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ABSTRACT: Two-dimensional (2D) layered zeolites are new 
forms of 3D zeolite frameworks. They can be pillared to form 
more open porous structures with increased access for 
reactants that are too big for the micropores of zeolites. The 
current pillaring procedure, however, requires intercalation of 
pillaring precursors by dispersing 2D zeolite in an alkoxide 
liquid and hydrolizing entrapped alkoxide to form inorganic 
oxide pillars in an aqueous alkaline solution. Both steps use 
excess solvents, generate significant waste, and require 
multiple synthesis and separation steps. Here we report a 
vapor phase pillarization (VPP) process to produce pillared 
zeolites from 2D layered zeolite structures. The VPP process 
has ~100% efficiency of alkoxide usage in the intercalation 
step, requires less (and, in some cases, zero) water addition in 
the hydrolysis step, does not require separation for product 
recovery, and generates no liquid waste. Furthermore, 
synthesis of pillared zeolites via the VPP process can be 
accomplished within a single apparatus with one-time 
operation. The pillared zeolite prepared by the VPP method 
preserved zeolitic layered structure as well as acidity and 
showed enhancement in catalytic alkylation of mesitylene 
with benzyl alcohol compared to 2D layered zeolite without 
pillarization treatment.

Two-dimensional (2D) layered zeolites contain a stack of 
microporous crystalline aluminosilicate sheets, each of which 
has one or a fraction of the unit-cell thickness, equivalent to a 
few nanometers.1-4 The atoms within the zeolitic layers are 
connected by strong covalent bonds, while the contiguous 
zeolitic layers are linked by van der Waals forces, hydrogen 
bonds or ionic interactions (i.e. interaction between terminal 
silanol groups and charged structure directing agents).5-7 The 
interlayer interactions in 2D zeolites determine the potential 
for a variety of structural and chemical modifications within 
the interlayer space between adjacent zeolitic layers with 

preservation of the original layer integrity. Therefore, 2D 
zeolite materials can be considered as host scaffolds that can 
expand and/or extend via structural, topotactic and 
compositional modifications to form novel and diverse 
structures.

Two  basic  chemical  processes,  exfoliation8-14  and 
pillarization15-25, have been used to modify 2D zeolites into 
diverse structures. The exfoliation process separates the stack 
of 2D zeolite nanosheets into self-standing independent 
entities by breaking down the interlayer interactions. The 
exfoliated zeolite nanosheets can be used as a base material 
for the fabrication of membranes26-28 or used directly as 
hierarchical catalysts29-31. Rather than breaking down the stack 
of 2D zeolites in the exfoliation process, the pillarization 
process transforms the 2D zeolites into hierarchical materials 
with the retention of the stacked layer structure. The 
pillarization often involves subsequent expansion of interlayer 
space by swelling with long chain polar organic molecules, 
intercalation of the swollen materials in an alkoxide liquid, 
hydrolysis of entrapped alkoxide in an aqueous alkaline 
solution, and removal of organics as well as transformation of 
alkoxide liquid into permanent oxide pillars between zeolitic 
layers by calcination.16-19, 22 The current pillaring procedure 
requires multiple discrete steps, uses excess solvents in both 
intercalation and hydrolysis treatments, and generates waste. 
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Figure 1. Schematic of the formation of pillared zeolite from 
2D layered zeolite in the VPP process.

Here, we report on a vapor phase pillarization (VPP) process 
to produce pillared zeolites from 2D layered zeolite materials. 
The experimental set-up (Figure 1) is similar to that used in 
steam-assisted zeolite crystallization32-33 in a Teflon-lined 
autoclave. A glass vial containing 2D layered zeolite is placed 
in the Teflon cup. The pillaring precursor (i.e., liquid alkoxide) 
is dropped into the Teflon cup and separated from the 2D 
layered zeolite by the glass container. After heating the 
autoclave to evaporate alkoxide for intercalation, the same 
set-up is used to evaporate water for hydrolysis of intercalated 
alkoxide (Section S1). The mass ratios of alkoxide/zeolite and 
water/zeolite are controlled as 0.5 and 10 in the intercalation 
and hydrolysis steps, respectively. The 2D layered zeolite is 
calcined in a furnace to form the pillared zeolite. In 
comparison to pillarization of 2D layered zeolites in liquid 
solvent/solution reported previously16-19, 22, the VPP method 
requires up to ~10 times less alkoxide in the intercalation step, 
uses less (and even zero, to be discussed below) water addition 
in the hydrolysis step, does not require product recovery from 
the liquid solvent/solution, and generates no liquid waste.

Figure 2. Characterization of PMFI formed in VPP process. (a) 
XRD patterns M-MFI(P) at different synthesis stages and 
PMFI, and (b) N2 isotherm of PMFI and M-MFI samples. (c) 
and (d) are SEM and TEM images of PMFI zeolite. (VPP 
conditions: 0.1 g M-MFI(P), 0.05 g TEOS, 1 g H2O, intercalation 
at 423 K for 24 h, hydrolysis at 353 K for 24 h.) 

As a prominent representative of 2D layered zeolite, 
multilamellar MFI (M-MFI)31, synthesized by hydrothermal 
crystallization of a synthetic gel comprising of zeolite 
precursor materials and a diquanternary ammonium template 
(Section S1.2), was used as the precursor (M-MFI(P)) to form 
pillared MFI (PMFI) zeolite using the VPP process. Tetraethyl 
orthosilicate (TEOS) and deionized water (DI H2O) were used 
in the intercalation and hydrolysis steps, respectively, to form 
silica (SiO2) pillars in PMFI. Figure 2(a) shows the XRD 
patterns of M-MFI(P) and M-MFI(P) after TEOS intercalation 
and PMFI synthesized using the VPP process. The 
characteristic diffraction peaks of the MFI structure31 in the 
wide-angle range in Figure 1(a) suggest that crystalline MFI 
framework was retained in the VPP process. The low-angle 
diffraction peaks22, 34 indicate preservation of the 2D layered 

structure in pillarization. The N2 isotherms and pore size 
distributions (Figure 2(b)) show that PMFI has much higher 
surface area and mesoporosity than M-MFI prepared from 
direct calcination of M-MFI(P). The PMFI prepared with the 
VPP process preserves the nanosheet aggregate morphology 
of M-MFI(P)31 (scanning electron microscopy (SEM) image in 
Figure 2(c)). The ordering of zeolitic nanosheets is clearly 
visualized by transmission electron microscopy (TEM) of 
PMFI in Figure 2(d).

To explore the influence of TEOS quantity on formation of 
PMFI in the VPP process, the mass ratio of TEOS to M-MFI(P) 
(i.e., TEOS/M-MFI(P)) was varied from 0.05 to 3.75 (Section 
S2.1). The bulk morphology of the M-MFI(P) sample after the 
intercalation step transformed from a white, dry powder into 
a pale yellow gel with increasing TEOS usage (Figure S1). The 
TEOS liquid in the Teflon cup had disappeared when the 
TEOS/M-MFI(P) ratio was below 0.5, while TEOS liquid 
droplets appeared on the walls of both the Teflon cup and 
glass vial with TEOS/M-MFI(P) ratios of 1.00 and 3.75. The 
appearance of a “bump” peak (2θ ~ 13.5º) in the wide-angle 
XRD (Figure S2) of PMFI synthesized with a TEOS/M-MFI(P) 
ratio of 1.00 and 3.75 indicates the emergence of amorphous 
material from excess TEOS quantity. The disappearance of 
diffraction peaks in the low-angle XRD of PMFI synthesized 
with a TEOS/M-MFI(P) ratio of 0.05 suggests collapse of the 
layered zeolitic structure since the SiO2 pillars formed using 
TEOS concentrations were insufficient to maintain the 
layered structure integrity upon organic template removal via 
calcination. The TEOS/M-MFI(P) ratio of 0.50 and 0.10 
produced PMFI with high crystallinity, ordering of zeolitic 
nanosheet layers and high mesoporosity (isotherm data in 
Figure S3 and Table S1). The intercalation temperature did not 
influence PMFI formation significantly under investigated 
conditions. The XRD patterns (Figure S4) and N2 isotherms 
(Figure S5) of PMFI synthesized at intercalation temperatures 
of 363, 383, 403 and 423 K with the VPP process are very 
similar. 

The effects of water in the hydrolysis step on PMFI 
formation were examined by varying the mass ratio of water 
to M-MFI(P) (H2O/M-MFI(P)) from 10 to 0 in the VPP process. 
In all cases, PMFI was synthesized successfully, as confirmed 
by both XRD (Figure S6) and N2 isotherm (Figure S7) data. The 
formation of PMFI can be completed even with no water 
added, which is unexpected since water is considered a 
required material for TEOS hydrolysis to form the pillars35. 
However, since the M-MFI(P) was dried in a convective oven 
at 343 K for 12 h after the hydrothermal crystallization, it is 
likely that adsorbed water remained in the porous zeolite 
structures. Alkali ions and diquanternary ammonium 
template molecules trapped in M-MFI(P) from the 
hydrothermal synthesis provide sufficient basicity for TEOS 
hydrolysis, since a pH of 8 (by NaOH solution) is commonly 
used in the liquid-phase pillarization in previous methods16-19, 
22. The thermogravimetric analysis (TGA) (Figure S8) shows 
that M-MFI(P) contains ~16% H2O, which closely corresponds 
to the water amount required for complete hydrolysis of TEOS 
in the intercalation step (calculation details see Section S2.3). 
This is consistent with the fact that the pillared structure was 
unable to form when the M-MFI(P) sample was dried in a 
vacuum oven at 393 K for 12 h (absence of low-angle XRD 
peaks in Figure S9).
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The zero water addition in the VPP process suggests an 
option to further simplify the zeolite pillarization protocol. In 
this case, we eliminated the TEOS hydrolysis step and 
integrated TEOS intercalation and zeolite calcination steps 
into one apparatus to realize a one-time operation for the 
synthesis of PMFI zeolite. In the new VPP protocol, the 
apparatus is a furnace containing a quartz “U”-shaped tube 
(Figure 3, for details refer to Section S1.3). The 2D layered 
zeolite is added into the “bulb” region of the quartz tube from 
one opening, while liquid alkoxide solvent is dropped from the 
other opening. A quartz frit isolates the 2D layered zeolite 
from direct contact with alkoxide liquid before the VPP 
process starts. After operating the furnace according to the 
temperature profile shown in Figure 3, PMFI (confirmed by 
XRD (Figure S10) and N2 isotherm (Figure S11) in the 
Supporting Information) was formed along with complete 
TEOS consumption. Therefore, the entire VPP process only 
requires a single apparatus and one-time operation and does 
not require further separation for product recovery or 
generate liquid waste; this process can achieve ~100% 
efficiency in zeolite and TEOS utilization for the formation of 
pillared zeolite.  

Figure 3. Experimental configuration and temperature profile 
for VPP of 2D zeolite in one unit under one-time operation.

The composition, acidity and catalytic performance of PMFI 
synthesized from the VPP process was characterized. The 
silicon (Si) and aluminum (Al) contents of PMFI are nearly 
identical to those calculated using M-MFI(P) and TEOS 
quantities, assuming all TEOS was consumed during the 
transformation into SiO2 pillars (Table S2). This confirms the 
complete consumption of alkoxide liquid in the VPP process, 
which is consistent with visual observation. FTIR spectra of 
the OH-stretching mode (ν(OH)) and adsorbed pyridine in 
PMFI and M-MFI (Figure 4(a-b)) were recorded to understand 
their acidity properties. In Figure 4(a), three peaks centered 
around 3739 cm-1, 3674 cm-1 and 3614 cm-1 are associated with 
terminal silanol (Si-OH) groups, extra-framework Al-OH 
species, and Brønsted acid site (Si-O(H)-Al) groups36-38, 
respectively, on both M-MFI and PMFI. Both samples showed 
comparable characteristic peaks for Brønsted (1545 cm-1) and 
Lewis (1450 cm-1) acid sites36, 38-39 in the FTIR spectra of 
adsorbed pyridine (Figure 4(b)). These results indicate acidity 

properties of the 2D zeolites were not destroyed during the 
VPP process. Solid state NMR (Figure 4(c)) was employed to 
investigate the local bonding environment of Si and Al species 
in the PMFI zeolite by recording the 29Si single pulse (SP) and 
27Al NMR spectra. In the top panel, the peak (-113 ppm) 
corresponding to the crystallographically nonequivalent Q4 
tetrahedral sites (Qn stands for X4-nSi[OSi]n)34, 40-41 is much 
stronger than that of Q3 sites (-103 ppm) arising from the 
silanol groups. In the bottom panel, the peak at 55 ppm is due 
to the tetrahedrally coordinated framework aluminum (AlF), 
whereas the peak around 0 ppm is due to an octahedral 
coordination typical of extra-framework Al (AlEF).19, 31 The 
NMR spectrum of PMFI prepared via the VPP process is 
similar to that of M-MFI31 and PMFI synthesized by the liquid 
phase pillarization method34. The catalytic conversion of 
benzyl alcohol in mesitylene, a reaction that requires 
mesoporosity in MFI to enable high activity25, 42-44, shows that 
PMFI had higher benzyl alcohol conversion than M-MFI and 
conventional MFI (Figure 4(d), experimental details see 
Section S1.5), suggesting the successful formation of a pillared 
hierarchical zeolite structure for space-demanding catalytic 
reactions. The catalytic performance of PMFI prepared by the 
VPP process is comparable to that synthesized by the 
conventional liquid-phase pillarization approach (Figure 
S12)”.

Figure 4. Acidity and catalytic performance of PMFI prepared 
by VPP process. (a) DRIFTS spectra, (b) FTIR spectra of 
adsorbed pyridine, (c) 29Si (top panel) and 27Al (bottom panel) 
MAS-NMR and (d) benzyl alcohol conversion of mesitylene, 
respectively.

In conclusion, we demonstrate that the pillarization of 2D 
layered zeolite can be accomplished by the VPP method that 
integrates three discrete operation steps (intercalation, 
hydrolysis and calcination, typically practiced in zeolite 
pillarization) into a single operation using only one apparatus. 
The VPP protocol has ~100% efficiency in usage of alkoxide 
liquid as well as zeolite materials and does not generate liquid 
waste. The pillared zeolite prepared using the VPP process has 
preserved  the  structural  integrity  (both  framework 
crystallinity and ordering of zeolitic nanosheet layers), acidity 
and catalytic performance of the zeolite framework in 
comparison to 2D zeolite prepared using direct calcination. 
The VPP process is scalable, easy to operate, remarkably 
simple and highly efficient compared to the previous liquid-
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phase pillarization method, which could pave a new avenue 
towards pillaring additional 2D zeolites and new types of 
layered materials.

ASSOCIATED CONTENT 
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S1. Experimental 
 
S1.1 Materials 

Sodium hydroxide (NaOH, ≥97.0% purity), sulfuric acid (H2SO4, 95.0%), and 
tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 98% purity) were supplied by Alfa Aesar. 
Aluminum sulfate hydrate (Al2(SO4)3 ·16H2O, 98.0-103.0%), benzyl alcohol (99.95% purity) 
and mesitylene (99% purity) were purchased from Sigma-Aldrich. Deionized (DI) water was 
used throughout the synthesis. Diquaternary ammonium surfactant ([C22H45-N+(CH3)2-C6H12-
N+(CH3)2-C6H13]Br2, (C22-6-6)) was synthesized following the procedure reported by Ryoo et 
al1. We have explained the procedure in our previous publications2,3. The conventional MFI 
zeolite was purchased from Zeolyst (Si/Al = 80, CBV 8014) in the NH4

+-form.  
 

S1.2 Synthesis of multilamellar MFI (M-MFI(P) and M-MFI) zeolites  
The pillared MFI (PMFI) zeolite was synthesized from the multilamellar MFI that was 

used as the precursor of PMFI (denoted as M-MFI (P)). The synthesis of M-MFI(P) was 
conducted following the reported method1. In a typical synthesis, a basic solution was obtained 
by dissolving 0.7 g NaOH in 3.1 g DI water. The basic solution was added dropwise to an acidic 
solution that was prepared by dissolving 0.4 g H2SO4 in 4.2 g DI water under vigorous stirring. 
After cooling the mixed solution to room temperature, 0.2 g Al2(SO)4·16H2O was dissolved in 
the solution under sonication. Then, 6.3 g TEOS were added and the mixture was stirred 
magnetically at ambient temperature for 20 h. Finally, the C22-6-6 solution that was prepared by 
dissolving 2.2 g C22-6-6 in 15.0 g DI water at 333 K was added. The resultant mixture was stirred 
for 2 h before it was transferred into a 45 mL Teflon-lined stainless steel autoclave. The 
autoclave was kept at 423 K in a convective oven (Yamato DKN400) for 5 days under tumbling 
at a speed of 40 rpm to hydrothermally synthesize M-MFI(P). The zeolite product was collected 
by centrifugation, washed with DI water to reduce the pH to ~ 9, and dried in the convective 
oven at 343 K for 12 h. Afterwards, a portion of the M-MFI(P) sample was calcined at 723 K 
under N2 flow (1.67 mL s-1) for 6 h and finally at 823 K under air flow (1.67 mL s-1) for 12 h 
(temperature ramp rate of 0.033 K s-1) in a furnace (Linderberg Blu M, BF51866A-1) to 
produce M-MFI zeolite. The rest of the M-MFI(P) sample was used for synthesis of PMFI in 
the VPP process described below.   

 

S1.3 Synthesis of PMFI zeolite 
Two VPP processes were developed to synthesize PMFI zeolites: the first one used two 

apparatuses (autoclave and furnace) and discrete operation for three steps (TEOS intercalation, 
TEOS hydrolysis and calcination) (Figure 1), and the second one only used one apparatus 
(furnace) and one-time continuous operation for three synthesis steps (Figure 3). In the first 
VPP process, 0.1 g M-MFI(P) sample was placed in a glass vial (5 mL), and then kept in a 
Teflon cup (50 mL) enclosed in the stainless-steel autoclave. 0.05 g TEOS was added into the 
Teflon cup and stayed outside of the glass vial. The autoclave was then placed in a convective 
oven that was preheated to 423 K for 24 h. In the next step, the autoclave was cooled down to 
ambient temperature in the fume hood, and the glass vial containing the zeolite sample was 
moved into a new autoclave that contained 1.0 g DI water in the Teflon cup. After heating the 
autoclave in the same oven at 353 K for 24 h, the zeolite sample was transferred into a crucible 
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in the furnace (Linderberg Blu M, BF51866A-1). Finally, the sample was calcined following 
the same procedure as that of M-MFI synthesis in Section 1.2 to form PMFI zeolite.      

For the second VPP process for synthesis of PMFI, the “U”-shaped quartz reactor was 
used as a container for holding the zeolite sample. The outer diameter of quartz tube is 1/4" 
and the “bulb” region is 1/2" in the reactor. Typically, 0.1 g M-MFI(P) sample was loaded into 
one side of the “U”-shape reactor, and 0.05 g TEOS was dropped into the reactor from the other 
side. A quartz frit separated the zeolite sample from direct contact with TEOS liquid in the 
reactor. The reactor was then placed into the furnace and connected in the gas flow lines 
according to the schematics in Figure 3. After running the furnace according to the temperature 
profile and gas flows in Figure 3, the reactor was cooled down to ambient temperature and 
PMFI was taken out for physiochemical property characterizations.    

 
S1.4 Material characterization  

X-ray diffraction (XRD) analysis was done on a Rigaku Rotaflex Diffractometer using 
Cu Kα radiation (λ = 1.5418 Å). N2 adsorption-desorption isotherm was measured on an 
Autosorb-iQ analyzer (Quantachrome Instruments) at 87 K. The sample was degassed for 12 h 
at 573 K before the isotherm measurement. Scanning electron microscopy (SEM) was 
performed with Hitachi Model SU-70. Transmission electron microscopy (TEM) was obtained 
using a JEM 2100 LaB6 electron microscope operating at 200 kV. Fourier transform infrared 
(FTIR) spectra of zeolite and pyridine adsorbed on zeolite samples were recorded using a 
(FTIR) spectrometer (Nicolet Magna-IR 560) with a resolution of 2 cm-1. Elemental 
composition of the zeolite samples was determined by inductively coupled plasma optical 
emission spectroscopy (ICP-OES, PerkinElmer, Optima 7000DV). Solid-state magic-angle 
spinning (MAS) nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 
AV 500. 29Si MAS NMR spectra were recorded at 99.37 MHz using 4 mm rotors at a spinning 
speed of 8 kHz, a dwell time of 16.65 µs, a π/2 pulse of 4.0 µs and a recycle delay of 60 s. The 
spectra were referenced with respect to 3-(trimethysilyl)-1-propanesulfonic acid salt. 27Al 
MAS NMR spectra were recorded at 130.34 MHz using 4 mm rotors at 14 kHz spinning speed, 
a dwell time of 0.5 µs, a selective π/18 pulse of 0.3 µs and a recycle delay of 0.1 s. An aqueous 
solution of Al2(SO4)3 (0.1 M) was used as reference. The amount of water and organics in the 
zeolite samples was measured using a thermo-gravimetric analyzer (TGA) (Shimadzu, TGA-
50). In the TGA measurement, the temperature was increased to 1273 K under flowing air 
(0.833 mL s-1, breathing grade, Airgas) at a ramp rate of 0.167 K s-1. 

 
S1.5 Catalysis tests 

All the zeolite samples were first transformed into H+-form before the catalysis tests. 
The calcined sample was dispersed in 1.0 M aqueous NH4NO3 solution (weight ratio of zeolite 
to NH4NO3 solution = 1:10) for 3 h at 353 K. The sample was collected by centrifugation and 
washed with DI water. The process was repeated three times, then the zeolite sample was dried 
in a convective oven at 343 K for 12 h. The zeolite in NH4

+-form was treated in air (1.67 mL 
s-1, breathing grade, Airgas) in a furnace by increasing the temperature from ambient to 823 K 
at 0.167 K s-1 rate and holding at this temperature for 4 h. 

The liquid phase catalytic conversion of benzyl alcohol in mesitylene was carried out 
in a three-necked round bottom flask (100 mL) equipped with a reflux condenser and heated in 
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a temperature controlled oil bath under atmospheric pressure and magnetic stirring (500 rpm 
stirring speed) conditions. Experimental details and product analyses have been reported in our 
previous publications4-5. 
 
S2. Results and discussion 
 
S2.1 Effect of TEOS quantity on formation of PMFI in VPP process 

To examine the effect of TEOS quantity on PMFI formation, the mass of TEOS was 
varied from 0.375 g, 0.100 g, 0.05 g, 0.01 g and 0.005 g, in the intercalation step. The mass of 
the M-MFI(P) sample was kept at 0.100 g for these experiments. The mass ratios of TEOS/M-
MFI(P) were calculated to be 3.75, 1.00, 0.50, 0.10 and 0.05. Figure S1 shows the morphology 
of M-MFI(P) samples after TEOS intercalation. The wetness of the samples decreases with 
decreasing TEOS/M-MFI(P) ratios. In particular, the sample looked like dry powder when the 
TEOS/M-MFI(P) ratio was below 0.5. The Si/Al ratios in Table S2 indicate that nearly all the 
TEOS was moved into the zeolite to form PMFI except the one TEOS/M-MFI(P) ratio of 3.75. 
Figures S2 and S3 show the XRD patterns and N2 isotherms as well as pore size distribution of 
these PMFI samples.          

 

 
Figure S1. Bulk morphology of M-MFI(P) after TEOS intercalation in the VPP process. The 
mass ratio of TEOS/M-MFI(P) was controlled to (1) 3.75, (2) 1.00, (3) 0.50, (4) 0.10 and (5) 
0.05, respectively. The numbers in the label of each glass vial is TEOS mass (unit: gram). 
(synthesis conditions: 343 K, M-MFI(P) = 0.1 g and mass ratio of H2O/M-MFI(P) = 10 in the 
hydrolysis step) 
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Figure S2. XRD patterns of PMFI synthesized with different TEOS amount (represented by 
TEOS/M-MFI(P) ratio) added in the TEOS intercalation step in the VPP process.   
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Figure S3. N2 isotherms and NLDFT pore size distributions of PMFI synthesized with different 
TEOS amount (represented by TEOS/M-MFI(P) ratio) added in the TEOS intercalation step in 
the VPP process.   
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Table S1. Textural properties of PMFI synthesized under different ratio of TEOS/multilamellar 
MFI.  

TEOS/M-
MFI(P) ratio 

Vmicro a 
[cm3 g-1] 

Smicro a 
[m2 g-1] 

Sext a 
[m2 g-1] 

Vtotal b 
[cm3 g-1] 

Vmeso c 
[cm3 g-1] 

SBET d 
[m2 g-1] 

3.75 0.012 47 324 0.294 0.282 371 

1.00 0.054 87 442 0.467 0.413 529 

0.50 0.099 133 484 0.526 0.430 617 

0.10 0.106 140 419 0.526 0.420 559 

0.05 0.103 245 194 0.367 0.264 439 

M-MFI e 0.087 196 253 0.371 0.284 448 

a Determined from t-plot method; b Determined by non-localized density functional theory 
(NLDFT) method from adsorption branch of N2 isotherm; c Vmeso = Vt – Vmicro; d Determined 
from Brunauer, Emmett, and Teller (BET) method; e Reported in our previous publication2.  
 
 
Table S2. Si and Al compositions of PMFI zeolites synthesized with different TEOS/M-MFI(P) 

ratios in the VPP process.  

PMFI a 
(composition) 

TEOS/M-MFI(P) ratio 

3.75 1.00 0.50 0.10 0.05 

Si/Al ratio b 142 74 61 51 50 

Si/Al ratio c 111 70 61 53 50 
a All PMFI samples were prepared from M-MFI(P) (Si/Al ratio=49); b Calculated from Si and Al contents in M-
MFI(P) and TEOS used in VPP process; b Determined by elemental analysis (ICP-OES). 
 
S2.2 Effect of TEOS intercalation temperature on formation of PMFI in VPP 

To study the influence of TEOS intercalation temperature on formation of PMFI in the 
VPP process, the temperature was varied from 363 K, 383 K, 403 K to 423 K, in sequence. The 
XRD data in Figure S4 show that all four PMFI samples synthesized at different intercalation 
temperatures have similar diffraction patterns. The appearance of both wide-angle and low-
angle XRD peaks indicate that both MFI crystalline structure and long-range ordering of 
zeolitic layers are preserved in the VPP process. The PMFI structure does not seem to be 
dependent on the intercalation temperature in the studied temperature range. The similar N2 
uptake and pore size distribution in the isotherm data in Figure S5 further confirm this 
conclusion. 
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Figure S4. XRD patterns of PMFI synthesized at different TEOS intercalation temperatures in 
the VPP process.  
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Figure S5. N2 isotherms and NLDFT pore size distributions of PMFI synthesized at different 
TEOS intercalation temperatures in the VPP process.    
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S2.3 Effect of water amount in hydrolysis step on formation of PMFI in VPP 
In the hydrolysis step, water quantity was varied from 0.0 g, 0.1 g, 0.5 g and 1.0 g. The 

rest of the synthesis procedure was the same as that described in Section S1.3. Figures S6 and 
S7 confirm that water does not influence the crystallinity and textural properties of the 
synthesized PMFI zeolite significantly, since all four samples had similar XRD patterns and N2 
isotherms. 

Water content in M-MFI(P) was quantified byTGA measurement. As shown in Figure 
S8, the C22-6-6 template started to lose weight at 483 K, and the decomposition was completed 
at ~900 K. The initial weight loss should be due to water desorption, and the final weight loss 
was caused by C22-6-6 combustion. According to TGA data of C22-6-6, the first weight loss (< 563 
K) in M-MFI(P) was attributed to the removal of adsorbed water. The higher weight loss in M-
MFI(P) (dried in convective oven) than M-MFI(P) (dried by vacuum oven) at this temperature 
range indicates higher water content in the former sample. The calculation shows that ~16 wt% 
H2O adsorbed in M-MFI(P) dried regularly in the convective oven. After vacuum drying, the 
remaining water in M-MFI(P) was ~12 wt%.  

The following calculation shows the correlation between water adsorbed in M-MFI(P) 
and TEOS hydrolysis. For 0.1 g M-MFI(P), the adsorbed water in zeolite is 0.1 g x 16 wt% = 
0.016 g, equivalent to 8.88 x 10-4 mol H2O. According to the reaction stoichiometry, 4 H2O + 
1 Si(OC2H6)4  Si(OH)4 + 4 C2H6OH, 3.55 x 10-3 mol TEOS can be hydrolyzed, equivalent 
to ~0.05 g TEOS amount. Therefore, water adsorbed in M-MFI(P) zeolite is sufficient for 
hydrolysis of TEOS used in PMFI synthesis with TEOS/M-MFI(P) < 0.5. This is consistent 
with our experiment results that PMFI could be successfully synthesized with zero water 
addition in the hydrolysis step. For comparison, the M-MFI(P) sample was dried in a vacuum 
oven at 393 K for 12 h, and the pillaring structure in PFMI did not form, as shown by the 
absence of clear low-angle XRD peaks in Figure S9. 
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Figure S6. XRD patterns of PMFI synthesized with different water amount (represented by 
H2O/M-MFI(P) ratio) loaded in the TEOS hydrolysis step in the VPP process.  
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Figure S7. N2 isotherms and NLDFT pore size distributions of PMFI synthesized with different 
water amount (represented by H2O/M-MFI(P) ratio) loaded in the TEOS hydrolysis step in the 
VPP process.  
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Figure S8. TGA of M-MFI(P) dried in a convective oven at 343 K for 12 h and with M-MFI(P) 
pre-dried at 393 K for 12 h in vacuum oven, respectively. C22-6-6 template used in M-MFI(P) 
synthesis was included for comparison.  
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Figure S9. XRD patterns of PMFI zeolites prepared in VPP process with M-MFI(P) dried in a 
convective oven at 343 K for 12 h and with M-MFI(P) pre-dried in vacuum oven at 393 K for 
12 h, respectively, before TEOS intercalation. 
 
S2.4 Characterization of PMFI prepared by one-unit under one-time VPP operation 
 
 

10 15 20 25 30 35 400 1 2 3 4 5 6 7

                                 (b)

(030*)
                                 (a)  

2q (degree)

(010*)

 

In
te

ns
ity

 (a
.u

.)

 
Figure S10. XRD data of PMFI prepared by the VPP process using (a) the multiple-step 
operation (scheme shown in Figure 1) and (b) one-unit under one-time operation (scheme 
shown in Figure 3), respectively. 
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Figure S11. N2 isotherm of PMFI prepared by the VPP process using the one-unit under one-
time operation (scheme shown in Figure 3). The N2 isotherm of M-MFI was represented here 
for comparison purpose. 
 
 
S2.5 Catalytic performances of PMFI samples prepared by VPP and liquid-phase pillarization 
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Figure S12. Benzyl alcohol conversion in mesitylene over PMFI samples prepared by both the 
VPP and the conventional liquid-phase pillarization, respectively. (Reaction condition: 348 K, 
0.075 g catalyst, 500 rpm stirring speed.) 
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