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ABSTRACT: Membranes with the ability of molecular/ionic separation offer potential in 

many processes ranging from molecular purification/sensing, to nanofluidics and to 

mimicking biological membranes. In this work we report the preparation of a perforative 

free-standing ultrathin silica membrane consisting of straight and parallel nanochannels with 

a uniform size (~ 2.3 nm) for precise and fast molecular separation. Due to its small and 

uniform channel size, the membrane exhibits a precise selectivity towards molecules based 

on size and charge, which can be tuned by ionic strength, pH or surface modification. 

Furthermore, the ultrasmall thickness (10 – 120 nm), vertically aligned channels and high 

porosity (4.0  10
12

 pores cm
2

) give rise to a significantly high molecular transport rate. In 

addition, the membrane also displays excellent stability and can be consecutively reused for a 
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month after washing or calcination. More importantly, the membrane fabrication is 

convenient, inexpensive and does not rely on sophisticated facilities or conditions, providing 

potential applications in both separation science and micro/nanofluidic chip technologies.  

Artificial membranes with the ability of molecular separation have received considerable 

attentions, considering their potential applications in sample purification,
1-3

 water 

desalination,
4
 nanofluidics,

5, 6
 molecular sensing,

7
 drug delivery,

8, 9
 nanoconfinement study

10, 

11
 and mimicking biological membranes.

12, 13
 Conventional membranes based on the 

nonsolvent-induced phase separation are not suitable for molecule separation because of their 

broad pore size distributions.
14, 15

 For this purpose, membranes consisting of ultrasmall and 

uniform nanopores/nanochannels of molecular dimension are highly desired,
16

 where steric 

forces, electrostatic interactions and van der Waals forces play important roles. Usually, a 

sub-10 nm nanochannel is needed to precisely separate molecules, such as small ions, organic 

molecules, DNA, proteins and so on.
1, 2, 17-24

 Furthermore, the membranes should be ultrathin 

and highly porous in order to achieve a high molecular transport rate and flux.
14, 16

 In addition, 

the membranes should also have adequate chemical/thermal/mechanical stability for 

operation under different conditions, should be ease of fabrication and can be mass-produced 

at a low cost. 

Various isoporous nanofabricated membranes have been so far fabricated,
25

 such as 

nanolithographic membranes,
26

 anodic aluminum oxide (AAO) membranes,
1, 27, 28

 

track-etched membranes,
24, 29-31

 block copolymers (BCP) self-assembled membranes,
32-34

 

carbon nanotubes (CNTs) membranes
21, 22, 35, 36

 and graphene/graphene oxide membranes,
4, 19, 
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20, 37
 and so on. Nanolithography technologies, such as electron beam lithography and focused 

electron/ion beam, can be used to fabricate nanopores on various substrates,
26

 yet they are 

expensive and usually unable to fabricate a high density of pores smaller than 10 nm 

precisely. AAO and track-etched membranes are commercially available but usually consist 

of channels larger than 10 nm,
25

 and precise post-modification is required to reduce the 

channel size for molecular separation.
1, 24, 27, 28, 30, 31

 The micrometer-scale thickness of AAO 

and track-etched membranes also limits significantly the molecular transport rate.
16

 BCP 

self-assembled membranes have been prepared for biomolecular separation,
32-34

 however 

their thermal, chemical and mechanical stability need to be improved.
25

 Membranes 

consisting of vertically aligned CNTs with 7 nm
21

 or sub-2 nm
22, 38

 channels have also been 

fabricated for molecular separation,
13, 21, 39, 40

 as well as biomimetic cell membrane,
13

 

electrophoresis
38

 and electroosmotic flow studies.
41

 However, parallel and vertical alignment 

of CNTs needs relatively harsh conditions and involves complex processing, and the 

membranes are relatively thick. Recently, graphene/graphene oxide membranes have been 

intensively studied for molecular sieving and water desalination,
4, 19, 20, 37

 yet their stability in 

water
42

 and low molecular flux due to the limited porosity
37

 are challenged. Moreover, 

nanolithography techniques are still needed to produce pores in the single-layer graphene, 

thereby the pore size or density cannot be well controlled.
4, 20, 43

 Until now, fabrication of 

ultrathin membranes with a high density of uniform ultrasmall nanochannels/nanopores 

remains challenging. 

Mesoporous silica films consisting of well-ordered and vertically aligned nanochannels 

on solid substrates have been prepared using different methods.
44-47

 These films are ultrathin 
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and highly porous. Furthermore, the size of nanochannels is uniform and can be tuned from 

1.6 nm to 8 nm by properly controlling the synthetic conditions.
47-49

 In addition, they can be 

mass-produced at a low cost. These characteristics make them excellent candidates for 

molecular separation. Herein, we report a facile approach to prepare free-standing silica 

nanochannel membranes (SNMs) with perforative channels and its integration with a 

microfluidic device for precise and fast molecular separation. The fabrication is convenient, 

inexpensive and can be accomplished in an ordinary chemistry lab, relying on neither 

expensive facilities nor harsh conditions. Due to the small and narrow size distribution of 

silica nanochannels ( 2.3 nm, negatively charged), SNMs exhibit a precise selectivity 

towards molecules based on size and charge, which can be tuned by ionic strength, pH or 

surface modification. The molecular flux across the SNMs is considerably high in 

comparison with commercial membranes with even larger pores, due to their ultrasmall 

thickness (10 – 120 nm), perpendicular and parallel channels, and high porosity (16.7%, 4.0 × 

10
12

 pores cm
2

). In addition, the SNMs have excellent chemical, thermal and mechanical 

stability and can be repeatedly used. 

RESULTS AND DISCUSSION 

Preparation of Perforated SNMs. SNMs were primarily prepared on the indium tin 

oxide (ITO) glass by the Stöber-solution growth approach.
46

 The growth time was set to 12 h 

unless otherwise specified. The SNM on the ITO, designated as SNM/ITO, was proved to be 

crack-free by cyclic voltammetry measurements before and after removal of surfactant 

templates (see Figure S1). A poly(methyl methacrylate) (PMMA)-assisted approach (as 
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illustrated in Figure 1a-f) was used to transfer the SNM from ITO glass to various porous 

substrates with much larger pores, such as porous silicon nitride (p-SiN) chip, track-etched 

polyethylene terephthalate (PET) film, capillary plate and perforated silicon wafer (see 

Methods). Briefly, a thin layer of PMMA was firstly spin-coated on the top of SNM/ITO. 

Subsequently, the PMMA/SNM/ITO was immersed in 2 M HCl solution to etch ITO, 

resulting in the exfoliation of PMMA/SNM from the glass surface (To be noted that the direct 

chemical etching without PMMA supporting led to the fragmentation of SNM, making the 

following operation extremely hard). Then, a porous substrate was used to fish the 

PMMA/SNM, followed by dissolving the top PMMA layer in acetone. 

Figure 1g, h shows the photograph and cross-section structure of SNM/p-SiN chip, 

respectively. The p-SiN chip consists of a 150-nm-thick p-SiN layer supported by a 10 mm  

10 mm silicon wafer, in the center of which there is a window of 1 mm  1 mm. It appears as 

a bright square and is designated as p-SiN window in the context. As shown in Figure 1g, the 

successfully transferred SNM apparently covers the whole p-SiN window. On the p-SiN 

window, there is an array of 4-m-diameter SiN pores with a pore-to-pore distance of 30 m, 

as seen in the scanning electron microscopy (SEM) image (Figure 2a). After the SNM was 

transferred, the micrometer pores were fully covered with an ultrathin and smooth layer of 

SNM without any visible cracks (Figure 2b). Given the thickness of SNM is only ca. 60 nm, 

micrometer pores on the p-SiN window can be still resolved by SEM. To be mentioned that 

the SiN pores were fabricated by photolithography and dry/wet etching, thus there are a large 

number of tiny tracks and pits on the SiN surface (Figure S2). After being covered with the 

SNM, the p-SiN surface turned very smooth, indicating the successful transfer of SNM. The 
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photographs and SEM pictures of SNMs transferred to other porous substrates, such as 

track-etched PET film (containing 2 m channels), capillary plate (containing 10 m 

channels) and perforated silicon wafer (containing a 25 m pore), are displayed in Figure S3. 

With the support of these porous substrates, the resulting SNM can be easily handled and 

used. 

 

Figure 1. (a-f) Illustration of PMMA-assisted transfer method for the fabrication of 

perforated SNM: (a) SNM grown on the ITO glass. (b) Spin coating of PMMA on the top of 

SNM. (c) Etching ITO layer in 2 M HCl to segregate the SNM and glass. (d) Fishing the 

segregated SNM with another porous membrane. (e) Heating treatment to reinforce the 

bonding between SNM and the porous substrate. (f) Removal of PMMA by dissolving in 

acetone. (g) Photograph of SNM transferred to the p-SiN chip that consists of an array of 

micrometer-sized holes. The SNM appears as the rectangle with irregular edges. (h) 

Schematic illustration of the cross-section structure of SNM/p-SiN chip. 
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Figure 2. (a, b) Top-view SEM images of a bare p-SiN (a) and SNM/p-SiN (b). The insets 

show a single microhole before (a) and after (b) supporting SNM. The scale bar is 4 m. (c, d) 

Top-view TEM images of a single microhole before (c) and after (d) supporting SNM. The 

scale bar is 1 m. (e) High-magnification top-view TEM image of the free-standing SNM. 

The scale bar is 100 nm. The inset shows the magnified image with the scale bar of 20 nm. (f, 

g) Cross-section SEM (f) and TEM (g) images of SNM. The scale bars are 200 m and 100 

nm, respectively. The inset in (g) shows the magnified image with the scale bar of 10 nm. 
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The surface morphology and pore structure of ultrathin SNM supported on the p-SiN 

chip were characterized by transmission electron microscopy (TEM). The specimen was 

prepared by transferring the SNM to a 3-mm-diameter p-SiN chip, which can be positioned 

directly onto the TEM sample holder for observation. Figure 2c, d compare the TEM images 

of a single p-SiN pore before and after SNM transfer, showing clearly that the ultrathin SNM 

indeed covers the micrometer pore without defects/cracks (see more TEM images in Figure 

S4). From the high-magnification TEM image (Figure 2e), the free-standing SNM possesses 

an uniform pore size ( 2.3 nm)
46

 and a high porosity (16.7%, 4.0 × 10
12

 pores cm
2

). In 

comparison with the TEM image of SNM mechanically scraped from the ITO electrode, the 

PMMA-assisted transfer did not vary the surface morphology or pore structure of SNM 

(Figure S4). In addition, the cross-section SEM (Figure 2f) and TEM (Figure 2g) images 

show that the SNM grown for 12 h has a thickness of ca. 60 nm and consists of vertically 

aligned nanochannels parallel to each other with a uniform channel size. 

To be noted that the thickness of SNM grown on the ITO glass surface can be easily 

controlled by the adjustment of the growth time, for examples, 4 h for 14  2 nm, 5 h for 18  

4 nm, 6 h for 29  4 nm, 12 h for 60  3 nm and 24 h for 118  6 nm. All these SNMs can be 

successfully transferred to the p-SiN chip (Figure S5). In addition, SNMs grown by the 

electrochemically assisted self-assembly (EASA) method
45

 (Figure S6) can be also 

transferred using this approach. 

On the other hand, the SNM and p-SiN chip can chemically bond together strongly, 

given both are rich of silanol groups on the surface.
29

 Thus the supported SNM possesses 
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excellent thermal and chemical stability. It remained stable even after calcination at 550 C 

for 6 h or immersion in a hot piranha solution for 4 h (Figure S7). 

 

Figure 3. Schematic illustration of the permeation experiments conducted on a microfluidic 

chip: 3D view (a) and cross-section view (b). 

Size-Based Molecular Separation. The molecular transport across the ultrathin SNM 

was investigated using a microfluidic device coupled with fluorescence or electrochemical 

detection (see Methods and Figure 3).
2
  The SNM/p-SiN chip was positioned on a glass 
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slide with two 380-m-thick polydimethylsiloxane (PDMS) gaskets, forming a 

micro-chamber beneath the membrane to hold the blank buffer, designated as the permeate 

solution. Another PDMS film with a 3 mm circular well was put on the top of the 

SNM/p-SiN chip to carry the feed solution containing a fluorescent/electrochemical probe. In 

the fluorescence detection, an inverted fluorescence microscope was used to real-time record 

the permeation process. The fluorescence intensity at the point of 50 m far away from the 

p-SiN window edge was analyzed and plotted against the time. In the electrochemical 

detection, three electrodes were fabricated on the glass slide and currenttime curves were 

recorded at constant applied potentials. Compared with the conventional U-tube setup,
24

 this 

microfluidic device has several advantages, such as less reagent consumption, short 

separation time and real-time detection. 

To evaluate the performance of ultrathin SNM for molecular sieving by size, we chose 

three cationic fluorophores, Ru(bpy)3
2+

 (bpy = 2,2’-bipyridine), Ru(phen)3
2+

 (phen = 

1,10-phenanthroline) and Ru(dpp)3
2+

 (dpp = 4,7-diphenyl-1,10-phenanthroline), which 

possess the same charge, counterion and similar structure but different size (see structures in 

Figure S8a). In both the feed and permeate solutions, 1 mM phosphate buffer (PB, pH = 6.5) 

was dissolved. Figure 4a, b show the fluorescence images and kinetic plots of permeation of 

individual fluorophores (Time-lapse movies can be found in Supplementary Videos S13). 

The permeation of Ru(bpy)3
2+

 (diameter (d) = 1.3 nm) and Ru(phen)3
2+

 (d = 1.3 nm) through 

the SNM were observed as the appearing and gradually spreading of fluorescence signal 

around the membrane edge (Figure 4a, right). Moreover, they permeate through the SNM at 

almost similar rate, because they have the similar size and are smaller than that of 
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nanochannels in SNM. In contrast, no permeation was observed for Ru(dpp)3
2+

 (d = 2.0 nm) 

within several minutes, indicating its permeation was blocked or slowed down significantly, 

considering its size approaches to that of nanochannels according to the hindered theory.
50

 

 

       

Figure 4. (a) Fluorescence images of permeation of 60 M Ru(bpy)3
2+

, Ru(phen)3
2+

 and 

Ru(dpp)3
2+

 captured at 0 min (left) and 5 min (right). In order to see clearly by naked eyes, 

the brightness of all these images was enhanced. The scale bar is 500 m. (b) Permeation 

kinetic plots of Ru(bpy)3
2+

, Ru(phen)3
2+

 and Ru(dpp)3
2+

 through SNM. (c) Permeation kinetic 

plots of RB and BRB through SNM. 
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Figure 5. (a) Permeation kinetic plots of FL
2

, RB and Ru(bpy)3
2+

 through SNM at a low 

ionic strength. (b, c, d) Permeation kinetic plots of FL
2

 (b), RB (c) and Ru(bpy)3
2+

 (d) at the 

low and high ionic strength. 

We also studied another pair of molecules, rhodamine B (RB, d = 1.5 nm) and butyl 

rhodamine b (BRB, d = 1.7 nm) (see structures in Figure S8b). As shown in Figure 4c, the 

permeation of RB is about four times more rapid than that of BRB, although BRB is only 

slightly larger than RB by about 0.2 nm due to the butyl group. It suggests that the SNM can 

separate molecules precisely in terms of their size. To be mentioned here that both feed and 

permeate solutions contained a very high concentration of electrolytes, namely 1 M KCl and 
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1 mM PB (pH = 6.5). A high concentration of electrolytes can eliminate the impact of 

electrostatic interaction and thus the result reflects only the size selective nature of SNM. 

Charge-Based Molecular Separation. Electrostatic interaction plays an important role 

in molecular separation, particularly in charged nanochannels of a few nanometers. The SNM 

surface and nanochannel walls are covered with a layer of silanol groups, and thus became 

negatively charged due to the deprotonation of silanol groups at pH higher than its pKa. As a 

consequence, the nanochannels display charge permselectivity. Namely, only positively 

charged and neutral molecules will be expected to permeate through the SNM, whereas the 

negatively charged ones will be excluded from the nanochannels by electrostatic forces. We 

tested the SNM selectivity based on the molecular charge by performing permeation 

experiments with three fluorophores: fluorescein anion (abbreviated as FL
2

), RB and 

Ru(bpy)3
2+

. These three molecules have the similar size but carry different charges (see 

structures in Figure S8c). Figure 5a shows the quantitative permeation results of three 

fluorophores with the feed and permeate solutions containing only 1 mM PB (pH = 6.5) 

(Time-lapse movies can be found in Supplementary Videos S46). Apparently, no 

fluorescence was detected in the permeate solution for FL
2

, confirming that the SNM indeed 

does not allow the negatively charged molecules to pass through. In contrast, the permeation 

of Ru(bpy)3
2+

 is very fast due to the electrostatic attraction force. While the neutral RB is free 

of electrostatic interaction with the membrane and channel walls, thus its permeation is 

slower than Ru(bpy)3
2+

 but faster than FL
2

. 

In principle, the charge permselectivity of silica nanochannels arises from the overlap of 

electric double layer (EDL) at the channel wall surface. According to the Debye-Hückel 
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approximation,
51

 the EDL thickness at a charged surface is dependent on the solution ionic 

strength, namely the salt concentration. Theoretically, it varies roughly from 8.7 nm to 0.3 

nm if 1 M KCl is added into 1 mM PB solution. Figure 5b-d compare the permeation results 

of three respective molecules upon changing the salt concentration of both feed and permeate 

solutions (Time-laps movies for permeation of three fluorophores at the high salt 

concentration can be found in Supplementary Videos S79). Consistent with the theoretical 

prediction, as shown in Figure 5b, FL
2

 can permeate through the SNM upon increasing the 

salt concentration, because of electrostatic screening of both channel surface and dye charges. 

As for neutral RB, its transmembrane permeation is barely influenced (Figure 5c). However, 

a slower permeation rate was observed for Ru(bpy)3
2+

 at a higher salt concentration (Figure 

5d), most likely due to the suppression of the electrostatic attraction force. In addition, the lag 

time for Ru(bpy)3
2+

 permeation observed at the low salt concentration, namely ca. 30 s, 

disappeared at the higher salt concentration. This lag time is much larger than the one 

calculated from LSNM
2
/6Dh (represents the lag time for molecule transport through SNM, 

where LSNM is the membrane thickness and Dh the hindered diffusion coefficient in the 

membrane)
52

 and d
2
/D0 (represents the lag time for molecular transport from SNM edge to 

detection point, where d is the distance from membrane edge to detection point and D0 the 

diffusion coefficient in the bulk solution),
53

 namely 46 s and 1.54 s, respectively. The 

permeation lag can be also ascribed to the electrostatic interaction. At a low salt 

concentration, Ru(bpy)3
2+

 must accumulate in the silica nanochannels or nearby the 

membrane surface to fully compensate the SNM surface charges before its permeation. In 

contrast, at a high salt concentration, the electrolyte ions themselves can fully compensate the 
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silica surface charges, thus Ru(bpy)3
2+

 can permeate through the SNM directly without delay. 

Charge-based molecular separation experiments were also conducted with smaller molecules, 

e.g. Fe(CN)6
3

 and Ru(NH3)6
2+

 (see structures in Figure S8d), at both low and high salt 

concentrations using the electrochemical detection, and similar results were obtained (Figure 

S9). All these data demonstrate that the SNM can separate similarly sized molecules on the 

basis of their charge, and that the effective channel size of SNM can be also modulated by the 

salt concentration to control the molecular permeation and its rate. 

In addition to the solution ionic strength, the pH can also gate the molecular transport 

across the SNM. Ru(bpy)3
2+ 

is a perfect fluorophore because its charge and fluorescence 

intensity do not vary with the solution pH. Its permeation was studied with the solution pH 

varied from 2 to 6.5 (Figure S10). At a high ionic strength, the permeation rate of Ru(bpy)3
2+ 

nearly did not change with the solution pH. Because the membrane surface charge density 

was fully screened by the high concentration of electrolyte ions, although it varied with the 

solution pH. In contrast, at a low ionic strength, increasing the solution pH from 3 to 5 led to 

a remarkably increased permeation rate, due to the change of membrane surface charge from 

positive to negative. This result also suggests that the SNM surface has an isoelectric point of 

about 4, which is close to that reported previously for MCM-41 particles.
54, 55

 

Molecular Separation after Surface Modification. Membrane surface modification can 

change the channel size, surface charge (both sign and density), surface wettability and so on. 

Mesoporous silica surface can be modified by either co-condensation method (changing 

surface property while retaining pore size) or post-grafting method (changing surface 

property and pore size simultaneously).
56

 Here, we demonstrated that the SNM could exhibit 
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different molecular separation performance after post-grafting with 

N-trimethoxy-silylpropyl-N,N,N-trimethylammonium chloride (TMAC) monolayer.
10, 57, 58

 

The surface of modified membrane, abbreviated as SNM-TMAC, became positively charged 

and meanwhile the channel size was decreased to about 1.7 nm
10, 57, 58

. Figure 6a compares 

the permeation kinetics of FL
2

 and Ru(bpy)3
2+

 across the SNM-TMAC. Apparently, only 

FL
2

 in the high ionic strength solution can permeate through the membranes. Moreover, the 

permeation rate is about 10 times lower than that at the pristine SNM (Figure 5b), due to the 

decrease of channel size. The shrunken channels and positively charged surface also 

drastically hinder the permeation of similarly charged Ru(bpy)3
2+

, even at the high ionic 

strength. 

   

Figure 6. (a) Permeation kinetic plots of FL
2

 and Ru(bpy)3
2+

 through SNM-TMAC at the 

low and high ionic strength. The decreased fluorescence intensity of FL
2

 at the low ionic 

strength can be ascribed to the photo bleaching effect. (b) Permeation kinetic plots of 

Fe(CN)6
3

 and Ru(NH3)6
2+

 through SNM-TMAC at the low and high ionic strength. The 

potential applied to working electrode was 0.3 V for the detection of Fe(CN)6
3

 and +0.3 V 

for the detection of Ru(NH3)6
2+

. 
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To eliminate the impact of molecular size, permeation experiments were also conducted 

with smaller ions, Fe(CN)6
3

 and Ru(NH3)6
2+

, using the electrochemical detection. The 

permeation of these two redox probes was akin to that of FL
2

 and Ru(bpy)3
2+

, but a 

relatively small transport rate was found for Ru(NH3)6
2+

 at the high ionic strength. As shown 

in Figure 6b, the SNM-TMAC was much more permeable to Fe(CN)6
3

 than Ru(NH3)6
2+

. On 

the other hand, the permeation of both FL
2

 and Fe(CN)6
3

 through the positively charged 

SNM-TMAC was apparently suppressed at the low ionic strength. This phenomenon is in fact 

contrary to that observed with the pristine SNM, where the oppositely charged ions, for 

examples Ru(bpy)3
2+

 (Figure 5d) and Ru(NH3)6
2+

 (Figure S9b), can permeate at a much 

higher rate at the low ionic strength. This most likely arises from the inhomogeneous surface 

modification by TMAC, leaving both positively charged groups (quaternary ammonium) and 

negatively charged ones (Si-O

) on the nanochannel surface.

10
 This zwitterion type surface 

can act as an ionic barrier that not only repels positively charged molecules but also those 

negatively charged, in particular at the low ionic strength.
59

 

To be noted that the SNM-TMAC can be simply converted back to the pristine SNM by 

calcination at 550 C for 6 h. The calcination treatment was often used to burn surfactant 

templates (e.g., CTAB) in mesoporous silica particles/films. Here, we found that the 

calcination treatment can also burn out the organic constituents and the fouling pollutants on 

the SNM, as confirmed by the FL
2

 permeation test (Figure S11). Surface modification with 

TMAC and calcination removal can be repeated for many times and did not influence the 

permeation of FL
2

 significantly. 
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Figure 7. Permeation kinetic plots of FL
2

 through SNM, spectrum dialysis membrane 

(molecular cut-off 6 – 8 kD) and track-etched PC membrane (containing 30 nm channels) at a 

high ionic strength. The inset compares the slopes of these three permeation kinetic plots 

(Each point was the average of at least three measurements). Note the area for molecular 

permeation of SNM is about one hundred times smaller than that of commercial membranes. 

High Permeation Flux and Membrane Stability. Not only excellent selectivity 

between molecules with different sizes and/or charges, the SNM also exhibited an 

extraordinary molecular flux, given its ultrasmall thickness, vertical and parallel channels and 

very high porosity. Using FL
2

 as a target of interest (1 mM PB + 1 M KCl), its permeation 

through the SNM was compared with that through two commercial membranes, namely 

standard regenerated cellulose dialysis membrane (Spectra/Por 1, molecular cut-off 6  8 kD) 

and track-etched polycarbonate (PC) membrane (containing 30 nm channels). These 

commercial membranes were put on the top of silicon chip directly for permeation 

measurements (Figure S12). As shown in Figure 7, although the effective permeation area of 

SNM is about one hundred times smaller, the molecular flux through the SNM is several 
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orders of magnitude larger than dialysis membrane with similar pore size, and even 55 times 

larger than PC membrane consisting of 30 nm channels. 

On the other hand, the SNM displays excellent chemical, thermal and mechanical 

stability and can be repeatedly used after cleaning by rinse or calcination, though it is 

ultrathin. Even after being consecutively used for one month, the SNM still covered all the 

micrometer pores on the p-SiN chip without any obvious cracks and the permeation results 

were also reproducible (the SEM image, the permeation results, and the operations that SNM 

experienced in this one month are shown and described in Supplementary Figure S13).  

Theoretical Consideration. Since the feed and permeate solutions in the microfluidic 

device were unstirred, the relationship between recorded fluorescence intensity and the 

number of permeated molecules was hard to quantify precisely. Therefore, we are unable to 

precisely quantify how many molecules permeate through the SNM at a given time. 

Nevertheless, in comparison with the molecular separation performance of other membranes
2, 

17, 29
 that have previously investigated using the similar device, the SNM exhibited a high 

selectivity towards molecules based on charge or size, due to the ultrasmall channels and very 

narrow channel size distribution. In addition, although the permeation area of the SNM (2304 

m
2
) is much smaller than others (250,000 m

2
 in ref 2 and 90,000 m

2
 in ref. 29), similar 

molecular flux was obtained. This can be attributed to the high porosity of SNM. 

To get a quantitative evaluation, the flux of SNM was compared with that of commercial 

membranes by examining the flux ratio of FL
2

 through SNM and PC membrane containing 

30 nm channels (JSNM/JPC). The flux, J, can be theoretically calculated by eq 1, 

  h eff /J D C A L           (1) 

Page 20 of 31

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 
 

where Dh is the hindered diffusion coefficient of molecules passing through the nanochannel 

membrane, ΔC the concentration gradient across the membrane, L the membrane thickness 

and Aeff the effective permeation area. Dh can be estimated according to the Renkin 

equation,
50

 

       2 3 5

h 0(1 ) (1 2.104 2.09 0.95 )D D      (2) 

where D0 is the diffusion coefficient of molecule in the bulk solutions.  is the reduced pore 

diameter and defined as, 

   
Molecule Diameter

Pore Diameter
          (3) 

Aeff can be calculated in terms of eq 4, 

   eff mA A             (4) 

where Am is the membrane area and  the porosity. 

Hence, by introducing eqs 2 and 4 to eq 1, the flux ratio, JSNM/JPC, can be estimated by the 

following equation, 

  




 
 

 

h,SNM SNM SNMSNM PC

PC h,PC PC PC SNM

D AJ L

J D A L
       (5) 

where Dh,SNM and Dh,PC denote the hindered diffusion coefficient of molecules passing 

through the SNM and PC membrane and were calculated to be 0.054D0 and 0.86D0 (or 

0.057D0 and 0.81D0 calculated from Deen’s model
60

), respectively, in terms of eq 2. 

ASNM/APC was estimated to be 0.014, considering that ASNM was determined by the 

micrometer pores on the SiN window. SNM and PC were 16.7% and 1.3% according to TEM 

and SEM images of the membranes (Figure S14), respectively. LPC and LSNM are 10 m and 

60 nm. Therefore, JSNM/JPC was theoretically calculated to be 1.9.  
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From the experimental point of view, JSNM/JPC could be roughly regarded as the slope 

ratio of permeation curve of SNM and PC membrane.
2, 61

 Thus, a value of 55 was obtained 

from Figure 7, which is obviously more than one order of magnitude larger than the 

theoretically calculated value (namely 1.9). This means that either the actual molecular flux 

across the SNM is much higher or that across the PC membrane is much lower than expected. 

Given the SNM consists of perpendicular channels of 2.3 nm, is ultrathin and highly porous, 

we believe that the actual molecular flux across the SNM cannot be predicted by the hindered 

theory. Indeed, molecule/ion transport in such small nanochannels (usually sub 3-nm) has yet 

to be rationalized
6, 62

. Many uncertain factors may play important roles, such as the physical 

structure and hydrodynamic dimension of molecules in the ultrasmall nanochannels, the 

behavior of water molecules, and their interactions with silanol groups on channel surface 

(e.g., likely via the hydrogen bonding). 
6, 62

 On the other hand, a lower molecular flux across 

the PC membrane than that theoretically predicted might result from its hydrophobic surface 

nature and the possible non-straight channel structure (e.g., asymmetric channel with a small 

neck in the middle). However, both surface plasma treatment and surface pre-wetting with 

ethanol/water did not improve the molecular flux, indicating it is not determined by the 

surface property but most probably the channel size. 

CONCLUSIONS 

In summary, we report a facile approach for the preparation of ultrathin membrane 

consisting of perforated silica nanochannels. Due to its ultrasmall thickness (10 – 120 nm), 

perpendicular channels, uniform channel size (approximately 2.3 nm) and high porosity 
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(16.7%), the membrane is an excellent filter for molecular separation. Not only a precise 

selectivity towards molecules based on size and charge but also a high molecular flux was 

achieved. The membrane displayed excellent chemical, thermal and mechanical stability and 

could be consecutively used after proper washing or calcination. More importantly, the 

membrane is advantageous in terms of cost and extremely convenient fabrication process. In 

addition, the silica surface offers diverse possibilities of chemical modifications to achieve 

different functionalities. In future, this approach can be utilized to prepare SNMs with 

different channel size (by changing reaction medium
47

 or surfactants
48, 49

), surface property 

(by one-pot synthesis or post grafting
56

) or channel geometry (e.g., chiral
63

). We believe these 

membranes will have potential applications in diverse fields: (1) as nanofiltration, 

ultrafiltration, dialysis and fuel cell separator; (2) for medical diagnostics, drug screening, 

chemical synthesis and biochemical separation in small sample volumes/analyte quantities by 

integrating with “lab-on-a-chip” microfluidic systems;
14

 (3) for the construction of 

nanofluidics to study the transport of molecule/ion in nanochannels;
64

 (4) for mimicking 

biological membrane studies due to their similar thickness and ion channel size. 

EXPERIMENTAL SECTION 

Preparation of SNM/ITO. The SNM was prepared on ITO glass by the Stöber-solution 

growth approach.
46

 Briefly, the ITO glass was firstly cleaned under ultrasonication in 1 M 

NaOH ethanol solution, acetone, ethanol and water for 15 min sequentially. Subsequently, the 

ITO glass was immersed in the mixture containing 70 mL water, 30 mL ethanol, 10 L 

ammonia aqueous solution, 0.16 g cetyltrimethylammonium bromide (CTAB) and 80 L 
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tetraethoxysilane (TEOS). Then, the SNM was grown under quiescent condition at 60 C. 

After 4 ~ 24 h, the ITO glass with SNM on it (designated as SNM/ITO) was rinsed with 

water and then aged at 100 C overnight. CTAB surfactants existed in the form of micelles in 

the silica nanochannels were removed by immersing the SNM/ITO in 0.1 M HCl ethanol 

solution under moderate stirring for 10 min. 

Preparation of Perforated SNM. A drop of PMMA solution (3.5 wt %, Mw = 996000) 

was spin-coated on the SNM/ITO at 2000 rpm for 30 s, followed by solvent evaporation at 

room temperature for 1 h and then baking at 115 C for 15 min. Then, the PMMA/SNM/ITO 

was immersed in 2 M HCl solution overnight to etch the ITO layer, leading to the exfoliation 

of PMMA/SNM from glass substrate. Subsequently, the free-standing PMMA/SNM was 

transferred to deionized water, washed and cut into small pieces. Then, a porous substrate 

was used to fish the PMMA/SNM out of the water and dried at room temperature for 60 min, 

followed by heating at 100 C for another 2 h. Finally, the top PMMA layer was removed by 

immersing in acetone for 6 h. 

The porous substrates employed to support the SNM included p-SiN chip (10 mm  10 

mm frame dimension, 1 mm  1 mm window size, 4 m pore array and 30 m pore-to-pore 

distance), track-etched PET film (2 m channel size), perforated silicon wafer (25 m pore 

size) and capillary plate (10 m channel size). 

Membrane Surface Modification. Membrane modification was performed as reported 

previously.
57

 Briefly, the SNM/p-SiN chip was firstly dried at 100 C for at least 2 h and then 

treated with 1% (v/v) N-trimethoxy-silylpropyl-N,N,N-trimethylammonium chloride (TMAC) 

in dry dichloromethane for 4 h at room temperature under stirring. Then, the chip was washed 
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by dichloromethane and ethanol sequentially under stirring for several times, followed by 

heating at 80 C for 2 h. 

Evaluation of Membrane Performance. SNM grown for 12 h (60  3 nm) was used in 

all the permeation experiments unless otherwise mentioned. The measurements were 

conducted on a device similar to that described in ref. 2 with some modifications. As shown 

in Figure 3, the SNM/p-SiN chip was put on the top of a glass slide with two PDMS gaskets 

(380 m thickness) in between, forming a microchannel beneath the SNM. This 

microchannel was filled with 18 L blank buffer solution (designated as permeate solution). 

Then another PDMS film with a 3 mm circular hole was put on the top of SNM to hold the 

feed solution (5 L) containing a fluorescent or electrochemical probe. In the fluorescence 

detection, an inverted fluorescence microscope was used to capture the images every 10 s 

(Mingmei, Guangzhou, China). The fluorescence intensity at the point of 50 m far away 

from the SiN window edge was recorded and plotted against time. In order to compare 

permeation rate of different molecules, all the measured fluorescence intensity was 

normalized to that of the equilibrium concentration, namely the concentration after 

equilibrating 5 L feed solution with 18 L permeate solution. In the electrochemical 

detection, gold working, gold pseudo-reference and platinum counter electrodes were 

fabricated on the glass chip as described previously,
65

 involving standard gold vapor 

deposition, photolithography and wet chemical etching and platinum electroplating. The 

width of working, reference and counter electrodes was 50 m, 50 m and 200 m, 

respectively. The distance between working and reference electrodes was 100 m, while that 

between working and counter electrodes was 500 m. 
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The concentration of all the fluorescence probes used in the permeation studies was 100 

M unless otherwise mentioned, and that of electrochemical probes was 1 mM. The solutions 

at a low and higher ionic strength refer to 1 mM PB solution (pH = 6.5) and 1 mM PB + 1 M 

KCl solution (pH = 6.5). After each permeation experiment, the SNM/p-SiN chip was 

washed and cleaned by immersing in aqueous solutions for 10 – 60 min. For example, after 

permeation experiments with FL
2

, the chip was cleaned by immersing only in deionized 

water for 10 min. While for permeation experiments with Ru(bpy)3
2+

, the membrane was 

cleaned by immersing in 1 M KCl or 10 mM HCl for 60 min to get rid of surface adsorbed 

Ru(bpy)3
2+

. If being highly fouled, the SNM could be also cleaned by calcination at 550 C 

for 6 h. All the permeation experiments were performed with individual molecules but not 

mixture of them. And all the permeation curves from one image were obtained from the same 

membrane. 

To estimate the size of probe molecules, their 3D structures were firstly predicted by 

COSMOS (http://cosmos.igb.uci.edu/). Then, CHEM 3D was used to measure the distance 

between molecular center and the farthest atom, which was approximately assumed as the 

radius of the molecule. 

Characterization. SEM images were obtained on a SU8010 field-emission scanning 

electron microscope. TEM images were obtained on a HT7700 transmission electron 

microscope at 120 kV. TEM images of transferred SNM were measured by positioning 

directly 3 mm-in-diameter SNM/p-SiN onto the TEM holder (To be noted that 3 

mm-in-diameter p-SiN is commercially fabricated for TEM measurements). Other TEM 
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specimens were prepared by mechanically scraping small pieces of SNM from ITO glass, 

dispersion in ethanol and then deposition on carbon-coated copper grids. 
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