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Abstract
Gradient porous structures enable the fast capillary-directed mass transport and enhance the chemical reaction rate
with optimal efficiency and minimal energy consumption. Rational design and facile synthesis of functional
mesoporous materials with sheet structure and gradient mesopores still face challenges of stacked structures and
unadjustable pore sizes. Herein, an interfacial co-assembly strategy for gradient mesoporous hollow silica sheets is
reported. The modulated oil-water interface allows the assembly of gradient mesoporous silica layers on the water-
removable ammonium sulfate crystals. The obtained mesoporous silica layers possess narrow pore size distributions
(~2.2 nm and ~6.6 nm). Owing to the good mono-dispersity, sheet structure and proper pore size, the designed
gradient mesoporous hollow silica sheets can serve as flexible building blocks for fabricating nanoscale molecule
filtration device. Experiments reveal that the obtained nanofiltration device shows remarkable gradient rejection rates
(range from 23.5 to 99.9%) for molecules with different sizes (range from 1.2 to 4.4 nm).

Introduction
Over the past decades, functional mesoporous materials

with rich structures hold great potential in the fields of
energy storage, catalysis technology, biomedicine,
adsorption and separation owing to their characteristic
properties such as high surface areas, controllable pore
structures and pore sizes, large pore volumes, tunable
morphologies and dimensions1–4. Rational design and
controllable synthesis of functional mesoporous materials
with well-defined proper pore size and structure for the
target application scenarios have been a long-pursued
goal5–7.
Molecule-level filtration has shown great potential in

water purification, gas separation and pharmaceutical
industries8–10. The filtration is performed by applying

porous materials to selectively reject or pass molecules
with different sizes. Mesoporous sheet structure with
proper pore size is highly preferred because of the highest
surface utilization efficiency, minimized molecular diffu-
sion within the porous structure, and the precise control
of species size during filtration, which is of great challenge
to achieve for zero-dimensional, one-dimensional and
bulk materials and the commercial filtration materi-
als11–13. The commonly used strategies for preparing
mesoporous sheet materials with narrow pore size dis-
tribution, such as chemical vapor deposition and elec-
trochemical deposition, mainly rely on complicated
synthetic procedures or complex equipment. And the
obtained materials are usually coexistent with the original
substrates or scaffolds, which results in the lack of flex-
ibility. Moreover, the supported non-porous substrate
prevents the use of mesoporous sheet materials for sub-
stance filtration14–18. Therefore, it is highly desirable to
design facile and practical synthesis strategy for fabricat-
ing flexible filtration modules with appropriate pore size
and sheet filtration structure, to achieve satisfactory size-
selective filtration performance.
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Herein, an interfacial co-assembly strategy for synthe-
sizing gradient mesoporous hollow silica sheets is repor-
ted. In the synthesis process, (NH4)2SO4 crystals grow at
the n-pentanol-water interface, and then negatively
charged silica oligomers can be confined on the
(NH4)2SO4 crystal surface by the Coulomb interaction of
NH4

+ and co-assembled with cetyltrimethylammonium
bromide (CTAB) at the interface to form the first layer of
mesoporous silica. By modulating the n-pentanol-water
interface to n-hexane-water interface, a second layer of
mesoporous silica with a uniform pore size of ~6.6 nm
was coated19,20. After removing (NH4)2SO4 core and
CTAB template, gradient mesoporous hollow silica sheets
were obtained. When applied to nanoscale molecule
filtration, the rejection rate increases gradually (from 23.5
to 99.9%) with the increasing of molecular size (from 1.2
to 4.4 nm). The narrow pore size distribution and hollow
sheet structure make it capable of precise particle size
selection and secondary filtration12,21,22.

Materials and methods
Chemicals and materials
Cetyltrimethylammonium bromide (CTAB, ≧99%),

Fe2(SO4)3·xH2O, n-pentanol (AR, 98%), n-hexane (AR,
98%), tetraethyl orthosilicate (TEOS, AR, 98%), Direct
red 23 (DR23, 3.3 nm), Reactive red 120 (RR, 2.1 nm),
Rhodamine B (RhB, 1.2 nm), Evans blue (EB, 3.1 nm),
Rose bengal (RB, 1.5 nm), Congo red (CR, 2.5 nm), Direct
red 80 (DR80, 4.4 nm), and Methylene blue (MB, 1.3 nm)
were obtained from Aladdin Bio-Chem Technology Co.,
Ltd. (Shanghai, China). Ammonium hydroxide (27 wt%,
aqueous solution) was obtained from Beijing Chemical
Co. Inc. Polyvinylpyrrolidone (PVP, molecular weight
40 kg mol−1) and anhydrous ethanol (EtOH, AR) were
obtained from Sinopharm Chemical Reagent Co.
(Shanghai, China). Hydrochloric acid (37%) was obtained
from Shanghai Chemical Reagent Co. Ltd. All of the
chemicals were used as received in the experiment pro-
cess without further purification. Deionized water (>18
mΩ) was used for the synthesis.

Characterization
The morphologies and structures of the materials were

analyzed with field emission transmission electron
microscope (TEM, FEI Tecnai G2 F20S-Twin D573) at
200 kV and field-emission scanning electron microscope
(SEM, HITACHI SU8020 and JEOL JSM-6700F) with
accelerating voltage of 5 and 15 kV, respectively. Powder
X-ray diffraction (PXRD) patterns were recorded with a
Bruker D8 Advance X-ray diffractometer using mono-
chromatic Cu Kα irradiation (λ= 1.5418 Å) at 50 kV and
200mA. The N2 adsorption-desorption isotherms were
obtained at 77 K on a NOVA 4200e. The decomposition
process of samples was measured through

thermogravimetric analyzer (TGA Q50) under air flow
(10 °C/min) from 40 to 800 °C. The fourier-transformed
infrared spectroscopy (FT-IR) was performed on a Bruker
IFS 66 V/S FTIR spectrometer (500-4000 cm−1, KBr
pellets). The dye concentrations in the solutions before
and after filtration were measured by UV–vis spectra
(Shimadzu UV-2450 spectrometer). The optical photos in
this paper were taken with a smartphone (K30, Redmi,
China). The water contact angle (CA) were measured on a
drop shape analysis system at room temperature (Krüss,
Germany).

Experimental procedures
In a typical synthesis, PVP (1000mg) was dispersed in

n-pentanol (10 mL) under sonication and stirring.
Fe2(SO4)3 aqueous solution (280 μL, 40 mgmL−1), anhy-
drous ethanol (1000 μL) and CTAB (72 mg) were added
subsequently. The mixture was shaken vigorously for
3 min. Then, NH3·H2O (120 μL, 27 wt%) and TEOS
(100 μL, 98%) were added and continually stirred for
5 min. The reaction was completed at 30 °C for 3 h
without stirring. The fabricated samples (10 mg) were re-
dispersed in a mixed solution containing H2O (8mL),
CTAB (50 mg) and NH3·H2O (80 μL). Then, n-hexane
(2 mL) was added to the mixed solution. After stirring for
2 h at 500 rpm, TEOS (80 μL) was added dropwise into
the mixed solution under mild stirring. This reaction was
then completed at room temperature (30 °C) with con-
tinuous stirring at 170 rpm for 12 h. The final product was
collected and washed with water and ethanol and dried at
an oven (65 °C, 8 h). Then, 200 mg of product was treated
three times with 20mL of the extraction solutions (2 mL
conc. HCl and 18mL EtOH) by stirring at 60 °C for 12 h
to remove CTAB template and gradient mesoporous
hollow silica sheet was finally obtained.

Nanoscale filtration
The nanofiltration device was fabricated by depositing

the gradient mesoporous hollow silica sheet dispersion on
the surface of commonly used cellulose membrane filters.
Typically, the obtained sample (1 mg) was dissolved in
anhydrous ethanol (10 mL) under vigorously stirring and
ultrasonic treatment. After vacuum filtration, the disper-
sion was cast over the cellulose membrane filters
(Diameter: 13 mm, Pore size: 0.22 μm). After drying at the
oven (65 °C, 8 h), the nanofiltration device was obtained.
Next, five milliliters of dye solution (20 ppm) was injected
into the nanofiltration device and original cellulose
membrane filter, respectively. The filtrates were collected
and the concentration of dye solutions before and after
the filtration were measured by UV–vis absorption spec-
troscopy. After filtration, the dye molecules on meso-
porous silica surfaces and porous channels can be
removed by calcination at 600 °C in air. The regenerated
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mesoporous silica sheets were used for next
filtration cycle.

Results and discussion
Scheme 1 shows the interfacial co-assembly synthesis

process of gradient mesoporous hollow silica sheets. The
synthetic process mainly contains three stages:
(a) Polyvinylpyrrolidone (PVP, MW= 40,000) and ethanol

were dissolved in n-pentanol firstly. An aqueous solution of
iron (III) sulfate (Fe2(SO4)3) and ammonium hydroxide was
then introduced into the mixture to form n-pentanol-water
interface. The amphiphilic polymer PVP was located on the
interface to minimize the interfacial tension and stabilize
the oil-water interface. Driven by the electrostatic attraction
and hydrogen bonding, the SO4

2− and NH4
+ were aggre-

gated by protonated PVP and formed (NH4)2SO4 crystals.
(b) The subsequently introduced tetraethyl orthosilicate
(TEOS) was hydrolyzed into silica oligomers, and these
negatively charged oligomers can be confined on the
(NH4)2SO4 crystal surface by the Coulomb interaction of
NH4

+ and co-assembled with cetyltrimethylammonium
bromide (CTAB) under the catalysis of residual ammonia

molecules. After removing the (NH4)2SO4 cores and CTAB
template by washing and extraction, the first layer of
mesoporous silica was formed. (c) The second layer
of mesoporous silica was fabricated by modulating the
n-pentanol-water interface to n-hexane-water interface.
Different hydrophobicity and swelling behavior of oil
molecules leaded to gradient mesoporosity19,23. Finally, a
gradient mesoporous hollow silica sheet was obtained.
Transmission electron microscopy (TEM) and scanning

electron microscopy (SEM) were used to characterize the
morphology and structure of (NH4)2SO4 crystals and
mesoporous silica layers. As shown in Fig. 1a, the cuboid
shape of (NH4)2SO4 crystals originates from the selective
interaction between PVP and crystallographic planes. The
high concentration of PVP distributed at the n-pentanol-
water interface can be selectively absorbed on the {010}
facets of (NH4)2SO4 crystals, which induced the formation
of cuboid crystals24. The {011}, {110} and {010} facets of
(NH4)2SO4 crystals can be clearly observed in the SEM
image (Fig. 1a and Fig. S1). In the control experiments, no
regular nanoparticles were formed when the dosage of
PVP was decreased to 600mg or when PVP was replaced

Scheme 1 The interfacial co-assembly synthesis process of gradient mesoporous hollow silica sheets.
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with other amphiphilic molecules (Fig. S2), which further
supported the crystal facet selectively preferential growth
under high concentration of PVP25. As shown in Fig. 1b, the
silica coated (NH4)2SO4 crystals were more uniformity
compared with the pure (NH4)2SO4 cuboids, which was
attributed to the coating of silica layers limited the growth
of crystals. The mesoporous silica layers were obtained after
washing and extraction to remove (NH4)2SO4 cores and
CTAB template. Without the support of salt crystal, the first
layer of mesoporous silica shell would shrink and flatten to
a hollow sheet (Fig. 1c and Fig. S3). The hollow structure
created by salt crystal can be further observed in the par-
tially fractured regions of the silica sheets. The edge of
silica sheets was crimped because of the ultrathin thickness
(Fig. S4)26. The pore size on the first layer of mesoporous
silica sheets was close to 2 nm, which was created by CTAB
micelle. The deposited second layer of mesoporous silica
reinforced the hollow sheet and possesses vertical meso-
pores with a pore size of about 6 nm (Fig. 1d)27. The CTAB
micelle swelled by n-hexane leaded to the larger pore size.
From the side view, the monodispersed hollow sheet
structure can be clearly observed (Fig. 1d inset).
The composition evolution of the products in different

stages were monitored by powder X-ray diffraction (XRD)
pattern and Fourier-transform infrared (FT-IR) spectro-
scopy. The formation of (NH4)2SO4 crystals were con-
firmed by XRD (Fig. S5). The diffraction peaks match well

with orthorhombic (NH4)2SO4 (JCPDS No. 00-040-0660).
The XRD diffraction pattern of silica layers
(Fig. S6) exhibits a broad peak from 15 to 30° with a peak
value at 22°, indicating the amorphous nature28. FT-IR
spectra (Fig. 2a) of (NH4)2SO4 crystals shows peak at 1655
cm−1, correspond to the bond vibrations of C=O within
PVP, which confirms the interaction of PVP and
(NH4)2SO4

25. The FT-IR spectra of mesoporous silica
layers (Fig. S7) shows that several typical absorption bands
related to (NH4)2SO4, PVP and CTAB are basically
eliminated compared with the silica-coated crystals before
washing and extraction, which indicated the removal of
salt cores and pore generators. The typical absorption
band of mesoporous silica layers at 800 and 1100 cm−1

corresponded to the stretching vibration of Si-O-Si.
The thermogravimetric analysis (TGA) has also been

used for evaluating the thermal decomposition process of
the samples. As shown in Fig. 2b and Fig. S8, three dif-
ferent weight loss ranges of the silica-coated crystals
appeared during the thermal treatments: (i) the weight
loss of 4% below 240 °C, which is due to the evaporation
and release of water molecules and ammonia molecules.
(ii) The dramatically weight loss of ∼39% (from 96 to 57%)
appears from 240 to 380 °C, which is mainly ascribed to
the thermolysis of CTAB and (NH4)2SO4. (iii) An obvious
weight loss of ∼22% (from 57 to 35%) appears from 380 to
760 °C, which can be assigned to the thermal

Fig. 1 Electron microscope diagram of (NH4)2SO4 crystals and mesoporous silica. a SEM image of (NH4)2SO4 crystals. b SEM image of silica
coated (NH4)2SO4 crystals. c TEM image of the first layer mesoporous silica sheets after removing (NH4)2SO4 cores and CTAB. d TEM images of the
samples after coating the second layer of mesoporous silica. Inset is the side view of the samples.
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decomposition of PVP. The TGA data is consistent with
the FT-IR results and supports the function of CTAB and
PVP in the synthesis process.
Nitrogen adsorption-desorption isotherms were mea-

sured to analyze the porosity of the obtained mesoporous
silica sheets. As depicted in Fig. 2c, the sorption isotherms
of the first layer mesoporous sheets exhibit characteristic
type IV curves with a hysteresis loop in the pressure
(P/P0) range of 0.4-0.9. The Brunauer-Emmett-Teller
(BET) surface area and pore volume were calculated to be
380 m2 g−1 and 0.43 cm3 g−1 respectively which
demonstrating the existence of mesopores29. The pore
size distribution curve was derived from the adsorption
branch and was calculated by the density functional the-
ory pore size distribution (NLDFT) model. As presented
in Fig. 2c inset, the pore size is mainly distributed at
2.2 nm, which is consistent with the TEM image (Fig. S4).
After depositing the second layer of mesoporous silica, a
higher BET surface area (913 m2 g−1) and pore volume
(1.78 cm3 g−1) were obtained due to the increased
amounts of mesopores (Fig. 2d). The low-angle X-ray
diffraction pattern of the mesoporous silica sheet displays
a broad diffraction peaks at 1.3° (Fig. S9), indicating uni-
form mesopores around 6 nm30, which is consistent with
those observed in TEM image (Fig. 1d) and the calculated
pore size distribution (the inset in Fig. 2d).
Molecule-level filtration plays a crucial part in industrial

processes such as biomolecular purification, gas separation,

and effluent treatment8–10. Benefiting from their sheet
structure, appropriate pore size and superior mono-dis-
persity, the gradient mesoporous hollow silica sheet is a
promising material for fabricating nanoscale molecule
filtration device11–13. Here, a nanofiltration device was
facilely fabricated by casting the mesoporous silica sheets
dispersion over the cellulose membrane filter through
vacuum filtration (Figs. S10–11). As shown in Fig. S12a, the
cellulose membrane filter with 0.22 μm mesh-like macro-
pores was served as a scaffold for the deposition of meso-
porous silica sheets. Through vacuum filtration, the surface
of cellulose membrane was covered with mesoporous silica
sheets (Fig. S12c), and the original macroporous texture
could not be observed. The fabricated nanofiltration device
can be easily operated in the process of experiment. Surface
wettability is an important parameter affecting nanofiltration
molecular transport31. As depicted in Fig. 3a–c, the water
contact angle of the nanofiltration device is close to 0°,
indicating its excellent wettability and super hydrophilic
features. The vertical porous channels, sheet structure and
hydrophilic surface can minimize the flow resistance of
water-soluble molecules, leading to a prominent water per-
meation flux (625 ± 20 Lm−2 h−1 bar−1) (Fig. 3e)12,32.
The molecular filtration performance was evaluated

by filtering molecules with different sizes (Fig. S13 and
Table 1). Eight different dye solutions were chosen as feed
materials and injected into the nanofiltration device,
respectively31,33. The dye concentration in the feeds and

Fig. 2 Characterization of (NH4)2SO4 crystals and mesoporous silica. a FT-IR spectra. b The TGA curve of silica-coated (NH4)2SO4 crystals.
Nitrogen sorption isotherms and pore size distribution curves of (c) the first layer mesoporous silica sheets and (d) after coating the second layer of
mesoporous silica sheets.
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permeate solutions were measured by UV–vis spectra.
During the filtration process, water molecules and dye
molecules smaller than 2.2 nm can pass through the
porous channel smoothly under a gentle vacuum (≦0.04
MP) and capillary attraction20. As shown in Fig. S14 and
Fig. 3f, adverse rejection rate (≦42.6%) were observed for
Rhodamine B (RhB, 1.2 nm), Methylene blue (MB,
1.3 nm), and Rose bengal (RB, 1.5 nm). The Reactive red
120 (RR, 2.1 nm) and Congo red (CR, 2.5 nm) molecules,
whose size are close to the 2.2 nm, can pass through the
mesoporous silica layers with moderate rejection rate
(≦57.5%, Fig. 3g and Fig. S14). For Evans blue (EB,
3.1 nm), Direct red 23 (DR23, 3.3 nm) and Direct red 80

(DR80, 4.4 nm), whose molecule size larger than 3 nm, the
nanofiltration device can block almost all of the dyes with
a high rejection rate (＞99.0%, Fig. 3h and Fig. S14). As
depicted in Fig. 3i, the removal rate of nanofiltration
device increases gradually with the increase of molecular
size, while for the pristine cellulose membrane, inferior
removal rates (<20.0%) are observed for eight different dye
molecules. The superior gradient rejection performance
benefits from the narrow pore size distribution and sheet
structure of mesoporous silica layers which enable precise
size selection and secondary filtration possible12,21,22.
In addition, the reusability of the mesoporous silica

sheets for nanoscale molecule filtration was further

Fig. 3 Filtration performance and stability of mesoporous silica. a–c The water contact angle test procedure of the nanofiltration device.
d Comparison to the nanofiltration device, the water contact angle of bare glass surface was 36.5o. e Permeation flux of the nanofiltration device
compared with reported filtration materials33,36–51. UV–vis absorption spectra of f MB, g RR, and h EB solutions before and after filtration through the
nanofiltration device and pristine cellulose membrane. i Rejection performance of nanofiltration device and pristine cellulose membrane for dye
molecules with different sizes. j Cycling tests of the nanofiltration device for EB filtration. k Nitrogen sorption isotherms of the regenerated
mesoporous silica sheets. Inset is the corresponding TEM image.
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studied34,35. After filtration, the dye molecules on meso-
porous silica surfaces and porous channels can be effec-
tively removed by calcination at 600 °C in air. The
regenerated mesoporous silica sheets were used for
refabricating the nanofiltration device. Results demon-
strated that even after multiple regenerate cycles (i.e. ≦5),
the rejection rate for EB molecules was not significantly
decreased (Fig. 3j). The excellent reusability benefits from
good structural stability of the gradient mesoporous
silica sheets. This can be further confirmed by the
TEM and nitrogen adsorption-desorption analysis
(Fig. 3k). The regenerated mesoporous silica sheets
maintained structure integrity during the reuse cycles and
the calculated BET surface area slightly decreases from
913 to 841 m2 g−1.

Conclusion
In summary, an interfacial co-assembly strategy for

synthesizing gradient mesoporous hollow sheets is
reported in this paper. In this method, the carefully
selected oil-water interface enabled the formation of
ammonium sulfate crystals and gradient mesoporous
silica coatings. The mesoporous silica sheets have good
prospects for nanoscale molecular filtration due to their
sheet structure and appropriate pore size to maximize
osmotic flux and enable precise species size control.
Experiments reveal that the molecular removal rate of the
fabricated nanofiltration device increases gradually with
the increase of molecular size. This method provides a
new way to prepare advanced functional porous materials
with wide application fields.
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