered nanocrystal-seeded growth 
(6, 7, 19), while Hedlund prepared hydrophobic 10-nm-thick MFI 
crystals by long-term aging in fluoride medium (20). Recently, Xiao 
studied formation energies of SAPO-11 zeolite NSs with varying 
unit-cell layers by theoretical calculations and concluded that 
12 unit-cell-thick zeolite NSs had a crystal energy comparable with bulk 
crystals (21). Therefore, it was expected that the use of ca. 12 unit-

cell-thick (equivalent to ca. 25 nm thick along the b axis) MFI NSs 
having high aspect ratios as seeds would achieve a better balance 
between phase stability and diffusion barrier.

Besides thickness control of MFI seeds, recent decades witnessed 
notable progress in thickness control of b-oriented MFI layers 
during in-plane epitaxial growth (20, 22–24). For instance, Tsapatsis 
and Hedlund reported the successful fabrication of 12- and 36-nm-
thick b-oriented MFI films on silicon wafers and glass plates via 
gel-less (23) and dry-gel conversion methods (20), respectively. Com-
pared with other methods, solution-based epitaxial growth may 
show superiority in terms of nutrient distribution uniformity and 
reaction condition mildness. Nevertheless, to date, there has been 
no report on the preparation of sub–100-nm-thick MFI layers via 
solution-based epitaxial growth. Recently, Tsapatsis synthesized 
300-nm-thick b-oriented MFI films via solution-based epitaxial 
growth of 5-nm-thick MFI NSs monolayers on Si wafers (25). To 
prepare sub–100-nm-thick b-oriented MFI layers with few twins, a 
more efficient heating method enabling precise thickness control 
must be developed.

Motivated by the above concerns, here we developed a progressive 
wall-thinning approach for facile preparation of ca. 12 unit-cell-thick 
MFI NSs with high uniformity and high aspect ratio. After b-oriented 
deposition of MFI NSs monolayers, sub–100-nm-thick b-oriented 
MFI layers were further prepared via solution-based epitaxial growth. 
The rational design of qualified MFI NSs seeds, the employment of a 
dynamic air-liquid interface–assisted self-assembly (DALIAS) method 
for oriented deposition of MFI NSs, and the use of single-mode 
microwave heating during solution-based epitaxial growth were 
found crucial for exerting precise control over their thickness 
(Fig. 1). To the best of our knowledge, this represents the first report 
of the fabrication of sub–100-nm-thick oriented zeolite layers via 
solution-based epitaxial growth. In addition, with this method, we 
successfully prepared b-oriented ultrathin MFI layers on diverse 
substrates including smooth glass plates, coarse Al plates, inert Pt 
electrodes, and porous -Al2O3 substrates showing excellent anti-
corrosion capacity, ionic sieving properties, and n-/i-butane isomer 
separation performance, respectively.
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RESULTS
Synthesis of MFI NSs
The first step involves facile preparation of MFI NSs. Parent MFI 
crystals, which were synthesized by a simple hydrothermal method (26), 
exhibited uniform coffin-shaped morphology (0.9 m × 0.45 m × 1.2 m; 
Fig. 2A). Subsequent hydrothermal treatment of calcined parent 
MFI crystals with aqueous tetrapropylammonium hydroxide (TPAOH) 
solution resulted in the formation of ca. 25-nm-thick MFI NSs with 
high uniformity and high aspect ratios (ca. 50) under optimized 
hydrothermal conditions (Fig. 2, B and C). Atomic force microscope 
(AFM) height image (Fig. 2D) indicated that the average thickness 
of MFI NSs was ~25 nm along the b axis. X-ray diffraction (XRD) 
patterns further confirmed the high purity and crystallinity of the 
obtained MFI NSs (Fig. 2E). In addition, transmission electron 
microscopy (TEM) and Brunauer-Emmett-Teller (BET) analyses 
were further carried out to investigate their mesoscopic structures. 
TEM results (Fig. 2F) indicated that there existed substantial meso-
pores inside MFI NSs maintaining a single-crystal structure of MFI 
type (shown in fig. S1), while BET results illustrated that calcined 
MFI NSs exhibited a typical type IV isotherm (fig. S2A) featuring a 
hierarchical pore structure centering at 2.8 nm (fig. S2, B and C). 
Compared with parent MFI crystals, MFI NSs exhibited an increased 
micropore surface area (table S1), which could be attributed to an 
enhanced crystallinity. To elucidate the necessity of calcination 
in the preparation of MFI NSs, here, we further subjected un-
calcined parent MFI crystals to the same hydrothermal treatment 
conditions. It was observed that hydrothermal treatment led to the 
formation of leaf-like MFI crystals with considerable thickness; 
moreover, some MFI crystals were smashed into pieces (fig. S3). 
Therefore, calcination of parent MFI crystals before hydrothermal 
treatment was necessary. In addition, our research indicated that MFI 
NSs with desired morphology could be obtained only under a narrow 
range of hydrothermal treatment conditions. Sensitivity analysis 
indicated that even a slight variation in [TPAOH] (±0.015 M) or volume 
of solution (±0.5 g) would cause incomplete conversion of parent MFI 
crystals or structural disintegration of MFI NSs (figs. S4 and S5).

Besides 1.0-m–sized MFI NSs, diverse regularly shaped parent 
MFI crystals with grain size ranging from 0.4 to 8.2 m (fig. S6, A to C) 
were further synthesized to validate the generality of this wall-
thinning strategy. As shown in Fig. 2 (G to I), uniform MFI NSs with 
grain size ranging from 0.3 to 7.5 m were obtained after the ade-
quate hydrothermal treatment of their parent ones. Our experiment 
indicated that the yields of 0.3-, 1.0-, 3.1-, and 7.5-m–sized MFI 
NSs were 17, 15, 12, and 8%, respectively. Besides, XRD characteriza-

tion further confirmed the phase purity of the resulting different-sized 
MFI NSs (fig. S6, D to F).

Substantial work has previously been conducted in the preparation 
of hollow MFI crystals by a dissolution-recrystallization mechanism 
in the presence of TPAOH (27, 28). Briefly, at the early stage, parent 
zeolite cores were dissolved because of a relatively lower crystallinity. 
Subsequently, dissolved silica species were recrystallized on the outer 
surface of parent MFI crystals in the presence of TPA+ cations. 
Since TPA+ cations were too bulky to enter MFI pores, recrystalliza-
tion occurred only on the outer surface; correspondingly, mesoscopic 
voids within MFI crystals generated by alkaline treatment were 
retained, leading to the formation of hollow hierarchical MFI crys-
tals. In effect, we also observed the formation of hollow-structured 
MFI crystals (Fig. 3, A and B) during the formation process of MFI NSs, 
therefore demonstrating that morphological evolution of parent MFI 
crystals in the early stage followed the dissolution-recrystallization 
mechanism. Further prolonging the alkaline treatment time resulted in 
progressive thinning of zeolite walls in all directions (Fig. 3, C and D, 
and fig. S7, A and B). Last, only the largest faces arranged perpen-
dicular to the b-axis of parent MFI crystals survived, leading to the 
formation of desired MFI NSs. Parent MFI crystals could be com-
pletely converted to MFI NSs, maintaining the structural integrity in 
case the hydrothermal treatment time varied between 12 hours (fig. 
S7C) and 18 hours (Fig. 2B). Nevertheless, prepared MFI NSs began 
to smash into pieces upon further extending the hydrothermal 
treatment time to 36 hours (fig. S7D). In addition, the reason why the 
thickness after hydrothermal treatment became ca. 25 nm could be 
ascribed to low stability of MFI NSs with thickness smaller than 25 nm 
(equivalent to 12 unit-cell thickness) as reported by Zhang et al. (21). 
Hydrothermal treatment of parent zeolite crystals led to progressive 
thinning of zeolite walls. As a result, only zeolite NSs with thickness 
around 25 nm along the b-axis could survive under prolonged 
hydrothermal treatment.

Considering the importance of maintaining the structural integ-
rity of MFI NSs in layer processing, here, the mechanical robustness 
of MFI NSs was further evaluated by sonication and stirring. As 
shown in fig. S8, even after vigorous sonication (500 W) for 30 min 
or stirring (500 rpm) for 2 weeks, prepared MFI NSs maintained their 
structural integrity, which, as shown below, was the prerequisite for 
their oriented self-assembly.

Synthesis of MFI NSs seed monolayers
The second step involves oriented deposition of MFI NSs seed 
monolayers. Recently, we developed a DALIAS method for facile 

Fig. 1. Procedure for the preparation of sub–100-nm-thick b-oriented MFI layers by combining (1) NSs preparation and (2) MFI layer fabrication. 
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fabrication of highly c-oriented NH2-MIL-125(Ti) monolayers (29). 
Here, this method was further used to organize MFI NSs into closely 
packed b-oriented seed monolayers. Briefly, 1.0-m–sized MFI NSs 
were firstly uniformly dispersed in 2-butanol solution under vigor-
ous stirring. Subsequently, the suspension was slowly injected to the 
turbulent air-water interface at which closely packed, highly b-
oriented MFI NSs monolayers were formed (Fig. 4A). It was deemed 
that both geometric features of MFI NSs and the turbulent state at 
the air-liquid interface jointly improved the assembly quality and 
efficiency. Strong diffraction peaks derived from (0k0) planes further 
confirmed the dominance of b-orientation (Fig. 4D). Note that 
although this method also proved effective in b-oriented self-assembly 
of coffin-shaped parent MFI crystals (14, 17, 30), the use of MFI NSs 
as building blocks still exhibited noticeable superiorities in terms of 
efficiency, precision, simplicity, and generality. For instance, our 

research indicated that besides 2-butanol, dispersing MFI NSs in 
other alcohols (such as ethanol) also led to the formation of 
qualified monolayers (fig. S9A); moreover, it was no longer nec-
essary to add any additives (such as linoleic acid) in the MFI NSs–
containing suspension to ensure close contact between adjacent 
MFI NSs.

Besides the DALIAS method, we further tried to prepare closely 
packed b-oriented MFI NSs monolayers by manual rubbing (31), 
which has proven effective for oriented organization of coffin-shaped 
MFI crystals with decent aspect ratios. Nevertheless, this method 
was not adapted to MFI NSs self-assembly since substantial MFI NSs 
were smashed into pieces during this process (fig. S9B). It was antici-
pated that the DALIAS method described above could be generalized 
for oriented organization of other high–aspect ratio zeolite NSs rely-
ing on the mild operating condition.

Fig. 2. Characterization of prepared MFI crystals and MFI NSs. (A) SEM images of 1.2-m–sized parent MFI crystals. (B and C) SEM images, (D) AFM height image with a 
height profile along the indicated trace, (E) XRD patterns, and (F) TEM image of 1.0-m–sized MFI NSs. SEM images of MFI NSs with sizes of (G) 0.3 m, (H) 3.1 m, and (I) 7.5 m.
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Synthesis of b-oriented ultrathin MFI layers
The third step involves in-plane epitaxial growth of b-oriented 
ultrathin MFI layers. So far, great efforts have been dedicated to 
suppression of twin growth of MFI layers during epitaixal growth 
process (17, 32–35). In contrast, developing facile synthetic methods 
enabling precise control over layer thickness remained largely 
unexplored. It has been reported that twin-free b-oriented MFI layers 
with sub–100-nm thickness could be obtained by using the dry gel 
conversion (20, 36) or gel-less method (24, 37); nevertheless, it was 
unclear whether the commonly used solution-based epitaxial growth 
method could be used for fabricating sub–100-nm-thick b-oriented 
MFI layers.

Initially, a conventional hydrothermal method was used in this 
study for epitaxial growth of b-oriented MFI NSs monolayers under 
mild hydrothermal conditions. Nevertheless, our results showed 
that it was very difficult to prepare well-intergrown, sub–100-nm-
thick b-oriented MFI layers by simple optimization of synthetic 
conditions (fig. S10, A to C). Alternatively, multimode microwave 
heating, which had proven quite effective in suppressing twin 
formation due to the unique nucleation bottleneck effect (33, 38), 
was also used for MFI layer synthesis. Unfortunately, growth rate of 
MFI NSs seeds along the in-plane direction was too slow to warrant 
the formation of well-intergrown MFI layers even under optimized 
synthetic conditions (fig. S10D).

Instead of multimode microwave heating, in this study, single-
mode microwave heating was further used in epitaxial growth of 
MFI NSs monolayers. It was anticipated that the in-plane growth 
rate of MFI NSs seeds could be remarkably enhanced, relying on the 
high field intensity and field homogeneity of single-mode microwave 
heating. Our results indicated that well-intergrown b-oriented MFI 
layers with few twin crystals (Fig. 4, B and D) were obtained by 
proper optimization of epitaxial growth conditions (fig. S11). The 
cross-sectional image further illustrated that prepared MFI layers 
were 93 nm thick (Fig. 4C). To the best of our knowledge, there 
has been rare report on sub–100-nm-thick MFI layer fabrication via 

solution-based epitaxial growth. Moreover, compared with the “dry 
gel” or “gel-less” conversion method, the reaction temperature re-
quired for the formation of well-intergrown MFI layers was much 
lower (100°C). In addition, single-mode microwave heating was 
used in the synthesis and microstructural optimization of zeolite 
layers. Relying on single-mode microwave heating, recently, we also 
successfully prepared 500-nm-thick c-oriented NH2-MIL-125(Ti)–type 
MOF membranes with superior H2/CO2 selectivity (29). It was 
believed that single-mode microwave heating could serve as a power-
ful tool for molecular sieve layer processing.

Our concept was not only confined to smooth glass plates. By 
adopting this method, MFI NSs seed monolayers and ultrathin 
b-oriented MFI layers on coarse Al plates (Fig. 5, A and D), inert 
Pt electrodes (Fig. 5, B and E), and porous -Al2O3 substrates 
(Fig. 5, C and F) were sequentially prepared. Corresponding XRD 
patterns shown in fig. S12 indicated the dominance of b orientation 
for both MFI seed monolayers and MFI layers, while the appearance 
of diffraction peaks around 22° to 24° could be attributed to a much 
higher surface roughness of substrates as was confirmed by surface 
scanning electron microscope (SEM) images of Al plates, Pt elec-
trodes, and porous -Al2O3 substrates (fig. S13). Consequently, their 
anti-corrosion capacity, ionic sieving property, and n-/i-butane 
isomer separation performance were systematically investigated, 
respectively. Initially, anticorrosion performance of MFI layer–
coated Al plates was examined by direct current (DC) polarization. 
Corrosion current (Icorr) represented an effective parameter for 
direct evaluation of the performance of anticorrosion coatings 
(39, 40). Our results (shown in Fig. 5G) indicated that Icorr for bare 
Al plates reached ~10−4 A cm−2. After coating with b-oriented ultra-
thin MFI layers, a large decrease of Icorr to ~10−7 A cm−2 was 
achieved. The superior anticorrosion performance of MFI layer–
modified Al plates could be attributed to smaller pore apertures (5.5 Å) 
compared with ionic radii of hydrated sodium cations (7.2 Å) and 
reduced defect density at grain boundaries. Consequently, we fur-
ther verified ionic-sieving properties of b-oriented ultrathin MFI 
layers by fabricating onto Pt electrodes, which were then used as 
working electrodes in cyclic voltammetry experiments. Redox 
species of varying charge and size in aqueous solution, including 
[Ru(NH3)6]3+ (~5.5 Å) and [Fe(phen)3]2+ (~13.0 Å), were tested. 
Since the pore aperture of MFI crystals along the b axis was 5.5 Å, in 
principle, [Ru(NH3)6]3+ was able to pass through the MFI layer, 
while [Fe(phen)3]2+ would be excluded. As shown in Fig. 5 (H and I), 
compared with a bare Pt electrode, a weaker and deformed CV sig-
nal was detected for [Ru(NH3)6]3+, while no CV response was found 
for [Fe(phen)3]2+ on MFI layer–modified electrodes. For a mixture 
of [Ru(NH3)6]3+ and [Fe(phen)3]2+, only the redox signal for 
[Ru(NH3)6]3+ was detected (Fig. 5J). All these results convincingly 
confirmed the precise ionic sieving through the b axis of MFI layers 
and the presence of few grain boundary defects. Last, gas separa-
tion performance of porous -Al2O3–supported MFI layers was 
evaluated by feeding equimolar n-/i-butane isomer mixtures 
through a Wicke-Kallenbach permeation cell (41). Our results in-
dicated that, under optimized conditions, the selectivity for 
equimolar n-/i-butane isomer mixtures reached ~33 with an 
n-butane permeance of 2 × 10−7 mol m−2 s−1 Pa−1, which was only 
slightly lower than the single gas permeance of n-butane through 
bare porous -Al2O3 substrates (5 × 10−7 mol m−2 s−1 Pa−1). Obvi-
ously, the ultrathin MFI layer thickness contributed to a negligible 
mass transfer barrier. It was noted that the n-/i-butane isomer 

Fig. 3. SEM characterization of MFI NSs formation mechanism. (A) SEM image 
and (B) TEM image of MFI NSs prepared by alkaline treatment for 30 min. SEM images 
of MFI NSs prepared by alkaline treatment for (C) 40 min and (D) 60 min.
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separation performance was superior to those of most MFI 
membranes hitherto reported (table S2). Last, to verify the re-
producibility of this approach, we prepared and measured six 
membranes in parallel. Among them, relative SDs of n-butane per-
meance and n-/i-butane SF reached 14.2 and 7.7%, respectively 
(table S3), therefore indicating a high reproducibility of synthetic 

protocols. It should be emphasized that compared with n-/i-
butane isomer separation, p-/o-xylene isomer separation should 
be a better indicator of MFI membrane quality. Unfortunately, 
p-/o-xylene isomer separation measurements could not be con-
ducted owing to the limitation of current experiment conditions 
in our laboratory.

Fig. 4. Characterization of the prepared MFI seed monolayer and MFI layer. SEM images of (A) prepared MFI seed monolayer, (B) prepared MFI layer after secondary 
growth on glass plate, and its (C) cross-sectional image. (D) XRD patterns of glass plate, MFI seed monolayer, and the obtained MFI layer.

Fig. 5. SEM characterization and electrochemical test of the prepared MFI seed monolayers and MFI layers on different substrates. SEM images of surface mor-
phologies of b-oriented MFI seed monolayers on (A) Al plates, (B) Pt electrodes, and (C) -Al2O3 substrates; b-oriented MFI layers after secondary growth (TPA gel compo-
sition, 1 TEOS:0.15 TPAOH:135 H2O; 100°C; 120 min) on (D) Al plates, (E) Pt electrodes, and (F) -Al2O3 substrates. (G) DC polarization curves for bare (blue line) and 
b-oriented MFI layer–coated (red line) Al plates preincubated in 0.5 M NaCl solution for 30 min. Cyclic voltammograms of [Ru(NH3)6]3+ and/or [Fe(phen)3]2+ in aqueous 
solutions. Black line, bare Pt electrode; red line, Pt electrode coated with b-oriented MFI layers for (H) [Ru(NH3)6]3+, (I) [Fe(phen)3]2+, and (J) [Ru(NH3)6]3+ + [Fe(phen)3]2+. 
Supporting electrolyte, 0.5 M KCl. Scan rate, 50 mV/s. Reference electrode, saturated Ag/AgCl electrode (SCE).
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DISCUSSION
To summarize, in this study, we developed a facile approach involving 
anisotropic etching in an aqueous solution of TPAOH for prepara-
tion of ca. 12 unit-cell-thick hierarchical MFI zeolite NSs with high 
aspect ratios (ca. 40), which may achieve a better balance among 
stability, barrier, and processability. The mechanism involving MFI 
NSs formation was further discussed. Consequently, sub–100-nm-thick 
b-oriented MFI layers were successfully prepared by using the 
DALIAS method for oriented deposition of MFI NSs monolayers 
and single-mode microwave heating for controlled in-plane epitaxial 
growth. Electrochemical measurements (including DC polarization 
and cyclic voltammetry) and gas permeation tests indicated that 
prepared MFI layers exhibited superior anticorrosion capacity, ionic 
sieving property, and isomer separation performance. It is anti
cipated that the concept revealed in this work could bring some 
inspiration for microstructural optimization and performance 
improvement of diverse molecular sieve membranes.

MATERIALS AND METHODS
Materials and chemicals
Tetraethylorthosilicate (TEOS; 98%; Sinopharm Chemical Reagent 
Co., Ltd.), TPAOH (25% aqueous solution, Macklin), 2-butanol 
(C4H10O, 99%; Macklin), potassium chloride (KCl, 99.8%; Macklin), 
hexaammineruthenium(III) chloride ([Ru(NH3)6]Cl3, 99%, Strem), 
and sodium chloride (NaCl, 99.5%; Macklin) were used without any 
further purification. [Fe(phen)3]Cl2 was synthesized in our labora-
tory, according to the well-documented procedure. Briefly, 0.994 g 
of iron(II) chloride tetrahydrate (FeCl2·4H2O, 99.95%; Macklin) 
was dissolved in 250 ml of deionized (DI) water. Consequently, 2.97 g 
of 1,10-phenanthroline monohydrate (C12H8N2·H2O, 98%; Macklin) 
was added into this aqueous solution. After vigorous stirring for 
3 hours, [Fe(phen)3]Cl2 solution (20 mM) was prepared and stored 
in the dark before use. Glass plates (2 cm × 2 cm) were immerged in 
piranha solution (H2SO4/H2O2 = 2/1 v/v) and heated at 90°C for 
1 hour, then washed with copious DI water, and stored in DI water 
before seed layer deposition. -Al2O3 discs (Fraunhofer IKTS, 
Germany) were pretreated with ∼6% hydrochloric acid and exten-
sively washed with water afterward. Pt electrodes (Shanghai Yueci 
Electronic Technology Co., Ltd) and Al plates were polished with 
sandpapers, thoroughly washed with ethanol, and stored in DI water 
before deposition.

Methods
Preparation of parent MFI crystals with different grain sizes
MFI seed crystals with different grain sizes were synthesized from a 
gel composed of TEOS, TPAOH, and DI water. The synthesis gel 
was prepared by introducing TEOS into aqueous solutions containing 
TPAOH. After stirring for 4 hours at room temperature, the mixture 
was transformed into clear gel and then poured into a Teflon-lined 
stainless-steel autoclave. The autoclave was placed in a rotational 
convection oven (60 r/min) at an assigned temperature (T) for a cer-
tain time (t). Afterward, resulting solid products were centrifuged, 
washed with distilled water, and dried at 70°C in an oven overnight. 
Last, calcination was conducted at 550°C for 6 hours. A summary of 
detailed synthetic conditions is shown in table S4.
Preparation of MFI NSs with different grain sizes
For 0.3-m–sized MFI NSs, 0.1 g of calcined 0.4-m–sized parent 
MFI crystals was added in 15.5 g of 0.12 M TPAOH solution [1 MFI 

(SiO2-based):1.12 TPAOH:505 H2O]. For 1.0-m–sized MFI NSs, 
0.2 g of calcined 1.2-m–sized parent MFI crystals was added in 
16.5 g of 0.217 M TPAOH solution [1 MFI (SiO2-based):1.08 
TPAOH:263 H2O]. For 3.1-m–sized MFI NSs, 0.2 g of calcined 
3.5-m–sized parent MFI crystals was added in 15 g of 0.23 M TPAOH 
solution [1 MFI (SiO2-based):1.04 TPAOH:241 H2O]. For 7.5-m–
sized MFI NSs, 0.2 g of calcined 8.2-m–sized parent MFI crystals 
was added in 15 g of 0.24 M TPAOH solution [1 MFI (SiO2-based):1.08 
TPAOH:238 H2O]. Prepared suspension was then transferred into 
a Teflon-lined stainless-steel autoclave. Hydrothermal treatment 
was carried out at 170°C for 18 hours in a rotational convection 
oven (60 r/min). Obtained solid precipitates were recovered by cen-
trifugation and dried overnight at 70°C.
Preparation of b-oriented MFI seed monolayer
Before seed deposition, 0.005 g of MFI NSs was dispersed with 4 ml 
of 2-butanol and stirred unceasingly for 2 days to form a homoge-
neous zeolite suspension. Afterward, a glass plate (2 cm × 2 cm) was 
placed horizontally below the water, and the zeolite suspension was 
slowly and continuously injected at the turbulent air-water interface 
at a speed of 3 l·min−1. After an elapsed time of 12 min, a closely 
packed and highly b-oriented MFI NSs monolayer was formed at 
the air-liquid interface and then transferred to the glass plate. Last, 
structure-directing agent (SDA) plugged in the seed layer was 
removed by calcination at 550°C for 6 hours. The procedure for 
deposition of MFI NSs monolayers on other substrates was the same 
as mentioned above.
Preparation of ultrathin b-oriented MFI layers
Single-mode microwave heating was used for epitaxial growth of 
MFI NSs monolayers following the procedure shown below: First, 
the precursor solution was prepared by adding 2 g of TEOS drop-
wise into the solution containing 1.171 g of TPAOH and 22.45 g of 
DI water. The precursor solution became clear after vigorous stirring 
for 4 hours at room temperature. Second, MFI NSs monolayer–coated 
substrates were placed vertically in an 80-ml glass vessel prefilled 
with 30 ml of clear precursor solution. Third, the vessel was sealed 
and heated in a single-mode microwave oven (Discover, CEM) at 
100°C for 120 min. After cooling to room temperature, the MFI layer 
was further rinsed in a 0.1 M ammonia solution overnight. Fourth, 
calcination was conducted at 500°C for 6 hours with a heating rate 
of 0.2°C·min−1 and a cooling rate of 0.3°C·min−1. Multimode micro-
wave heating (CEM Mars 6) was used for epitaxial growth of MFI NSs 
monolayers with the same synthetic conditions as single-mode heating.

Conventional convection heating was used for epitaxial growth 
of MFI NSs monolayers with the same synthetic conditions as single-
mode heating except that hydrothermal reaction was conducted at 
100°C for 6 hours in a convective oven preheated to 100°C. A sum-
mary of detailed synthetic conditions is shown in table S5.

Characterization
XRD patterns were recorded on a Rigaku SmartLab diffractometer 
using Cu K radiation ( = 1.5418 Å) at 45 kV, 200 mA. The spectra 
were recorded over a 2 range of 5° to 50° with a step size of 0.02°. 
SEM images were obtained on a field-emission scanning electron 
microscope (NOVA NanoSEM 450) with an acceleration voltage of 
3 kV. TEM images were taken on a JEM-2100 instrument (JEOL 
Company) with an acceleration voltage of 200 kV. N2 adsorption-
desorption isotherms at 77 K were measured using a Mike ASAP 
2020 Plus gas adsorption analyzer. The BET method was applied to 
calculate the total surface area, and the t-plot method was used to 
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calculate the microporous surface area. The micropore distribu-
tions were calculated according to the SF method and the mesopore 
distributions were converted from the entire adsorption branch 
according to the Barrett-Joyner-Halenda algorithm for approximation. 
AFM images were obtained on a PicoScan 2500 instrument (MI 
Company). Electrochemical data were obtained using a CHI660E 
electrochemical workstation with computer data acquisition and 
control.

Electrochemical tests
Cyclic voltammetry experiments were performed in aqueous solu-
tions with 0.5 M KCl as supporting electrolyte. CV responses of 
[Ru(NH3)6]3+ and [Fe(phen)3]2+ were obtained with a concentra-
tion of 3 and 20 mM, respectively. For a mixture of [Ru(NH3)6]3+ 
and [Fe(phen)3]2+, concentrations were adjusted to 3 and 5 mM, 
respectively. DC polarization tests were performed in corrosive 
mediums of 0.5 M NaCl aqueous solution. Before the test, samples 
were immersed in a corrosive medium to measure the open circuit 
potential. The sweep rate and potential range of DC polarization 
test were set at −2.0 to −0.4 V (versus reference) and 10 mV/s, 
respectively. Electrochemical experiments were conducted at room 
temperature (25°C) with a conventional three-electrode setup with 
an MFI layer–coated Pt electrode as the working electrode, a Pt wire 
as the counter electrode, and a saturated Ag/AgCl electrode as 
the reference electrode. MFI layer–coated Pt electrodes were 
immersed in the test solution for 30 min before the electro-
chemical test.

Gas permeation test
Prepared -Al2O3–supported MFI layer was fixed in a module 
sealed with O-rings. Ar (50 ml·min−1) was used as the sweep gas. 
For the mixed gas permeation measurement, both feed and sweep 
flow rates were set to 50 ml·min−1, while the pressure at both sides was 
kept at 1 bar. A calibrated gas chromatograph (GC7900 TECHCOMP) 
was used to measure the concentration of mixed gases on the per-
meate side. The separation factor i,j of a binary mixture is defined 
as the quotient of the molar ratios of the components (i,j) in the 
permeate divided by the quotient of the molar ratio of the compo-
nents (i,j) in the feed

	​​ ​ i,j​​  = ​  
​X​ i,perm​​ / ​X​ j,perm​​

  ─ ​X​ i,feed​​ / ​X​ j,feed​​  ​​	
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