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A B S T R A C T

Separation membranes derived from block copolymers (BCPs) have attracted significant interest due to their
well-defined pores and functional surfaces. However, it still remains a challenge to prepare ultrathin BCP
composite membranes in an efficient way. Here we report a facile approach for the fabrication of ultrathin BCP
composite membranes by forming thin films on water surface. The BCP layer as thin as ~ 17 nm can be prepared
by spreading polystyrene-block-poly(2-vinyl pyridine) (PS-b-P2VP) solutions on water surface followed by
controlled evaporation. The thin layer can be readily collected and composited with macroporous supports. A
thickness of ~ 260 nm of the BCP layer is necessary to guarantee the integrity. Interconnected nanoporous
structures are then obtained in the BCP layer by the process of selective swelling induced pore generation. On
account of the ultrathin separation layer, the composite membranes exhibit excellent permselectivity, better
than many other ultrafiltration membranes. Moreover, the separation performances can be facilely regulated by
tuning the swelling durations. This method is featured as cost-effective and convenient, and is expected to
provide a higher chance for the production of BCP membranes at large scale.

1. Introduction

Membrane based separation has become one of the most frequently
used strategies in purification/concentration of liquids and removing/
recycling of by-products due to the advantages including low energy
consumption, good environmental friendliness, and the easiness to be
coupled with other processes [1,2]. Nowadays, many newly emerged
materials, such as carbon nanotubes [3–5], self-assembled polymers
[6,7], and covalent organic frameworks [8,9], have been employed in
membrane fabrication toward the important goal of improving the
membrane performances and expanding their applications. Among
these materials, block copolymers (BCPs) are considered as one pro-
mising candidate for preparing high-resolution separation membranes,
although their large-scale preparation needs to be further explored
[10–12]. The nanoporous structures derived from BCPs usually have
narrow pore size distributions and tunable chemical properties, which
are exactly desired for membranes with high permselectivity for spe-
cific separations [10]. Meanwhile, a number of strategies for producing
nanoporous structures from BCP precursors, such as selective etching of
the minor blocks or the additives [11,12], nonsolvent-induced phase

separation [13,14] and selective swelling of amphiphilic BCPs [15,16],
have emerged in recent years, which determine the feasibility and ef-
ficiency of the mass production and real-world applications of BCP-
based membranes.

However, most BCPs suffer from expensive cost [17] as well as low
mechanical strength, therefore they are usually employed in the form of
composite membranes with the support of macroporous substrates. For
example, porous BCP composite membranes can be obtained by directly
casting concentrated polymer solutions on a nonwoven, followed by
coagulation in a water bath based on the nonsolvent-induced phase
separation process [18,19]. However, the BCP solutions, whose con-
centration is typically higher than 15wt%, are inevitably leading to a
thick polymer layer with the thickness over dozens of micrometers.
Consequently, large BCP consumption still exists and the cost remains
at a high level. Moreover, the thick layers are usually accompanied with
relatively low permeability as the permeation rate is inversely pro-
portional to thickness. A liquid pre-filling strategy has emerged recently
with the employment of dilute BCP solutions [20–22]. In this strategy,
the liquid, which is immiscible with the dissolving solvent, is first
wicked into the macropores of the substrate to avoid the filling of the
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BCP solutions in the following direct- or spin-coating process. Subse-
quently, the filled medium as well as the solvent for polymer dissolution
should be evaporated completely in the drying step. With the pre-filling
strategy, the thickness of the BCP layer can be dramatically reduced to
several micrometers or even hundreds of nanometers. Nevertheless, the
preparation with the additional filling and evaporation of the pre-filled
liquid not only complicates the preparation process but also brings
additional uncertainties in controllability as care should be taken for
both the miscibility and volatility of the liquids. Films spin-coated on a
dense substrate followed by detaching from the dense substrate and
attaching to a porous substrate are also recently used to prepare BCP
composite membranes [23,24]. The BCP layer on the macroporous
substrates can be as thin as hundreds or even tens of nanometers, which
minimizes the consumption of the BCPs and provides enhanced per-
meance. However, the tedious detaching and attaching operations ac-
tually limit this strategy to the small-scale fabrication for very specific
applications [25]. Therefore, it is highly demanding and remains a
challenge for convenient and efficient strategies to build thin polymer
layers atop macroporous substrates.

In this work, we report on a new method for the preparation of BCP
composite membranes by evaporating BCP dilute solutions on water
surface to form BCP thin layers. Dilute BCP solutions are spread on
water surface, followed by solvent evaporation to obtain thin BCP
layers covering on the water surface. The BCP layers are then easily
collected by macroporous substrates to form a composite structure.
After soaking in hot ethanol, the BCP layers are cavitated as a result of
selective swelling-induced pore generation, thus producing highly
permeable composite membranes with the mesoporous BCP as the se-
lective layer.

2. Experimental

2.1. Materials

The asymmetric diblock copolymer, polystyrene-block-poly (2-vinyl
pyridine) (PS-b-P2VP) with a polydispersity index of 1.09, was pur-
chased from Polymer Source Inc., Canada. The number-average mole-
cular weights of the PS and P2VP blocks are 50,000 gmol-1 and
16,500 gmol-1, respectively. Organic solvents including o-xylene of
chemically pure, chloroform as well as ethanol of analytical grade were
obtained from local suppliers and used as received. Macroporous
polyvinylidene fluoride (PVDF) membranes with the diameter of 25mm
and the nominal pore size of 0.22 µm were supplied by Millipore as the
supporting membranes. Silicon wafers with the size of 1.5 cm×1.5 cm
were also used as smooth substrates for the collection of the BCP layers
in order to measure the thicknesses, porosities and the surface prop-
erties of the layer accurately. Bovine serum albumin (BSA, 67 kDa) was
purchased from Aladdin and used as received. Phosphate buffer saline
(PBS) solutions were prepared by dissolving the PBS tablets provided
from MP Biomedicals, LLC. Deionized water was used in all experi-
ments. All chemicals were used without further purification.

2.2. Preparation of PS-b-P2VP composite membranes

The BCP was first dissolved in the mixture of o-xylene/chloroform
with the volume ratio of 4/1 and a concentration of 10mgmL-1. After
mild stirring for over 3 h, the as-obtained solutions were filtrated
through a 0.22 µm polytetrafluoroethylene (PTFE) filter for three times
to remove any big aggregates. A clean weighing bottle with the dia-
meter of 75mm was filled with ca. 30mL deionized water and then a
piece of PVDF membrane or cleaned silicon wafer was placed at the
bottom of the weighing bottle. After that, the bottle was transferred into
a container with the diameter of ca. 210mm and PS-b-P2VP solutions
were dropped on the water surface immediately. The droplet spread out
and covered the surface upon contacting water. After that, the con-
tainer was closed at once to allow the evaporation of solvent inside the

container. 5 min later, the lid of the container was removed to allow the
solvent to evaporate in open air for another 30min. A thin PS-b-P2VP
layer was then gradually formed on the water surface. The as-formed
films were gently collected by the PVDF membranes or silicon wafers
which were preset at the bottom of bottle, followed by natural drying at
room temperature for over 1 h in the fume hood.

For preparing the PVDF composite membranes, an extra thermal
treatment was employed. Briefly, the as-prepared membranes with BCP
layers collected by PVDF substrates were transferred to an oven pre-
heated to 30 °C and then warmed up to 110 °C. The membranes were
vacuum-dried at this temperature for 20min and subsequently cooled
down to 30 °C in order to avoid cracking. We then used the selective
swelling-induced pore generation process to make pores in the PS-b-
P2VP layer. The as-prepared composite membranes were soaked in
ethanol at the temperature of 55 °C for different periods followed by air
drying at room temperature for over 0.5 h.

2.3. Characterizations

The surface and cross-sectional morphologies of the pristine com-
posite membranes as well as membranes with various swelling condi-
tions were examined with a field emission scanning electron micro-
scope (FESEM, Hitachi S-4800) at the accelerating voltage of 5 kV. The
samples were first vacuum coated with a thin layer of platinum for
improving their conductivity. To measure the static water contact an-
gles (WCAs), thicknesses as well as the porosities of the PS-b-P2VP
layers, clean silicon wafers were used as the substrates to collect the
films on water surface. A contact angle goniometer (Dropmeter A-100,
Maist) was employed to quantitatively probe the WCAs of both the top
and the bottom surfaces of the as-prepared layers. Each sample was
tested on at least 5 positions and the average value was used as the
reported one. The thicknesses of the PS-b-P2VP films prepared with
different conditions were determined using a spectroscopic ellipsometer
(Complete EASE M-2000U, J. A. Woollam) with the incidence angle of
70°, while the porosities after swelling were calculated based on the
thickness change. A transmission electron spectroscope (TEM, Tecnai
12) was used to examine the microphase separation behaviors of the
films with the thickness of ~60 nm at the operating voltage of 120 kV.
The sample was directly collected by the TEM copper grids and sub-
sequently stained with I2 at room temperature for ~5 h before char-
acterizations.

2.4. Filtration tests

The characterizations of water permeabilities and BSA retentions of
these composite membranes with different swelling degrees were car-
ried out at room temperature in a stirred cell module (Amicon 8010,
Millipore) under the pressure of 0.1 bar. A 10-min prepressing of
membranes was employed for ensuring a stable flux prior to the ex-
periments. For the retention tests, BSA was first dissolved in the pre-
pared PBS solutions at the concentration of 0.5 g L-1 and the BSA so-
lution was then used as the feed solution to characterize the retention
properties of the membranes. The concentrations of the feed as well as
the filtrate solutions were determined from the UV absorbance at the
wavelength of 280 nm with a UV–vis absorption spectrophotometer
(NanoDrop 2000c, Thermo).

3. Results and discussion

3.1. Film formation on water surface

Typically, polymer solutions are spread on a smooth solid surface to
prepare thin films. However, it would be technically difficult and te-
dious to remove the polymer thin films from the solid surface without
destroying their structural integrity. Alternatively, liquid surface can
also serve as a substrate to prepare polymer thin films, facilitating the
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subsequent transferring operations as films floating on the liquid sur-
face can be readily collected by various solid substrates. As the most
inexpensive and ubiquitous liquid in the world, water is utilized here
for providing a smooth liquid surface for film preparation. The low
viscosity and the high surface tension of water also make it possible for
some specific solvents to spread on its surface. We first take an in-
vestigation on the BCP layer prepared on water surface. The film pre-
paration process was shown in Fig. 1. The PS-b-P2VP solutions were
first obtained by dissolving the polymer in the mixture of o-xylene and
chloroform with a volume ratio of 4 and a concentration of 10mgmL-1.
The utilization of small amount of chloroform was aimed to adjust the
surface tension of the BCP solutions for better spreading on the water
surface. Deionized water was added to a clean weighing bottle with a
piece of substrate such as the PVDF macroporous membrane placed at
the bottom of the bottle. After that, the bottle was transferred to a large
container and dosages of PS-b-P2VP solutions were added dropwise to
the water surface (Fig. 1a). After slower evaporation of the solvent
(Fig. 1b), another 30-min evaporation in open air was carried out for
complete removal of the solvent (Fig. 1c). The first slower evaporation
was employed because it can provide efficient time for the solution to
spread on water evenly, thus eventually leading to a more uniform film.
With the evaporation of the solvent, a thin layer of PS-b-P2VP film was
gradually formed on the water surface and it can be collected directly
by the preset substrate for further characterizations (Fig. 1d).

To investigate the thicknesses as well as the surface properties of the
as-obtained PS-b-P2VP films, silicon wafers were utilized instead of the
PVDF macroporous membranes as the substrates. The correlation be-
tween the thickness and the dosages for film preparation was first in-
vestigated and the results were shown in Fig. 2. Interestingly, a film as
thin as ~17 nm can be produced on water surface by applying BCP
solutions of 10 μL. As the solutions were increased to 100 μL, a film with
the thickness of ~261 nm was obtained. Meanwhile, it is also worth
noting that the thickness is nearly linear increased with the solution
dosages ranging from 0 to 100 μL. That is, the thicknesses of the as-
obtained PS-b-P2VP films can be easily tuned with the dosages of
polymer solutions. For comparison, the theoretical thicknesses of these
films were also calculated through the following equation with the
assumption that the PS-b-P2VP solutions were spread out on water
surface evenly:

=C V ρ S Ts s m m m (1)

where Cs, Vs represent the concentration and the dosage of the PS-b-
P2VP solutions used for film preparation. Sm and Tm are the surface area
and the calculated thickness of the as-prepared films. The surface area

can be associated with the diameter of the weighing bottle for assuming
that the solutions, which are transformed into film with evaporation,
cover the whole water surface completely. ρm is the density of the film
which can be counted as the density of the polymer in ideal conditions
as the film should be in dense state. The density of the polymer is es-
timated to be 1.07 g cm-3 with those of the corresponding blocks which
are 1.05 g cm-3 for PS and 1.11 g cm-3 for P2VP [26]. According to Eq.
(1), the calculated thicknesses of the as-prepared films with different
dosages were depicted in Fig. 2. The measured thicknesses agree well
with the calculated values. For example, the calculated thickness of the
films should be 21 nm as prepared by 10 μL BCP solutions, and it in-
creases to 212 nm with the dosage of 100 μL. This implies that the BCP
films produced on the water surface are uniform in thickness, and the
thickness of the BCP films can be predictably tuned by changing the
dosages of the spreading solutions if we fix the concentration.

To investigate the surface properties of the as-prepared BCP layer,
silicon wafers were also employed. Briefly, the wafers were used to
support the films from the bottom side to characterize the WCAs of the
top surfaces of the films. The WCAs of the bottom surfaces facing to
water in the film-forming course were measured after compositing the
films by wafers from the top surface of the films to make the bottom
face up. The results of the WCAs were plotted in Fig. 3.

We note that the WCAs of the top surfaces of the PS-b-P2VP films are
varied in the range from 80° to 90° regardless of the thickness, which

Fig. 1. The schematic diagram for the
fabrication of PS-b-P2VP composite
membranes on water surface. (a)
Dosages of PS-b-P2VP solution added
dropwise to the water filled in a
weighing bottle with PVDF substrate
preset at the bottom; (b) slower eva-
poration of the solvent in the container;
(c) solvent evaporation in open air; (d)
the as-formed PS-b-P2VP films col-
lected directly by the preset substrates;
(e) the composite membranes with PS-
b-P2VP layer atop PVDF substrate after
thermal treatment and (f) the compo-
sites with mesopores cavitated in the
PS-b-P2VP layer by selective swelling.

Fig. 2. The measured and calculated thicknesses of the BCP films prepared on
water surface using various dosages of BCP solutions.
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are very similar to those of PS homopolymers [27]. In stark contrast,
the bottom surface of the film, which contacted the water in the process
of film preparation, shows a contact angle of ca. 55°. This value is also
close to that of the pure P2VP films [28]. Therefore, we speculate that
there is always an enrichment of PS blocks on the top surface due to the
lower surface tension of PS (γPS = 39–40.7 mNm-1 [27,29]) than P2VP
(γP2VP = 47mNm-1 [29]) and the hydrophilic P2VP blocks are enriched
on the bottom surface of the films so as to lower the interfacial energy
with water in the film-forming course. We note that the janus surface
properties of the films can be obtained even if the thickness is only ~
17 nm, which may provide a new pathway for fabricating thin film with
janus surfaces [30,31].

We further had an observation on the microphase-separated
morphologies of these as-prepared PS-b-P2VP films with TEM analysis.
The samples were prepared on water surface with a thickness of ~
60 nm as predicted by Fig. 2 and collected directly by using the copper
grids as the substrates. As shown in Fig. 4, the P2VP phase appeared
darker as they were selectively stained with iodine. We note that the as-
prepared PS-b-P2VP film has a dense and nonporous morphology with
the P2VP cylinders randomly distributed in the PS matrix. Meanwhile,
although the P2VP blocks are enriched at the bottom surface of the
films as revealed by the WCA results (Fig. 3), the PS microdomains still
exist at the bottom of the film. The P2VP phase can be roughly divided
into two forms: circular form and elongated form, which corresponds to
the perpendicular and in-plane orientations of the P2VP blocks in the

PS matrix. The diameter of the P2VP microdomains can be roughly
determined as ~12 nm according to this image.

3.2. Preparation of PS-b-P2VP composite membranes

As the thickness of the BCP layer prepared on water surface can be
easily tuned by changing the BCP dosages, we have the flexibility to
prepare composite membranes having BCP selective layers with dif-
ferent thicknesses. However, when small BCP dosages are applied, the
integrity of the membranes cannot be guaranteed according to both the
SEM observations and the water permeabilities of the composites as the
macropores of the PVDF substrate cannot be fully covered by the ul-
trathin BCP layers. Therefore, 100 μL PS-b-P2VP solutions were used for
composites preparation in order to insure the membrane integrity. The
BCP layer was first prepared with macroporous PVDF membrane as the
substrate, following the process described in Fig. 1a-d. With the eva-
poration of the solvent, a thin layer of PS-b-P2VP film was gradually
formed on water surface. Then the designated PVDF membrane preset
at the bottom of the bottle was moved upward for the collection of the
as-formed layer directly (Fig. 1d). After natural drying for at least 1 h,
the PS-b-P2VP layer was composited with the supports. However, the
adhesion between the PS-b-P2VP layer and the PVDF substrate is quite
low as the top layer can be easily peeled off from the substrate upon
contacting water. To solve this problem, the composite membranes
were thermally treated at 110 °C, which is slightly higher than the glass-
transition temperature of both blocks (TgPS is ~ 104 °C and TgP2VP is ~
95 °C, respectively, according to the supplier), for 0.5 h, to enhance the
adhesion between the two layers. After thermal treatment, the PS-b-
P2VP layer shows a strong adhesion with the macroporous membranes
(Fig. 1e). Meanwhile, thermal treatment can lead to complete eva-
poration of the residual solvent in the membrane, and also eliminate
some potential defects. Then the composite membranes were soaked in
ethanol bath at 55 °C for different durations to cavitate the BCP films
based on the mechanism of selective swelling induced pore generation
[15,16]. Briefly, as the composites were immersed in ethanol which is
selective to the hydrophilic blocks, ethanol diffuses into the BCP layer
and is preferentially enriched in the P2VP domains, leading to the
swollen and expansion of the domains distributed continuously in the
PS matrix. Upon withdrawing the membranes from the ethanol bath,
the P2VP chains shrink and collapse, resulting in the formation of in-
terconnected nanopores at the position previously occupied by the
swollen chains while the framework of the layer were maintained with
the frozen PS matrix. After swelling treatment, the BCP layer remained
strongly adhered to the PVDF substrates and no defects or exfoliation
can be observed (Fig. 1f).

The surface morphology of the as-prepared composite membranes
was shown in Fig. 5a. Before swelling, the membranes were nonporous
with a smooth surface. After soaking the membranes in ethanol at 55 °C
for various durations, pores were generated in the BCP skin layer, as
shown in Fig. 5b-f. Swelling at this mild condition for only 1 h, some
small round pores appeared on the surface and only few elongated
pores were observed at raised positions (Fig. 5b). Further increasing the
swelling time to 3 h, a minority of these small round pores contacted
and merged with each other, leading to larger elongated pores (Fig. 5c).
As the duration comes to 5, 8 and 12 h, a much rougher topography was
produced with the elongated pores becoming much clearer at the raised
positions (Fig. 5d-f). Moreover, due to the porous structure and en-
richment of P2VP chains [20], the membrane surface was highly hy-
drophilic after swelling, much different to the as-prepared BCP films
before swelling (Fig. 3).

We also examined the cross-sectional morphologies of the compo-
site membranes prepared with different swelling durations. As shown in
Fig. 6a-f, the BCP layers were all jointed closely with the supporting
membranes before and after swelling, which verified the strong adhe-
sion between the BCP and the substrates after thermal treatment.
Meanwhile, before swelling the membranes exhibit an extremely dense

Fig. 3. The WCAs of the upper and bottom surfaces of the films prepared on
water surface with various dosages.

Fig. 4. The TEM image of the stained PS-b-P2VP films with a thickness of ~
60 nm.
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state across the whole thickness of the BCP layer (Fig. 6a). However,
different from the porous morphology observed from the surface SEM
characterizations, few pores were observed in the membranes swelled
for 1 h (Fig. 6b). The pores were also unclear as the duration prolongs to

3 h (Fig. 6c) while they can be observed distinctly until swelling for 5 h,
which is coupled with an obvious increase of the membrane thickness
(Fig. 6d). There is no further change except a much more rugged to-
pography was observed with the following swelling process (Fig. 6e-f).

Fig. 5. The surface SEM images of the composite membranes (a) without swelling and exposed to ethanol at 55 °C for (b) 1 h; (c) 3 h; (d) 5 h; (e) 8 h; (f) 12 h. All the
images have the same magnification and the scale bar is shown in (f).

Fig. 6. The cross-sectional SEM images of the PS-b-P2VP composite membranes (a) before swelling and exposed to ethanol at 55 °C for (b) 1 h; (c) 3 h; (d) 5 h; (e) 8 h;
(f) 12 h. All the images have the same magnification and the scale bar is shown in (f).
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Although it is difficult to measure the thickness of the porous BCP
layers atop the PVDF substrate, it is still obvious that the BCP layers
exhibited increasing thicknesses with rising swelling durations. To de-
termine the porosities of these membranes prepared with different
swelling durations, ellipsometry was employed. The BCP layers col-
lected by silicon wafers were used to simulate those attached on mac-
roporous PVDF substrates as the composite membrane itself is not
suitable for ellipsometrical characterization. Then the as-collected films
on silicon wafers were treated with the same procedures including
thermal treatment and selective swelling as those to the PVDF com-
posite membranes. The porosities of these membranes with different
swelling durations were calculated through the thickness changes after
swelling and the results were shown in Fig. 7. We note that the porosity
is nearly linearly increased in the first 5 h of swelling. For instance, the
porosity is estimated to be 6.1% in the first hour, and it is increased to
~16.3% and ~25.5% with the duration extending to 3 h and 5 h, re-
spectively. However, the increase rate slows down from 5 h to 12 h, and
the porosity is estimated to be ~38.3% for the membrane prepared with
a swelling duration of 12 h.

3.3. Water permeabilities and separation performances

We then investigated the water permeance and separation perfor-
mances of the prepared composite membranes. Fig. 8 shows the water
permeabilities and BSA retentions of the composite membranes as a
function of swelling durations. Prior to swelling, the membranes were

demonstrated as no water permeation under the pressure of 0.2 bar,
indicating the dense nature of the as-prepared membranes after thermal
treatment. By contrast, the membranes showed a permeability of
319.2 Lm-2 h-1 bar-1 after a mild swelling in ethanol at 55 °C for only
1 h. This confirms the generation of pores throughout the entire
membranes with selective swelling although the pores cannot be clearly
observed under cross-sectional SEM characterizations. After soaked in
hot ethanol for 3 h, the membrane showed a dramatic increase of per-
meation to 832.4 Lm-2 h-1 bar-1. The permeation was further increased
to 955.7 Lm-2 h-1 bar-1 with a swelling duration of 5 h. This should be
owing to the increased porosities with longer swelling durations, as
discussed above. However, the thickness increase of BCP layer would
also produce a greater mass-transfer resistance so as to lead a nonlinear
augment of permeability though the porosity seems to be increased
linearly [22]. The permeation showed slight increase if further in-
creasing the swelling duration to 8 h and 12 h, which also coincides
with the decreased rate of porosity change. In contrast, the BSA re-
tention was decreased with swelling durations. The membrane pre-
pared with a swelling duration of 1 h exhibited a BSA retention as high
as 93.3%. As the duration prolonged to 3 h and 5 h, the BSA rejections
decreased to 81.0% and 77.5%, respectively. As the swelling duration
was further increased to 8 h and 12 h, the retention of BSA dropped to
66.0% and 49.7%, correspondingly. The decreased retentions should
also be account for increased porosities and also the elongated nano-
pores. Therefore, the permselectivity of the membranes can be regu-
lated over a wide range simply by changing the swelling durations.
Meanwhile, we note that, the membranes exposed to ethanol for 3 h
with over 80% rejection rate of BSA proteins exhibited a permeability
over 800 Lm-2 h-1 bar-1. Such a high flux is several times higher than
the commercial ultrafiltration membranes with comparable retentions
[32,33]. This is also superior to the performances of many BCP ultra-
filtration membranes reported in other works [20,34–36], which should
be ascribed to the ultrathin nature of the porous BCP selective layers.
Moreover, the selective swelling induced PS-b-P2VP membranes are
expected to find applications in selective separation of varied macro-
molecules [20–24] such as lysozyme (LYZ) and BSA.

4. Conclusion

We have demonstrated a facile strategy for the fabrication of com-
posite membranes having ultrathin BCP selective layers which are en-
abled by evaporating dilute BCP solutions on water surface. In this
strategy, dilute BCP solutions spread on water surface are allowed to
evaporate to form continuous BCP films, which are then collected on
PVDF macroporous substrates. Subsequent soaking in hot ethanol ca-
vitated the BCP layer supported on the PVDF substrates, producing
composite membranes with nanoporous structures as the selective
layers. The thickness of the BCP layers formed on the water surface can
be easily tuned by changing the volume of the used BCP solutions, and
large-area continuous films with thickness down to ~ 17 nm can be
produced. However, the ~ 260 nm-thick layer was utilized for com-
posite membrane preparation to guarantee the membrane integrity.
Thus-produced composite membranes exhibit improved permeability
than many ultrafiltration membranes with comparable separation per-
formance due to their ultrathin nature of the BCP layer. The permes-
electivity of the membranes can be flexibly tuned by regulating the
swelling durations. This simple and flexible method provides a cost-
effective and up-scalable possibility to produce highly permeable BCP
composite membranes. Also, this method is expected to find important
applications in producing ultrathin polymer coatings and films for a
diversity of usages.
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